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Abstract: As the maritime industry’s emphasis on sustainable fuels has increased, liquid hydrogen
(LHy) has emerged as a promising alternative due to its high energy density and zero-emission
characteristics. While the experience of using natural gas in ships can serve as a basis for the
introduction of hydrogen, the different risks associated with the two fuels must also be considered.
This review article provides a methodology for selecting suitable metal materials for shipboard LH;
storage and piping systems based on operational requirements. The effects of both liquid and gaseous
hydrogen environments on metal materials are first comprehensively reviewed. The minimum
requirements for metal materials in liquefied natural gas (LNG) storage systems, as stipulated in the
IGC and IGF codes, were used as a baseline to establish minimum requirements for liquid hydrogen.
The applicability of austenitic stainless steel, a representative metal material for cryogenic use, to a
liquid hydrogen environment according to nickel content was examined. In order to apply liquid
hydrogen to the marine environment, the minimum requirements for liquid hydrogen were organized
based on the minimum requirements for metal materials in the LNG storage system covered by the
IGC and IGF codes. Finally, to expand the material selection criteria for low-temperature cargo and
fuel storage facilities at sea, slow strain tensile testing, fatigue life, and fracture toughness considering
the hydrogen environment and cryogenic temperature were derived as evaluation items.

Keywords: liquid hydrogen; cryogenic temperature; hydrogen embrittlement; fracture toughness;
austenite stainless steel; material compatibility; safety standard

1. Introduction

Regulations on greenhouse gas emissions from ships have continuously been strength-
ened in an effort to address global warming and greenhouse gas issues faced by the
shipping industry. In accordance with the greenhouse gas reduction initiative proposed by
the International Maritime Organization, various eco-friendly fuels are being proposed for
use as ship propellants [1,2], and there have been efforts to utilize both fuel cells and liquid
hydrogen, which has a high energy density, as sources of propulsion for large maritime
vessels [3-6]. In countries such as Korea and Japan, the introduction of liquid hydrogen car-
riers is currently under consideration to import large amounts of hydrogen from overseas
sources for the achievement of carbon neutrality. Therefore, increasing attention has been
paid to cargo containment systems for liquid hydrogen. It was not until the introduction of
Suiso Frontier, a liquid hydrogen carrier produced by Kawasaki Heavy Industries, Japan,
and MF Hydra, a liquid hydrogen-fueled ship produced by Norled, Norway, that ships
equipped with liquid hydrogen storage containers started to operate in practice [7]. This
was because it was difficult to fabricate a dual-vacuum container with excellent insulation
performance, allowing large amounts of hydrogen to be transported and utilized for a long
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period of time. In addition, back then, there was less demand for the maritime transport
of liquid hydrogen. Up until recently, hydrogen was stored and transported while being
in a gaseous state, and most facilities were designed as a ground fixing or portable type.
Various attempts have been consistently made to find ways to store liquid hydrogen since
the 1960s, but the demand was so low that rather less attention was paid to this sector
compared to research fields related to gaseous hydrogen.

The Sub-committee on Carriage of Cargoes and Containers (CCC) of the IMO started
to establish safety standards for hydrogen fuels to achieve its greenhouse gas reduction
goal. Not only the Interim Recommendations for Carriage of Liquefied Hydrogen in Bulk
published by the Maritime Safety Committee (MSC) in 2016 but also the Interim Guidelines
for the Safety of Ships Using Hydrogen as Fuel proposed by Norway in 2022 were basically
drafted with reference to ISO/TR 15916 “Basic Considerations for the Safety of Hydrogen
Systems”. ISO/TR 15916 defines basic safety considerations and risks and provides specific
descriptions of them so that they can be applied to a wide range of industrial fields. With
that said, it does not cover specific safety requirements for the application of hydrogen,
and thus, one needs to refer to other standards to access such information. Details of
applicable materials for different storage states of hydrogen can be found in ANSI/AIAA
G-095A-2017 “Guide To Safety Of Hydrogen And Hydrogen Systems”.

In selecting materials for hydrogen storage and transport, compatibility assessment,
considering the environmental characteristics of the system, is considered the top priority [8].
By contrast, in LNG storage systems, the choice of material primarily depends on the
design temperature of —163 °C, since natural gas does not typically react with metallic
materials. Hydrogen, depending on its intended application, can be stored or transported
either in gaseous or liquid states. However, additional consideration must be given to
hydrogen embrittlement, which is a phenomenon where hydrogen infiltrates the metal,
deteriorating its ductility and toughness [9-11]. This effect relies on three key factors: the
hydrogen atmosphere, the properties of the material, and the stress or load conditions.
As the outcomes of hydrogen embrittlement can vary based on the system’s specific part
where it occurs, the range of materials that are compatible with these particular conditions
can also vary. Therefore, it is crucial to conduct a comprehensive examination of each
material’s applicability. For instance, the 8th Technical Conference for the Phase 2 revision
of the Global Technical Regulation on Hydrogen and Fuel Cell Vehicles (October 2020)
discussed that the list of materials suggested for each hydrogen environment system,
outlined in the Safety Standards (NS51740.16) by the National Aeronautics and Space
Administration (NASA), cannot serve as a basis for material selection, since this list only
screens data based on temperature and hydrogen embrittlement and does not consider
fatigue assessments. Since the longer the load cycle, the faster the crack propagation rate
due to the intrinsic characteristics of hydrogen, thereby leading to reduced fatigue life, the
load condition should be considered an important evaluation parameter. For the hydrogen
storage and piping system of ships as well, the characteristics of the hydrogen atmosphere
are considered to hold great significance in the compatibility assessment of materials.

Despite the importance of material compatibility for hydrogen service, most prior
studies on hydrogen fuel have primarily focused on improving the economics and efficiency
of hydrogen fuel in marine applications. As such, they have often limited their discussions
to listing acceptable materials as specified in ANSI/AIAA G-095A-2017 [1,5,6,12]. In
addition to the costs associated with hydrogen fuel production and fuel cells, it is critical to
assess the material costs, which constitute a significant part of the storage and transportation
system’s overall expenses, to ensure commercial viability. Similar approaches have been
observed in LNG storage systems where efforts have been made to use materials with
lower nickel content or to replace them with high-manganese steel [13-20]. While using
316L stainless steel, known for its excellent hydrogen resistance, may be a safe choice
for material selection, applying it universally across all hydrogen environments can be
inefficient. Cold-rolled 316 stainless steel costs about 1.5 times as much as 304 stainless
steel; considering the large amount needed for storing liquid hydrogen in vessels, the
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cost difference depending on material selection can be substantial. Accordingly, economic
evaluations based on the choice of materials for gaseous hydrogen pipelines are already
being conducted on land [21].

On that note, this review article aims to propose a procedure for selecting suitable
metallic materials based on the operational requirements for liquid hydrogen storage con-
tainers and piping systems for ships. The minimum requirements for LNG and liquid
hydrogen storage systems were reviewed and compared for applicable materials for each
system. The requirements for material selection in international safety regulations and the
effects of hydrogen on the mechanical performance of metal materials were also summa-
rized. A slow strain-rate tensile test, fatigue life, and fracture toughness considering the
hydrogen environment were derived as evaluation items to expand the material selection
criteria for containment facilities for storing low-temperature cargo and fuel on ships from
conventional low flash point fuels to hydrogen. This review article serves as an extended
version of the “Research Report of Material Compatibility for Liquid Hydrogen Storage
on Marine Application” [22] and additionally discusses the mechanical performance of
austenitic stainless steel in hydrogen environments based on nickel content. The arti-
cle also covers an additional discussion on MSC.1/Circular.1622 in the context of liquid
hydrogen applications.

2. Issues with Metallic Materials Applied to Liquid Hydrogen Storage

The inherent risks of hydrogen arise mainly from its one-of-a-kind physical properties
and its interactions with various materials. Hydrogen, whether in gas, liquid, or hydrate
form, presents unique challenges that require careful consideration during storage and han-
dling. This section investigates how the hydrogen atmosphere influences the mechanical
characteristics of metallic materials. Critical factors that influence the test conditions, such
as temperature, hydrogen exposure conditions, hydrogen partial pressure, and strain rate,
are explained.

2.1. Effect of Low Temperature

Materials usually experience changes in their inherent characteristics due to tem-
perature change. Such changes can yield favorable outcomes from a design perspective.
However, in several cases, limitations are imposed on the temperature range in which
materials can be used. Hence, it is crucial to evaluate the suitability of materials at the
design temperatures considering properties like yield strength, tensile strength, elongation,
fracture toughness, fatigue characteristics, and coefficient of thermal expansion. For exam-
ple, for austenitic stainless steels, the yield and tensile strength increase and the elongation
decreases as the temperature decreases. Low-temperature embrittlement becomes one of
the significant challenges faced at low temperatures. The identification and assessment
of this phenomenon involve pinpointing the temperature at which a material’s ductility
changes to brittleness. Figure 1 shows the fracture toughness of austenitic stainless steel as
a function of temperature [23-30]. The selected 304, 304 L, and 316 L austenitic stainless
steels have nickel contents ranging from 8.0 to 10.6%, and all were evaluated for fracture
toughness by deriving the J-integral according to ASTM E1820. Although manufacturing
and testing conditions varied, decreasing temperature and lower nickel content generally
resulted in decreased fracture toughness.

Metallic materials expand and contract significantly with changes in temperature.
Thermal stresses can arise if the materials are geometrically constrained and free expansion
or contraction are prevented. These constraints can cause materials to exceed their yield
stress even under minimal external forces. Since it is crucial to minimize stress levels to
mitigate the effects of hydrogen embrittlement (including residual stress), it is essential to
minimize thermal stresses caused by thermal contraction. In addition, components such as
Oprings can experience reduced sealing efficiency due to excessive thermal contraction.
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Figure 1. Fracture toughness of austenitic stainless steel as a function of temperature [23-30].

Blocking or significantly reducing heat transfer inside and outside the hydrogen
storage container is crucial for maintaining it at ultraplow temperatures. In this regard,
a dual-vacuum insulation structure emerges as the most effective strategy. Insufficient
insulation in a liquid hydrogen storage and transfer system can lead to vaporization of the
liquid hydrogen. The resulting vaporization can cause a sharp rise in internal pressure
and may cause the system’s compartmentalized temperature to drop below the intended
temperature. This issue not only poses an economic problem caused by the loss of stored
hydrogen, but it also raises significant concerns about structural integrity, which calls for
careful attention.

In contrast to room temperature, a somewhat different physical phenomenon can
be observed in cryogenic environments below 20 K. When tensile testing in cryogenic
environments, the force-time and force-elongation data before and after the yield strength
may exhibit a serration phenomenon that causes discontinuous yield. Discontinuous yield
can be defined as an instability in the stress-strain line, which can be observed in certain
temperature and strain rate regions in tensile testing. This phenomenon is observed in
stainless steels, aluminum alloys, and nickel alloys [31]. This phenomenon is caused by the
successive locking and unlocking of dislocations that occur during deformation, resulting
in a progressive enlargement of the deformed area [32-34].

In cryogenic environments, sudden temperature increases can occur, which can be
caused by adiabatic heating due to the very low thermal conductivity at cryogenic tem-
peratures. This causes the strain rate to be limited during tensile testing. Therefore, it is
recommended that the strain rate in tensile testing should not exceed 1073 s~ 1 [35], and
for fatigue testing, a temperature rise of 1 K has been observed in a study conducted on a
titanium alloy at 4 K with a frequency of 5 Hz [36]. Based on these findings, Ogata (2014)
recommended a stress ratio of 0.01 and a frequency of 2 Hz to suppress the temperature
rise when performing fatigue tests at 20 K [37].

The U.S. National Institute of Standards and Technology (NIST) performed a fracture
toughness test at quasi-static strain rates instead of the Charpy impact testat4 Kon a 316 L
stainless steel plate after welding, and they found a sevenfold reduction compared to the
vaporization temperature of liquid nitrogen, 77 K [38]. The reason for not performing the
Charpy impact test is that it is difficult to maintain the target temperature due to factors
in the external environment and the material itself. In order to continuously maintain the
target temperature when evaluating mechanical performance at cryogenic temperatures, it
is important not only to ensure that the surrounding environment of the test specimen is
kept at a constant temperature but also to minimize the temperature rise due to deformation
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of the test specimen. If the displacement control speed is too fast in a cryogenic environment,
the temperature can rise rapidly, even for a test specimen that has reached 4 K or 20 K, and
show a performance similar to 77 K [39]. In order to maintain 4 K near absolute zero, a
cryostat with vacuum insulation is essential in the configuration of the test facility, and
even thermal radiation from the external atmosphere must be controlled.

When performing the Charpy V-notch impact test, it is difficult to configure a cryostat
to reach the target temperature. Most researchers use liquid nitrogen—-immersed speci-
mens that are then transferred to an impact tester. ASTM E23 (Standard Test Methods for
Notched Bar Impact Testing of Metallic Materials) recommends performing the impact test
within 5 s of transferring the specimen. This is based on the fact that a specimen heated to
100 degrees Celsius will lose 10 degrees Celsius in less than 5 s [40]. However, the tem-
perature rise may be faster when cooled to ultra-low temperatures, so it seems necessary
to measure the temperature change as a function of specimen travel time. In addition,
due to the high speed of the test, there is the issue of the temperature inside the specimen
rising during the test [41]. Although methods for performing impact tests at ultra-low
temperatures have not yet been formally adopted [37], impact tests have been performed
by allowing liquid helium to flow directly into the tube containing the specimen to reach
the target temperature [42,43]. Yoshida (1983) used a styrofoam insulation cover to cool
the specimen and allowed liquid helium to flow through it. Using 1 L of liquid helium, it
reached 4.2 K after 60 s and was then struck with a shock weight. The styrofoam cover
was found to have little effect on shock absorption at temperatures as low as 4 K, and a
temperature rise was observed at the thermocouple attached to the specimen due to the
high strain rate during the impact test.

2.2. Effect of Hydrogen Embrittlement

Hydrogen embrittlement refers to the detrimental effects on metals exposed to hy-
drogen, leading to notable declines in their mechanical capabilities. This phenomenon
encompasses numerous variables, which are broadly organized into three primary cate-
gories: environmental, material-based, and mechanical factors. From an environmental
perspective, considerations include the surrounding temperature and pressure and specifics
related to hydrogen, such as its purity, concentration, and duration of exposure. In terms of
materials, factors encompass the material’s physical and mechanical attributes within the
given environments, its microstructural attributes, and its surface conditions. Mechanically,
it relates to the present stress conditions, the scale and regularity of stress alterations,
notably fatigue, and inherent material flaws. These flaws might arise during manufacturing
or from progressive structural cracks influenced by mechanical stresses and environmental
factors. It is essential to meticulously assess these intertwined parameters, especially those
unique to specific applications.

When hydrogen penetrates metals, its sensitivity is related to the reduction in critical
stress required for crack initiation due to the trapping and accumulation of diffused hydro-
gen at specific locations within the metal [44—47]. To quantify the effect of the hydrogen
environment, one can utilize the reduction in tensile strength and elongation as indicators,
comparing tests conducted in ambient environments to those in a hydrogen environment.
In many cases, quantifying hydrogen embrittlement involves the reduction in the tensile
specimen’s area as yield strength remains unaffected and a hydrogen environment usu-
ally has less effect on tensile strength and elongation [48-51]. To quantitatively assess
the change in cross-sectional area due to hydrogen effects, the relative reduction in area
was used. The relative reduction in area (RRA) to assess the magnitude of the impact of
hydrogen-induced cross-sectional area reduction is defined as follows.

An,

RRA = R
Aref

x 100(%) 1)
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RAp, indicates the reduction in cross-sectional area in a hydrogen environment, and
RAR,r indicates the reduction in cross-sectional area after tensile tests in an ambient envi-
ronment or gas environment without metal reactivity such as nitrogen, argon, and helium.
In other words, the smaller the value of the relative cross-sectional area reduction, the
greater the deterioration of mechanical properties due to the effect of hydrogen embrittle-
ment. In order to quantitatively determine the degree of shrinkage of the cross-sectional
area after fracture of a tensile test specimen, the reduction in area (RA) is defined as follows.

Ao — Af
RA = ——= x100(%) 2)
Ao
where Ay is the cross-sectional area of the specimen before testing and Ay is the cross-
sectional area of the specimen after tensile testing.

2.2.1. Hydrogen Environment for Testing

There are two main ways to create an environment for hydrogen to penetrate and
determine the extent of damage: applying a load in a hydrogen gas atmosphere and
applying a load after hydrogen has already penetrated the specimen. These are called
external and internal hydrogen conditions, respectively.

Testing under external hydrogen conditions is generally preferable due to its greater
similarity to the target environment [52]. Performing tests in a hydrogen gas atmosphere
typically requires a hyperbaric hydrogen chamber as required by ASTM G142. Hydrogen
effects are most pronounced in hydrogen environments at slow strain rates and high
pressures [53], and temperature also has a significant effect [54]. In a study by Sun et al.
(2001), a strain rate-dependent tensile test using 304 L stainless steel with a nickel content
of 9.11% in a gaseous hydrogen environment of 11 bar showed that at a strain rate of
42 x 1072 571, there was no effect of hydrogen [55]. At 10 times slower strain rate
conditions, the relative reduction in area decreased sharply, which led to an increase in
hydrogen influence.

In the internal hydrogen condition, metallic specimens are precharged with hydrogen
first, and their mechanical performance is then evaluated. The effect of hydrogen on the
deformation behavior of materials is fundamentally the same in external and internal
hydrogen conditions [56-58]. Indeed, it is possible to find the same tendency in both
conditions whereby the elongation decreases during a tensile test [48,59,60]. Thus, these
internal hydrogen condition tests are currently widely employed because these methods are
relatively safer and more cost-effective [61-63]. However, given that the achieved hydrogen
content and distribution differ between the external and internal hydrogen conditions, the
development of damage may vary depending on the hydrogen charging conditions [48].

The internal hydrogen condition is implemented mainly by thermal precharging and
electrochemical recharging. Thermal hydrogen precharging is recommended for materials
with low hydrogen diffusion coefficients [64].

Thermal hydrogen precharging is performed by exposing metallic specimens to high-
pressure gaseous hydrogen at high temperatures of 200-350 °C. The increased temperature
enhances the diffusion rate and solubility of hydrogen in austenitic stainless steel while
having no significant effect on its microstructure. This allows hydrogen to be uniformly
distributed through the entire specimen, and the amount of hydrogen charged can be
precisely estimated based on the thermodynamic relationships [65,66].

Electrochemical hydrogen charging is a cathodic electrolytic method in which the
hydrogen generated via electrochemical reactions at the cathode of the polarization system
is forced into specimens. The amount of hydrogen charged into the metal specimen is
affected by the fugacity of hydrogen, which refers to the activity of hydrogen. More
specifically, the hydrogen fugacity is affected by the electrochemical potential [44,67,68].
It is possible to achieve an extremely high hydrogen fugacity near the specimen surface
using cathodic electrolysis, and this leads to surface cracking and phase transformation [69].
Extensive research is currently underway to find methods for estimating the hydrogen
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concentration achieved by electrochemical hydrogen charging. However, it is difficult to
predict and control the amount of hydrogen charged into specimens because this process
involves various factors. Furthermore, as far as austenitic stainless steel is concerned,
it is difficult to charge large amounts of hydrogen. The amount of hydrogen charged
is 10 ppm or less when electrochemical hydrogen charging is performed according to
ISO 16573-2: 2022 [70]. This level of hydrogen content is known to hardly affect the
mechanical performance of austenitic stainless steel [71].

This limitation may be overcome by either increasing the hydrogen fugacity or raising
the temperature of electrolyte solutions for enhanced reaction rates. The first method can
be implemented by controlling the applied current, but the second method often leads to
the evaporation of electrolyte solutions due to high-temperature conditions. Thus, most
studies are currently focused on electrochemical hydrogen charging at room temperature.

2.2.2. Maximum Hydrogen Embrittlement Temperature

The test temperature affects the diffusion rate of hydrogen while it is penetrating and
diffusing into a metal, having a direct effect on metallic defects. Accordingly, hydrogen
embrittlement observed in metallic materials exposed to a gaseous hydrogen atmosphere
is more pronounced within a specific temperature range [50,64,72]. In typical steel grades,
hydrogen embrittlement is more pronounced at room temperature, and this is attributed to
the mobility of hydrogen atoms. The temperature range for each material type that can be
applied to low-temperature hydrogen atmospheres, in which hydrogen embrittlement is
pronounced, is summarized below.

- Nickel base alloys: Room temperature [73];

- Carbon steel and low-alloy steel: 250-300 K [74,75];

- Aluminum alloys: Room temperature;

- Austenitic stainless steel (300-series Cr—Ni stainless steel): 200-220 K [72].

In carbon steel and low-alloy steel grades, hydrogen embrittlement occurs even at
around 250 K, but it is typically observed over the entire room-temperature range. Thus,
tests may be performed at room temperature. For aluminum alloys, it is recommended that
tests be conducted at room temperature because they are hardly affected by hydrogen.

Austenitic stainless steels are most affected by hydrogen embrittlement around 220 K;
at lower temperatures, strain-induced martensite transformation is promoted [76,77].
The diffusion rate of hydrogen in the martensitic phase is faster than in the austenitic
phase [78-80], resulting in more damage than at room temperature by hydrogen em-
brittlement [81]. As the temperature decreases, the transformation to martensite is fur-
ther promoted, but the mobility of hydrogen atoms is significantly slowed down below
200 K [82], which gradually reduces the effect of hydrogen embrittlement. In other words,
austenitic stainless steels in which the strain-induced martensite transformation does not
occur or is slowed down have a high resistance to hydrogen embrittlement. Han et al. (1998)
performed a hydrogen sensitivity evaluation using temperature-dependent (295 to 80 K)
tensile tests in a 10 bar gaseous hydrogen environment [83]. Metastable austenitic stainless
steels of types 304 and 316 showed considerable HEE, but stable austenitic stainless steel
of type 310S was not affected by the hydrogen environment. In stable austenitic stainless
steel of type 310S with a nickel content of 20.21%, the transformation of the strain-induced
martensite was not observed.

Figure 2 shows hydrogen susceptibility at low temperatures in a gaseous hydrogen
environment (10 to 1380 bar) from previous studies [48,51,84-88]. The relative tensile
strength is the ratio of the tensile strength of a tensile test in an atmospheric or inert gas
environment to a tensile test in hydrogen. Since austenitic stainless steels fracture soon
after reaching their tensile strength, a relative tensile strength in the range of 0.9 to 1.0
indicates that there is no significant reduction in tensile strength and elongation.
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Figure 2. Hydrogen susceptibility of hydrogen pre—charged austenitic stainless steel tensile specimens
as a function of temperature and nickel content; (a) relative tensile strength and (b) relative reduction
in area from [38,41,74-78].

In a cryogenic environment below 20 K, various physical phenomena that are different
from those observed at room temperature are observed. Many previous studies have
reported that the effect of hydrogen embrittlement is insignificant in the temperature
range close to the evaporation temperature of hydrogen. This is attributed to the reduced
mobility of hydrogen atoms in a cryogenic environment, leading to changes in the thermal
characteristics of metallic materials. In some studies in which tensile tests were performed
at 20 K, however, the reduction in area (RA) was found to vary depending on the hydrogen
conditions. Merkel et al. charged hydrogen into 304 L stainless steel specimens via
thermal hydrogen precharging and created a cryogenic environment with a temperature of
20 K by cooling gaseous helium [87]. Under this condition, tensile tests were performed.
At 20 K, the relative reduction in area (RRA) of the hydrogen-precharged specimens
was found to amount to about 60% of that of the pristine specimens as a comparison
group. A research team of Stuttgart University in Germany attempted to create a cryogenic
environment for tensile tests by two methods, i.e., first, by directly exposing 304 LN and
316 LN stainless steel specimens to liquid hydrogen and, second, by cooling gaseous helium.
The temperature was the same in both environments. The elongation of the specimens
that were directly exposed to liquid hydrogen was 2—4% lower than that measured in the
cryogenic environment achieved by using gaseous helium. The relative reduction in area
was 61% and 77%, respectively [85].

2.2.3. Partial Pressure of Hydrogen

Hydrogen embrittlement is generally known to depend on the hydrogen pressure.
Technically speaking, however, it is dependent on the partial pressure of hydrogen. Given
that there is no such thing as 100% pure gas composed solely of molecules of the de-
sired substance, it is generally recommended that high-purity hydrogen be used as a test
gas. Koide et al. (2015) examined the effect of the partial pressure of hydrogen on the
relative reduction in area (RRA) in 304 stainless steel and concluded that the effect of
hydrogen was significant even at a pressure of 1 bar [89]. As the pressure increased, the
RRA decreased, but the figure remained around 0.4. Figure 3 shows the evaluation of hy-
drogen susceptibility as a function of nickel content and hydrogen pressure from previous
studies [48,51,84,85]. For nickel content of 10% or less, the reduction in tensile strength
is very insignificant at hydrogen pressure conditions below 100 bar. At 400 bar around
220 K, the tensile strength is reduced by 40-60%. The hydrogen susceptibility decreases
with increasing nickel content, and nickel content above 12% has a negligible effect on
the tensile sensitivity even at low temperatures and 900 bar. This means that hydrogen
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Figure 3. Effect of hydrogen pressure and nickel contents in terms of (a) relative tensile strength and
(b) relative reduction in area from previous studies [38,41,74,75].

Estimations based on the partial pressure of hydrogen in a mixed gas are likely to result
in valid results, but it has recently been reported that even more accurate relationships can
be obtained if one determines the hydrogen fugacity by considering the compressibility
factors of other gases in the mix [90].

2.3. Effect of Material Characteristics

The body-centered cubic (bcc) structure of &’ martensite is inherently more susceptible
to hydrogen-induced cracking than the face-centered cubic (fcc) structure in general, and it
promotes hydrogen diffusion to accumulate in an embrittlement region at or near the crack
tip [91,92]. The hydrogen embrittlement of hydrogen-charged stable austenitic stainless
steels, in which no «’ martensitic transformation occurred during deformation, can be
attributed to the low stacking-fault energy of the steels, because the low stacking-fault
energy inhibits cross-slip and induces slip planarity [93].

Caskey observed that nickel addition decreased the temperature of the strain-induced
martensitic transformation in iron-chromium-nickel stainless steels and that the HGE of the
materials decreased markedly in the nickel composition range from 8% to 14% associated
with an increase in austenite stability at room temperature [94]. The role of nickel is thus
to improve both the stability of the austenitic phase and the resistance to HE; thus, the
other alloy elements that promote the stability of the austenitic phase should improve the
resistance to HE in general. It is reasonable to conjecture that strain-induced « martensite,
to which the tendency of the transformation is dependent on nickel contents of the alloys,
plays a key role in hydrogen-induced crack propagation in the alloys [50].

To assess the impact of nickel levels on hydrogen embrittlement, tensile tests were
performed on Fe—(10-20)Ni-17Cr—2Mo alloys in hydrogen and helium environments at
1 MPa and temperatures ranging from 80 to 300 K. It was found that the HGE of the
alloys below a nickel equivalent of 27% increased with decreasing temperature, reached
a maximum at 200 K, and then decreased with further decreasing temperature, whereas
no HGE occurred above the nickel equivalent of 27%. It was observed that the content of
strain-induced o’ martensite increased with decreasing temperature and nickel equivalent,
and hydrogen-induced fracture occurred mainly along the &’ martensite structure. Here,
the nickel content of the specimen, which is the nickel equivalent of 27%, was 12.90%.

San Marchi et al. (2010) conducted tension tests on seventeen metastable austenitic
stainless steels, including type 304 and 316 alloys, under both internal and external hy-
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drogen exposure [48]. For relative reduction in area >0.5, the tensile strength is essentially
unchanged for materials tested in external hydrogen, while the tensile strength is increased
by 5-10% for materials with internal hydrogen. For relative reduction in area < 0.5, the basic
trend between RRA and RTS is similar for external and internal hydrogen: RTS is lower
for lower values of RRA. The relative tensile strength is the ratio of the tensile strength of a
tensile test in an atmospheric or inert gas environment to a tensile test in hydrogen

For materials selection, it is informative to establish bounds on nickel content using
this fracture-based metric. At 223 K, the lower-bound nickel content for these alloys is
established at 12.5 wt% (i.e., RRA = 0.5) for the most severe hydrogen conditions that are
reported here (Figure 3). For ambient temperature applications, a similar construction
(Figure 2) shows that the lower-bound nickel content is nearer 10 wt% (i.e., RRA = 0.5).
While this criterion (RRA > 0.5) is somewhat arbitrary (since it does not address specific
requirements or performance of engineering design), it represents a step toward more
comprehensive, mechanistic assessment of the resistance of metals to hydrogen-—assisted
fracture using simple test methods such as tensile testing.

Matsuoka et al. (2015) conducted a study to examine the criteria used to identify
hydrogen embrittlement (HE) in austenitic stainless steels, specifically types 304, 316, 316 L,
and 316 (hi-Ni). The study aimed to understand the mechanism behind hydrogen-assisted
surface crack growth (HASCG) by conducting a variety of tests, including SSRT, JIC, FCG,
and fatigue life, on these steels. These tests were conducted under hydrogen gas pressures
ranging from 78 to 115 MPa and at temperatures ranging from —40 °C to room temperature
(RT) [84]. The austenitic stainless steels that meet RRA > 0.68 ensure that there is no
reduction in tensile strength. As a result, types 316 L and 316 (hi-Ni) can be used in
hydrogen gas at pressures of <15 MPa and temperatures ranging from —40 °C to RT.
Ductile crack propagation is expected in austenitic stainless steel as hydrogen-induced
local slip deformations occur near the crack tip as opposed to brittle crack propagation.
As a standard measure, it was proposed that the elongation and reduction in area in a
hydrogen atmosphere must be 0.1 or higher. In accordance with this recommendation,
types 304, 316, 316 L, and 316 (hi-Ni) are suitable for use in hydrogen gas at pressures
<115 MPa and temperatures ranging from —40 °C to RT.

2.4. Effect of Testing Method

The effect of the test temperature on the degree of hydrogen embrittlement may not
be universally applied to all mechanical performance tests. Hydrogen sensitivity is mainly
evaluated by the SSRT, and thus, the specific explanations discussed above may apply
better to tensile tests. Fatigue life tests at low temperatures genially exhibit improved
results, and even if tests are performed in a hydrogen atmosphere, similar results are
obtained [61,76,95-97]. In this regard, ANSI/CSA CHMC-1 and SAE ]J2579 require that
fatigue performance tests be performed at room temperature [98].

In a hydrogen atmosphere, fatigue crack growth in stainless steel is accelerated, and
this process is significantly affected by the frequency of the applied load. Once fatigue
cracking is initiated in austenitic stainless steel, austenite-to-martensite transformation
occurs at the tip of each crack. The diffusion rate of hydrogen is higher in martensite
than in austenite, and thus, martensite is less resistant to hydrogen-induced cracking [99].
Accordingly, the load frequency should be low enough to ensure the diffusion of hydrogen
after the completion of phase transformation at the tip of each fatigue crack.

In a previous study, specimens welded to stainless steel plates (304 L and 316 L) were
precharged with hydrogen, and their fracture toughness was evaluated based on the J-R
curves obtained at low temperatures. The researchers confirmed that their resistance to
crack growth was significantly reduced at a low temperature of —40 °C compared to when
tested at room temperature [100].

Figure 4 shows the effect of hydrogen conditions and test temperature on fracture
toughness from previous studies [23-30,91,101]. The relative fracture toughness is the
ratio of the fracture toughness measured in an atmospheric or inert gas environment to
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fracture toughness measured in a hydrogen environment. Except for the test performed
in a gaseous hydrogen environment at 10 bar, all other tests were performed at the target
temperature using a thermally precharged specimen with hydrogen. The fracture toughness

was significantly impacted by temperature and Ni content. More research is required to

determine the impact of hydrogen precharging conditions.
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Figure 4. Effect of nickel content, temperature, and hydrogen condition on fracture toughness
(a) in terms of relative fracture toughness and (b) in terms of fracture toughness from previous
studies [13-20,91,101].

3. Comparison of LNG and LH; System for Ships
3.1. System Configuration

This section outlines the temperature, pressure, and other conditions for fuel con-
tainment, piping, and fuel consumption sources for ships powered by LNG and liquid
hydrogen. From these conditions, the design requirements for each system are derived.

Figure 5 presents a schematic representation of the LNG-based low-pressure fuel
supply system. In general, this system is composed of a fuel containment facility, a fuel
supply system, and fuel consumption sources (e.g., internal combustion engines). LNG is
stored at a temperature of —163 °C or below, and the design pressure may vary depending
on the type of tank used. LNG is kept at a temperature of about —130 °C and a pressure
of 6.5 bar while being fed to the vaporizer among the key components of the fuel supply
system. Engines and boilers for propulsion and power generation are generally used as
fuel consumers. The fuel supply system allows a gaseous fuel at 0-50 °C to be supplied at
a pressure of 5.6-9 bar in a gaseous state to the fuel consumer in which it is consumed.

Figure 6 presents a schematic representation of the fuel supply system that is generally
applied to hydrogen fuel cell-fueled ships based on liquid hydrogen. This system is
composed of a liquid hydrogen tank, fuel supply system, and fuel consumer (e.g., fuel
cells). Within each part of this system, hydrogen exists in various forms. Liquid hydrogen
is stored in a tank at a temperature of —253 °C and fed to the fuel consumer via the fuel
supply system. In general, the fuel supply system is composed of two heat exchangers, a
compressor, and an LP heater. It is supplied to the heat exchangers in the state of either
liquid or gas. From the liquid hydrogen tank, gaseous hydrogen is transported to one
heat exchanger at —240 °C and 2 bar, while liquid hydrogen is transported to another heat
exchanger at —245 °C and 4 bar. Afterward, the liquid hydrogen is converted into a gaseous
form at the heat exchanger and then supplied to the LP heater while being kept at 4 bar
and —10 °C. Finally, the liquid hydrogen is supplied by the LP heater to the fuel cell in a
gaseous state at 1~2 bar and —20~50 °C. The fuel cell generates power by consuming the
gaseous hydrogen to power the ship via the ECU, converter, and main propulsion motor.
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Figure 5. Schematic diagram of the natural gas storage and usage process of an LNG-fueled vessel [22].
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Figure 6. Schematic diagram of the hydrogen storage and usage process of a liquid hydrogen—fueled
vessel [22].

Currently, there are no standards available for the design pressure and maximum
allowable working pressure of the hydrogen storage and transport system equipped in
liquid hydrogen carriers and liquid hydrogen-fueled ships. Safety regulations on land—use
liquid hydrogen systems, which are operated under hydrogen conditions similar to those
illustrated in the schematic diagram of Figure 6, are summarized, along with relevant R&D
activities, in Table 1.

Liquid hydrogen containers are known to be designed to have a pressure level of
1-10 bar. The CGA H-3 (Standard for Cryogenic Hydrogen Storage) of the Compressed Gas
Association (CGA) limits the maximum allowable pressure to the level of 150 psi (=10.3 bar),
and the Sandia National Laboratory also applied the same maximum allowable pressure to
liquid hydrogen-fueled ships in its feasibility study [102,103]. Kim et al. (2021) attempted
to propose a methodology for determining the design pressure of liquid hydrogen storage
tanks that can be applied to liquid hydrogen terminals. To that end, the researchers
developed specific operation scenarios and performed a series of thermal and structural
analyses based on them. The maximum pressure reached during the import of liquid
hydrogen to the storage tank was 197.9 kPa, and the design pressure was defined as
220 kPa, considering the hydrostatic pressure [104]. In practice, in GODU-LH2 (Ground
Operations Demonstration Unit), a project executed to verify the liquid hydrogen zero
boil-off technology of NASA, the design pressure of a container with an internal capacity
of 125,000 L (125 m?) was found to be 95 psig (=6.55 bar) [105].
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Table 1. Operating conditions for the hydrogen system.

Target Category Pressure (bar) Temp. Range (K) Ref.
GODU-LH; project Design pressure of the inner tank 6.55 Abt. 20 [105]
LH, terminal Design pressure of the inner tank 2.2 Abt. 20 [104]
CGA Standard MAWP of the inner tank 10.3 Abt. 20 [103]
LH, tank MAWTP of the inner tank 9.0 Abt. 20 [106]
PEMFC MAWP of the inlet <35 Ambient [106]

CGH tank Maximum fueling pressure <875 233 to 358 SAE J2579

Before the normal operation starts, liquified gas is imported into liquified gas cargo
or fuel tanks via the sequential process of drying, inerting, gassing up, and cooling down.
In the gassing-up process, the inert gas contained in the tank is replaced by a gas of room
temperature, and this process is followed by cooling down to prevent any damage due to a
sudden temperature change. Here, the inside of the liquid hydrogen storage container may
have different temperature distributions, ranging from 20 K, the evaporation temperature of
liquid hydrogen, to 300 K, room temperature, depending on the position, and the pressure
is expected to be 10 bar or lower.

The temperature range of the piping system may be wide, from 20 to 300 K, because it
should be able to properly transport liquid hydrogen and gaseous hydrogen from the fuel
tank to the fuel consumer. The maximum pressure was assumed to be 10 bar, which was
the same as that of the storage container. At the CCC’s 8th conference, Norway proposed
a requirement that the design pressure of liquid hydrogen supply and bunkering pipes
be at least 20 bar, but further discussion is still needed on this issue. Accordingly, in this
document, a review was performed while assuming that the design pressure was 10 bar
or lower.

3.2. System Minimum Requirements

Natural gas in a gaseous or liquid state is colorless, odorless, non-toxic, and non-
corrosive. It is stored in a liquid state at a pressure of up to 10 bar in cargo or fuel
containment systems. Risk factors related to LNG that affect the selection of system
materials, as well as measures to reduce such risk factors, are as follows.

e  Risk factors related to LNG

- Cryogenic burns;

- Low-temperature embrittlement;

- Risk of suffocation;

- Expansion and pressure;

- Fire;

- Rapid phase separation (evaporation).
e  Measures to reduce risk factors

- Protection from external environments (cofferdams, airlocks, etc.);

- Pressure relief and ventilation;

- Secondary sealing (e.g., dual tubes and secondary barriers);

- Application of welded connections rather than flange connections;

- Drip tray capacity and liquid detection;

- Protection of the hull structure from released cryogenic, high-pressure steam
and gas.

The cargo and fuel containment systems specified in the IGC/IGF codes are required
to be equipped with secondary full-liquid-tight barriers to safely contain any released
fluid and must also be able to prevent the temperature of the hull structure, along with
insulation facilities, from going below a critical level. If the possibility of structural damage
and fluid leakage through the primary barrier is extremely slight or virtually zero, as in
Independent Tank Type C, no secondary barriers are required for containment facilities
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for liquefied gas fuels. However, for independent tanks that require the installation of full
or partial secondary barriers, additional measures to safely handle any possible leakage
from tanks are required. In addition to the process facilities, as illustrated in Figure 5, drip
trays may be additionally required depending on the type of tank used. Drip trays must
be properly installed in places where any possible leakages that may damage the overall
hull structure may occur. Suitable materials must be used to bear the low temperature
of leaked liquified gas, and thus, aluminum alloys or austenitic stainless steel alloys are
generally used.

The piping system requires the design pressure to be equivalent to or higher than the
atmospheric pressure so that liquified gas cargoes and fuels can be properly transported
and supplied. Accordingly, it is important to use materials with sufficiently high strength
and ductility even in a low-temperature environment. It is also necessary to determine
whether the diameter and thickness of pipes are suitable for a given design pressure.

Gaseous hydrogen is colorless, odorless, and highly penetrating because its molecules
are very light and small, and thus, it is able to easily pass through leakage paths while
rapidly diffusing out into the surrounding environment. Hydrogen, once penetrating into
a metal, diffusing, and accumulating in specific parts, reduces the critical stress level above
which cracking occurs, thereby degrading its mechanical properties, including strength
and elongation. Liquid hydrogen has a light blue hue. When exposed to the atmospheric
environment, it will rapidly start to evaporate. In case of other gases being directly exposed
to liquid hydrogen, they may be solidified, damaging the overall system. Risk factors
related to hydrogen that affect the selection of materials, as well as measures to reduce such
risk factors, are as follows.

e Risk factors related to hydrogen

- Combustion-related factors: low ignition energy, a wide range of combustion
conditions, less visible flame, and fast flame propagation;

- Low temperature-related factors: low-temperature burns, oxygen enrichment by
liquefaction/condensation, solidification of other fluids;

- High permeability;

- Low viscosity;

- Hydrogen embrittlement in parent materials and weld metals.

e  Measures to reduce risk factors (focused on hydrogen embrittlement)

- Reduction in working stress (to the level of 30-50% of yield strength) [107];

- Minimization of low-temperature plastic deformation during cold working (esti-
mated while considering all generated stress);

- Solution heat treatment recommended for stainless steel;

- Carbon steel pipes heat-treated by normalizing;

- Alloy steel with a tensile strength of 950 MPa or less treated by quenching
and tempering;

- Seamless steel pipes used in a high-pressure hydrogen environment with a pres-
sure level of 200 bar or more;

- Flange connection methods avoided when connecting pipes if weld joints can
be applied;

- Full penetration butt weld.

The risk reduction measures described above were prepared by summarizing the
details of international safety standards on the use of hydrogen. When it comes to the
operation of the liquid hydrogen storage and supply system, its cryogenic properties, along
with hydrogen permeability and embrittlement, must be thoroughly reviewed. For example,
carbon steel may be used to a limited extent in a certain hydrogen environment, but it cannot
be used in a temperature range below its ductile-brittle transition temperature. In addition
to the previously mentioned mitigation measures, additional methods are available to
prevent the diffusion of hydrogen atoms and avoid adverse impacts on the mechanical
properties of materials [108-110]. Well-known hydrogen barriers include graphene and
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alumina. Most research focuses on diffusion prevention, making it difficult to achieve
effective hydrogen blockage due to issues such as coating wear and delamination.

The IMO’s independent tank types are preferred as liquid hydrogen cargo and fuel
containment systems because they are effective at minimizing heat transfer from the exter-
nal environment. The liquid hydrogen storage and transport system using independent
tanks equipped in ships requires the following facilities in addition to the ones described in
Figure 6.

- Cargo/fuel tanks and pressure vessels for processes;
- Piping system for cargo/fuel and processes;

- Drip trays;

- Outer shells.

The IMO’s Independent Tank Type C for LNG storage does not require the installation
of drip trays and secondary barriers, but in places where leakage may possibly occur, drip
trays are required to prevent damage to the hull structure. Any fuel supply pipes that pass
through enclosed spaces or gas safety zones in the ship must be mechanically ventilated or
composed of dual tubes pressurized with inert gas. These requirements aim at preventing
the risk of gas leakage.

Dual vacuum insulation must be applied to liquid hydrogen storage containers and
piping systems in accordance with numerous international safety standards, unlike in the
cases of LNG applications. In the case of adopting mechanical ventilation or applying inert
gas, the air or inert gas may be liquified or solidified due to the very low temperature of
liquid hydrogen. Furthermore, achieving reliable insulation performance requires a dual
vacuum insulation structure.

The inner walls and surface of liquid hydrogen storage containers and piping systems
remain constantly exposed to low-temperature liquid hydrogen or a low-temperature
hydrogen atmosphere at all times, and thus, these parts must be sufficiently resistant to
low temperatures and hydrogen penetration. The outer shells of liquid hydrogen storage
containers and piping systems are separated by a vacuum layer and thus not exposed to a
hydrogen atmosphere during normal operations. Even in case of leakage, they are exposed
to hydrogen for a relatively short period of time due to the rapid evaporation of liquid
hydrogen and forced ventilation. Therefore, a significantly high resistance to hydrogen
embrittlement is not required. Similarly, drip trays are exposed to hydrogen only during
abnormal operations, e.g., in case of leakage of liquid hydrogen, and thus do not have to be
highly resistant to hydrogen embrittlement.

3.3. Applicable Materials

According to the IGF/IGC codes, applicable metallic materials for LNG containment
systems are as below. At temperatures lower than the design temperature of LNG storage
and supply systems, these metallic materials are considerably ductile and do not exhibit a
ductile-brittle transition temperature (DBTT), demonstrating that they are highly stable.

- 9% nickel steel;

- Austenitic stainless steel: AISI 304,304 L, 316,316 L, 321, 347,
- Aluminum alloys: Al 5083;

- Austenitic Fe-Ni alloy steel: 36% nickel steel;

- Cryogenic high-manganese steel.

When necessary, corrosion resistance tests and impact tests may be required by the
Korean Register of Shipping, depending on the purpose of use of the structural steel of
interest, but given that LNG is a non-corrosive fuel, corrosion resistance tests are not
required. According to Chapter 7 (Materials and Tube Design) of the Korean Register of
Shipping’s regulations on ships using low flash—point fuels (Table 7), impact tests may
be omitted for austenitic stainless steel alloys upon approval from the Korean Register of
Shipping. This is because it has been verified to exhibit sufficiently high impact toughness
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at the test temperature of —253 °C, which is a condition achieved by cooling it using liquid
helium [42].

Low-temperature applicability is the most important requirement for materials used
for the LNG storage and transport system, but materials for liquid hydrogen facilities are
additionally required to be suitable for the hydrogen atmosphere. Accordingly, according to
historical safety regulations, including ISO/TR 15916, among materials that are applicable
at the target temperature, those with excellent resistance to hydrogen are selected. These
materials can be classified according to their sensitivity to hydrogen as follows [111].

e Category 1: Materials that are almost not affected by hydrogen embrittlement under
limited conditions;

e Category 2: Materials that undergo hydrogen embrittlement and thus can only be
used under limited conditions;

o  Category 3: Materials that are significantly affected by hydrogen embrittlement, for
example, ending up failing or breaking, in an elastic range in which the stress is lower
than the yield strength of the material.

Those that fall into Category 1 include aluminum alloys (Al 6061-T6) and austenitic
stainless steel alloys (300 Series Stainless Steel). Not all austenitic stainless steel grades
fall into this category. It has been found that if the Ni content is 12.5% or more, their
mechanical properties are not affected even in an environment highly prone to hydrogen
embrittlement [49,51]. ASME BPVC specifies that materials applicable to a high-pressure
gaseous hydrogen environment with a pressure level of 1030 bar or less include alloy steels,
including SA-372 and SA-723; stainless steel, including SA-336 Gr. F316; and aluminum
alloys, including Al 6061-T6 (refer to Code Case 2938).

Those that fall into Category 2 include stainless steel and carbon steel in addition to
stable austenitic stainless steel grades. Different safety standards (KGS FU671: 2021, CGA
G-5.6 (2005), and CGA H-5 (2020)) specify that some carbon steel grades may be used if
the partial pressure of hydrogen is 10 bar or less. It is also recommended that metastable
stainless steel that may undergo transformations, ferritic stainless steel, martensitic stainless
steel, duplex stainless steel, and precipitation-hardened stainless steel be only used in parts
with low operating stress. As such, the operating stress is limited to a certain level because
hydrogen embrittlement occurs when the three conditions regarding material, environment,
and stress are all satisfied at the same time.

Among austenitic stainless steel grades, 316 L with the highest Ni content could
be the safest choice for hydrogen-atmosphere applications, but applying 316 L to all
components of the system that are exposed to gaseous hydrogen is considered a very
conservative approach to material selection. As summarized in Section 3.1, the liquid
hydrogen containment and piping systems of ships are exposed to hydrogen at low tem-
peratures (20-300 K) and relatively low pressures (1-10 bar); this condition is considered
to be moderate from a hydrogen embrittlement perspective compared to a high-pressure
gaseous hydrogen atmosphere. More cost-effective materials, such as metastable austenitic
stainless steel grades, may be selected and applied through material compatibility assess-
ments considering various conditions, including temperature and the partial pressure of
gaseous hydrogen.

4. Analysis of Safety Regulations for Material Selection
4.1. General Considerations in Material Selection
4.1.1. ISO/TR 15916

ISO/TR 15916 (Basic considerations for the safety of hydrogen systems) is one of
the most fundamental safety standards for systems that handle hydrogen in a liquid or
gaseous form [8]. The standard defines basic safety considerations and risks. The interim
guidelines on hydrogen carriers and hydrogen-fueled ships currently under discussion by
the Sub-committee on Carriage of Cargoes and Containers of the International Maritime
Organization have also been developed and reviewed with reference to this standard.
This section analyzes other safety standards for pressure vessels, cylinders, and piping
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systems for liquid and gaseous hydrogen storage, similar to ISO/TR 15916, especially with
regard to material restrictions and material recommendations for different temperatures
and hydrogen atmospheres.

ISO/TR 15916 defines different risk factors related to the hydrogen system. The
standard specifies that among various risk factors, low temperature and hydrogen embrit-
tlement may pose significant damage, but these risk factors can also be addressed by proper
design and material selection. Hydrogen attack mainly occurs at temperatures higher than
200 °C, and thus, this phenomenon is not considered in the design of liquid hydrogen
storage systems. The standard states that the following factors must be considered for the
selection of materials suitable for a given hydrogen application and exposure condition:
temperature, hydrogen embrittlement, permeability, porosity, and compatibility between
different metals.

Here, the term ‘temperature’ mainly refers to low-temperature conditions. Given
that most materials tend to shrink, and their ductility and specific heat are reduced when
cooled down to the temperature of liquid hydrogen, sufficient toughness must be ensured
at low temperatures. Charpy impact tests are among the simplest test methods for low-
temperature toughness. This test aims to confirm that the ductile-to-brittle transition
temperature (DBTT) of the tested material is lower than the target temperature. Here,
the temperature difference between the air and liquid hydrogen is as large as 280 K, and
thus, any heat stress that may arise from thermal expansion and contraction must also
be considered. Thermal shrinkage resulting from the temperature difference between
atmospheric and cryogenic conditions is known to be 0.3% for steel alloys and 0.4% or
more for aluminum.

Measures to address hydrogen embrittlement may be divided into (1) those focused on
design and structural aspects and (2) others focused on material characteristics, as follows.

e  Design and structural aspects

- Reduction in operating stress levels;
- Minimization of low-temperature plastic deformation during cold working;
- Avoidance of repetitive loading to prevent fatigue cracks.

e  Material aspects

- Constraints on the hardiness and strength of metallic materials;

- Minimization of residual stress;

- Application of materials with excellent resistance to hydrogen, e.g., austenitic
stainless steel;

- Assessments based on ISO 11114-4 in material selection.

Appendix C of ISO/TR 15916 provides a table that categorizes materials according to
their sensitivity to hydrogen embrittlement. The major details are summarized in Table 2,
which are also consistent with the content described in ASME B31.12 and ANSI/AIAA
G-095A-2017.

Table 2. Susceptibility of hydrogen embrittlement of metal (ISO/TR 15916).

Sensitivity of Hydrogen Embrittlement

Category Material . .
Extreme Moderate/Small Negligible
Al alloy Al 6061-T6 v
F Steel v
¢ Carbon steel v
A286 v
304ELC v
Stainless steel 310 v
316 v
410 v

Ti Ti v
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4.1.2. KGS Code

The Korea Gas Safety Code (KGS Code) presents a systematic, detailed description
of the technical matters specified in gas-related laws and regulations based on specific
criteria, especially with respect to facility, technology, and inspection aspects. This technical
standard was approved by the Ministry of Trade, Industry and Energy upon deliberation
and resolution by the Gas Technical Standard Committee. This standard was enacted to
streamline the existing complex procedure for legislative enactment and revision, thereby
ensuring the safety of the general public in the use of gas. This code is applied based on
the three acts on gas (High-Pressure Gas Safety Control Act, Safety Control and Business
of Liquefied Petroleum Gas Act, and Urban Gas Business Act), along with the Hydrogen
Economy Promotion and Hydrogen Safety Management Act. This code defines specific
restrictions and technical /facility standards that must be applied in the manufacturing of
vessels (containers, refrigerators, and other specific facilities), gas consumers, and other
gas-related equipment or in the operation of facilities that treat gases (charging, producing,
selling, supplying, storage, and utilization). Liquid hydrogen is related to the part of the
KGS Code regarding the use of hydrogen and high-pressure gases. The following three
specific codes were found to provide detailed standards for materials considering cryogenic
conditions (with a liquefaction temperature of —253 °C) and fuel characteristics (hydrogen
and high-pressure gases).

- KGS AC111 2021 (Code for Facilities, Technology and Inspection for Manufacturing
of High-Pressure Gas Storage Tanks and Pressure Vessels);

- KGS AC213 2021 (Code for Facilities, Technology and Inspection for Manufacturing
of Cryogenic Cylinders);

- KGS FU671 2021 (Facility / Technical / Inspection Code for Use of Hydrogen Gases).

Most details of the KGS Code are referenced to the ASME Code. The major details and
characteristics of each code, except for structure-related descriptions (structure thickness
estimation, supports, etc.), are as follows.

(1) Major Details of KGS AC111: 2021

KGS AC111 applies to the facilities, technology, and inspection that are employed for
the manufacturing of storage tanks and pressure vessels, except for LNG storage tanks.
The term “pressure vessel” refers to a container with a design pressure of 2 bar or more
for liquified gas and 10 bar or more for compressed gas at 35 °C. Hydrogen embrittlement
resistance tests may be required for pressure vessels operated at a temperature of 95 °C or
less if the partial pressure of hydrogen with respect to the design pressure is 52 bar or more.
This threshold may vary depending on the material type. This hydrogen embrittlement
resistance assessment is performed by a series of tests, including SSRT, fracture tests, fatigue
fracture tests, and fatigue tests, to determine the service life of materials.

The upper and lower limits of temperatures and tensile stress for materials are esti-
mated (in the same manner as specified in ASME BPVC) based on the maximum allowable
tensile stress levels for each temperature range specified in Appendix A (Maximum Allow-
able Tensile Stress for Steel Materials). Appendix B defines suitable impact test methods for
each material type while also considering the test temperature and specimen thickness, but
the test temperature range is defined to be up to —196 °C.

(2) Major Details of KGS AC213: 2021

KGS AC213 applies to the facilities, technology, and inspection that are employed
for the manufacturing of vessels intended for charging liquified gas with a temperature
of —50 °C; however, a hydrogen atmosphere is not considered. Here, allowed materials
will be limited to austenitic stainless steel alloys or aluminum alloys (5052, 5083) for
safety purposes.

The material acceptance criteria for austenitic stainless steel include elongation-tensile
strength measurements and squeeze test results. Tensile tests are performed according to
KS B 0802 (Method of Tensile Test for Metallic Materials), and the elongation of the tested
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material must be in the range of 15-30%. Squeeze tests are performed on vessels after
specific heat treatments. At the onset of cracking, the distance between the two wedges
must not be more than eight times the thickness of the vessel shell.

Among aluminum alloys, 5082 and 5083 grades must have a tensile strength of at least
176-265 N /mm? with an elongation of at least 15-18%. In squeeze tests on these alloys, at
the onset of cracking, the distance between the two wedges must not be more than 8.7 times
the thickness of the vessel shell, similar to the cases of austenitic stainless steel.

Appendix A also presents material characteristic curves that can be used to estimate
the properties of a cylindrical or spherical shell under external force, especially with regard
to various materials, including austenitic stainless steel and aluminum alloys.

Materials for welded joints must be verified for compatibility in terms of the
following items.

- Tensile tests for welded seams: in terms of tensile strength/yield strength;

- Bending tests for the inside of the welded joint: in terms of the amount of cracking;

- Bending tests for the side of the welded joint: in terms of the amount of cracking;

- Bending tests for the backside of the welded joint: in terms of the amount of cracking;

- Tensile tests for the used weld metal: in terms of tensile strength/yield strength, with
an elongation of 22% or more;

- Impact tests for welded joints (applied only to stainless steel): in terms of impact
absorption energy, measured by Charpy impact tests at —150 °C or less (with an
impact absorption energy of at least 20 J/cm? and 30 J/cm? or more on average.

(3) Major Details of KGS FU671: 2021

KGS FU 671 applies to the facilities, technology, and inspection of systems that use
hydrogen as fuel. These systems include hydrogen facilities, including those used for
hydrogen production and storage, as well as other gases and supplies. Applicable materials
include those with specific mechanical properties and chemical compositions that suit the
nature, temperature, and pressure of hydrogen.

If the hydrogen pressure is 10 bar or more, any material used should be regarded
as a material for high-pressure piping systems. Thus, any materials with mechanical
properties and chemical compositions equivalent or superior to those required for such
material may be selected and used. If the hydrogen pressure is 10 bar or less, any mate-
rial used should be regarded as a material for low-pressure piping systems. Thus, any
materials that fulfill the requirements specified in KS D 3631 (Carbon Steel Pipes for
Fuel Gas Piping) may be selected and used. The chemical composition requirements are
presented in Table 3, and the requirements for mechanical properties are omitted here
because they vary depending on the material thickness. The material specifications corre-
sponding to materials for high-pressure and low-pressure piping systems are specified
in the KGS Code. Any material that meets its material specifications may not be used
beyond the temperature range that corresponds to the allowable stress of the material,
and Appendix A of KGS AC111 may be referenced. Other materials that are equivalent or
superior must meet the requirements for Charpy impact tests at the design temperature.
The minimum allowable absorption energy may vary depending on the tensile strength
and thickness of the parent material.

Table 3. Chemical composition of carbon steel for low-pressure piping under 10 bar according to
KS D 3631.

Chemical Composition (%)
C Si Mn P S
KS D 3631 <0.30 <0.35 <0.95 <0.040 <0.035

Code
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4.1.3. CGA Standard

The Compressed Gas Association (CGA) works for the enactment and dissemination
of technical safety standards for the manufacturing, storage, transport, and supply of
compressed, liquefied, and cryogenic gases while engaging in R&D activities to improve
the quality of compressed gases while developing relevant technologies. As it currently
stands, researchers in private-sector businesses, such as the American Society of Mechan-
ical Engineers (ASME) and the American Petroleum Institute (API), are in charge of gas
safety management based on collaboration with universities and government agencies.
The following parts of the CGA Standard provide important safety standards for liquid
hydrogen storage systems.

- CGA H-3 (2019) Standard for Cryogenic Hydrogen Storage;

- CGA H-5 (2020) Standard for Bulk Hydrogen Supply Systems;

- CGA G-5.4 (2019) Standard for Hydrogen Piping System at User Locations;
- CGA G-5.6 (2005) Hydrogen Pipeline Systems.

(1) Major Details of CGA H-3 (2019)

CGA H-3 applies to liquid hydrogen storage vessels (with a design temperature range
between —253 and 38 °C) with a gross volume of 3.8-94.6 m® and a maximum allowable
working pressure (MAWP) of 12.1 bar or less. Aluminum alloys are not recommended as
materials for the inner vessel because their thermal conductivity and coefficient of thermal
expansion are significantly larger than those of stainless steel. Similarly, 9% nickel steel
alloys are not considered suitable for the inner vessel due to their low ductility.

Only full penetration butt welding may be applied to the inner vessel, and any
corrosion allowance is not considered; thus, 300-series austenitic stainless steel alloys
are mainly used for the inner vessel according to the ASME Boiler and Pressure Vessel
Code. Austenitic stainless steel alloys are required to be subjected to solution heat treatment
to reduce the generation of residual stress during cold working.

Steel may be used as a material for the outer jacket. Material selection and design
for any pipes connected to pressure vessels are conducted according to ASME B31.12
(Hydrogen Piping and Pipelines). There are many measures available to minimize the
occurrence of hydrogen embrittlement in piping systems.

- All annular-space pipelines must be composed of seamless tubes or pipes made of
austenitic stainless steel.

- Welding on tube or pipe connections should be avoided as much as possible, and if
unavoidable, butt welding should be used.

- For 304 stainless steel, it must be ensured that any stress that exceeds 20% of its tensile
strength is not generated. Here, any stress generated during cold working should also
be counted in the estimation process.

- The 316 stainless steel is a material with excellent resistance to hydrogen embrittlement.

(2) Major Details of CGA H-5 (2020)

CGA H-5 applies to liquid and gaseous hydrogen fuel supply systems with a capacity
of 141.6 m® or more for gaseous hydrogen and 150 L or more for liquid hydrogen. The
maximum allowable working pressure is 1034 bar.

Liquid hydrogen is a cryogenic liquid, and high-strength steel is generally susceptible
to hydrogen embrittlement; thus, low-strength carbon steel is more suitable. Hydrogen
embrittlement causes vessels to be damaged even under a stress that is significantly lower
than the yield stress of the material used. Accordingly, the risk of hydrogen embrittlement
must be thoroughly reviewed, especially in welded areas. Low-strength carbon steel is
hardly affected by hydrogen in a gaseous hydrogen atmosphere (with a pressure of 10 bar
or less) at room temperature. However, when the hydrogen pressure is 25 bar or more, the
effect of hydrogen embrittlement is pronounced, and thus, the use of each material may be
limited depending on the given pressure conditions.
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Drip trays for liquid hydrogen storage vessels are supposed to collect the condensed
air. Therefore, they must be installed under pipelines. Drip trays are mainly made of
aluminum or stainless steel alloys.

(3) Major Details of CGA G-5.4 (2019)

CGA G-5.4 applies to pipe systems for liquid or gaseous hydrogen from the pipes of
the hydrogen supply system (including hydrogen valves) to the pipes of other systems in
which hydrogen is consumed. The pipe system must be made of materials that comply
with ASME B31.12. If the design temperature is below —29 °C, any materials that meet the
minimum temperature requirements for each material specified in ASME B31.12 should be
selected. If not applicable, the Charpy impact test requirements must be satisfied.

The 316 and 316 L stainless steel alloys may be used in both high-pressure gaseous
hydrogen and liquid hydrogen atmospheres. Here, the high-pressure hydrogen is defined
as having a pressure of 20,680 kPa (abt. 200 bar). The 316 and 316 L stainless steel alloys
are generally preferred over 304 L and 321 alloys. It is recommended that stainless steel
alloys be subjected to solution heat treatment. In a high-pressure hydrogen atmosphere,
seamless pipes and tubes are preferred. Welded pipelines are very susceptible to hydrogen
embrittlement unless they are properly annealed.

(4) Major Details of CGA G-5.6 (2005)

CGA G-5.6 applies to metallic piping systems that deliver pure hydrogen and hydro-
gen mixtures with a working temperature range between —40 and 175 °C and a gaseous
hydrogen pressure of 10-210 bar. If the partial pressure of gaseous hydrogen is 2 bar or
more, stainless steel is recommended.

According to the guidelines for preventing hydrogen embrittlement, metallic materials
may be used only to the extent that the upper limits for hardness and tensile strength
are not exceeded, and those with a fine and uniform microstructure should be selected to
ensure that the surface of all parts is free from defects. It is necessary to limit the stress
to a certain level (whichever is lower between 30% of the yield strength and 20% of the
tensile strength) for any materials other than austenitic stainless steel or carbon steel grades
that are likely to fail to meet the requirements specified above. Sufficient toughness is also
required, especially when the gaseous hydrogen pressure is 50 bar or more.

Safety precautions when applying stainless steel to the hydrogen atmosphere (regard-
ing deformation-induced transformation) are as follows.

- Ensure that the austenite stability factor has a positive value (typically 300-series
stainless steel alloys with a Ni content of 10.5% or more).

- Metallic materials with a high austenite stability factor (or with a high nickel equiva-
lent) should be selected as much as possible.

- The use of stainless steel grades with a metastable austenite phase, such as 201, 301,
302, 304, 304 L, and 321, must be avoided in a high-pressure hydrogen atmosphere.

- Perritic stainless steel, martensitic stainless steel, duplex stainless steel, and precipitation-
hardened stainless steel may only be used for parts with low operating stress.

4.1.4. ISO 19881

ISO 19881:2018 (Gaseous hydrogen-Land vehicle fuel containers) specifies the material,
design, and manufacturing of test methods for gaseous hydrogen storage vessels for land-
use transportation equipment. This standard applies to vessels with a nominal working
pressure of 250, 350, 500, and 700 bar at 15 °C, and the applicable gas temperature range
within the vessel is —40 to 85 °C, which is the same temperature condition as applied to
hydrogen vehicles.

The material requirements are mainly evaluated based on hydrogen compatibility and
mechanical performance assessments. Hydrogen compatibility assessments considering
hydrogen embrittlement and hydrogen fatigue may be performed by referring to the
documents regarding hydrogen compatibility provided in ISO 11114, Sandia National Lab,
as well as the acceptance criteria provided in AIAA, ANSI/CSA CHMC 1, ASME B31.12,



J. Mar. Sci. Eng. 2023, 11,1927

22 of 35

and SAE ]2579. Material characteristics, along with the required performance tests, are
presented below.

e  Material characteristics

- Steel: Vessels must be made of aluminum-killed steel with fine grains that is resis-
tant to corrosion, deformation, and degradation when exposed to high-pressure
hydrogen.

- The content of additives must be specified, such as carbon, manganese, aluminum,
silicon, nickel, chromium, molybdenum, boron, and vanadium.

e Impact tests

- Applicable to steel structures.

- Tests are performed in accordance with ISO 148-1 (Metallic materials—Charpy
pendulum impact test-Part 1: Test method) or ASTM E23 (Standard Test Methods
for Notched Bar Impact Testing of Metallic Materials).

- The notch is made in the C-L direction (perpendicular to the circumference and
along the length direction).

- All impact tests are performed at the lowest test temperature (—40 °C).

e  Tensile tests

- Applicable to all metallic materials.
- Subject to ASTM E8 (Standard Test Methods for Tension Testing of Metallic
Materials), etc.

e  Sustained load cracking tests

- Applicable to aluminum alloys.

- Tests are performed in accordance with Appendix B of ISO 7866:2012 (Gas
Cylinders-Refillable Seamless Aluminum Alloy Gas Cylinders-Design, Construc-
tion and Testing).

e  Corrosion tests

- Applicable to aluminum alloys.

- Tests are performed in accordance with Appendix A of ISO 7866:2012 (Gas
Cylinders-Refillable Seamless Aluminum Alloy Gas Cylinders-Design, Construc-
tion and Testing).

4.1.5. ASME B31.12

In the petroleum refining industry, the design of hydrogen piping systems had been
subject to ASME B31.3 (Process Piping) for more than a half-century. However, the ASME
determined that it was inappropriate to apply this standard to the design of hydrogen
infrastructure and thus issued B31.12 (Hydrogen Piping and Pipelines) of B31.3 (Process
Piping), which specified the requirements for the design, manufacturing, operation, and
maintenance of piping systems for hydrogen atmospheres, as a separate standard in 2008.

ASME B31.12 applies to pipe systems for gaseous/liquid hydrogen and specifies
materials suitable for hydrogen atmospheres. The standard also proposed the material
performance factor, which is an index designed to consider the reduction in mechanical
properties in carbon steel and low-alloy steel grades operating under hydrogen embrittle-
ment conditions.

In a hydrogen atmosphere, the bursting strength and toughness of piping materials are
known to be reduced by 15% and 30%, respectively, making it difficult to supply hydrogen
in a stable manner. B31.12 also attributes this reduction in fracture toughness mainly to
hydrogen-induced fatigue crack growth and hydrogen embrittlement.

The requirements for hydrogen piping systems in terms of alloying elements, steel
grades, pipe shapes, and working pressure vary due to restrictions resulting from hydrogen
embrittlement. Given that alloying elements, such as Mn, S, P, and Cr, tend to improve the
hydrogen embrittlement sensitivity of low-alloy steel, both hydrogen embrittlement and
hydrogen-induced fatigue cracking become more pronounced as the hydrogen pressure and
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material strength increase. Accordingly, ASME B31.12 recommends the use of steel pipes
while considering their material characteristics. It is also necessary to consider all relevant
issues, including hydrogen embrittlement, low-temperature performance degradation, and
cryogenic performance degradation.

4.2. Material Compatibility Test

This section specifies materials that can be applied to specific hydrogen atmospheres
along with their required specifications. Any materials other than the standard materials
need to be verified to have resistance to hydrogen embrittlement that is equivalent or
superior to that of the standard ones. The next section identifies and analyzes safety
standards for evaluating the compatibility of materials used for pressure vessels, cylinders,
and piping systems for liquid and gaseous hydrogen storage. For some of the material
compatibility test methods, detailed test procedures are proposed, but in most cases, the
focus is placed on proposing material screening methods. Thus, it is guided that fatigue
tests or fracture toughness tests be subject to established international test standards.
Safety standards, material compatibility assessments, and detailed test procedures that are
currently widely used are summarized in Table 4.

Table 4. Classification of safety standards related to hydrogen storage systems.

Classification

List of Standards

Material compatibility

ANSI/CSA CHMC1-2014 (R2018) Test Methods For Evaluating Material Compatibility
In Compressed hydrogen Applications—Metals

ASME BPVC Section VIII Division 3 KD-10 Special Requirements for Vessels in
Hydrogen Service

SAE ]2579 (2018) Standard for Fuel Systems in Fuel Cell and Other Hydrogen Vehicles

ISO 11114-4 (2017) Transportable gas cylinders—Compatibility of cylinder and valve
materials with gas contents—Part 4: Test methods for selecting steels resistant to
hydrogen embrittlement

ASTM G142-98 (2022) Standard Test Method for Determination of Susceptibility of
Metals to Embrittlement in Hydrogen Containing Environments at High Pressure, High
Temperature, or Both

H, charging ISO 16573-1 (2020) Steel—Measurement method for the evaluation of hydrogen

embrittlement resistance of high-strength steels—Part 1: Constant load test
ISO 16573-2 (2022) Steel—Measurement method for the evaluation of hydrogen
embrittlement resistance of high-strength steels—Part 2: Slow strain rate test

Fatigue crack
Test method

ASTM E647 (2015) Standard Test Method for Measurement of Fatigue Crack

growth Growth Rates

ASTM E466 (2021) Standard Practice for Conducting Force-Controlled Constant

Fatigue life Amplitude Axial Fatigue Tests of Metallic Materials

ASTM E606/E606M (2021) Standard Test Method for Strain-Controlled Fatigue Testing

ASTM E1820 (2022) Standard Test Method for Measurement of Fracture Toughness
ASTM E1681-03 (2020) Standard Test Method for Determining Threshold Stress

Fracture toughness Intensity Factor for Environment-Assisted Cracking of Metallic Materials (Kygy)

ASTM E399 (2022) Standard Test Method for Linear-Elastic Plane-Strain Fracture
Toughness of Metallic Materials (Kygy)

4.2.1. CSA/ANSI CHMC-1

CSA/ANSI CHMC-1 (Test Methods for Evaluating Material Compatibility in Com-
pressed Hydrogen Applications-Metals) specifies methods for evaluating the properties
of metallic materials in gaseous hydrogen atmospheres. Any materials that fail to com-
ply with the acceptance requirements for slow strain-rate tensile tests (SSRTs) must be
further verified for compatibility with the design conditions by fracture toughness and
fatigue tests.
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e Hydrogen atmosphere: Tests are performed by designing a test chamber that complies
with ASTM G142 or using hydrogen-precharged specimens.

o  Test temperature: At a temperature within the operating temperature range where the
effect of hydrogen embrittlement is the most pronounced

- At 220 K for 300-series stainless steel and at room temperature for other metallic
materials.

Test pressure: Set equivalent or superior to the MAWP.
SSRT: Tests are performed on notched or smooth tensile specimens either in a hydrogen
atmosphere or in a non-hydrogen atmosphere.

- Verified to be compatible if the notch—tensile strength ratio (under ASTM G129)
or the relative reduction area (under ASTM ES8) is 0.9 or more.

- Notched specimens must comply with ASTM G142, or the notch stress concentra-
tion coefficient should be 3 or more.

- For smooth tensile specimens, the upper limit of the strain rate is twice the rate
of 107> s~ L. For notched specimens, the gauge length is set to 25.4 mm, and the
effective strain rate is 1070 s 1.

e  Fracture toughness tests: Jic threshold fracture toughness measured according to
ASTM E1820.
Fatigue crack growth rate tests: ASTM E647.
Fatigue life tests: Evaluated according to ASTM E466 and ASTM E606.

- Inload-controlled tests, the stress ratio is 0.1 for notched specimens and —1.0 or
0.1 for smooth specimens.

4.2.2. ASME BPVC Division III Article KD-10

In ASME BPVC as well, which specifies the requirements for the design of high-
pressure gas vessels, Article KD-10 provides the detailed specific requirements for pressure
vessels intended for hydrogen atmospheres. The standard describes the requirements
for the evaluation of fatigue crack growth and fracture toughness in materials used in a
gaseous hydrogen atmosphere. It applies to the same items as those subject to hydrogen
compatibility assessments specified in KGS AC111. Material compatibility assessments
require a fracture mechanics-based evaluation approach, unlike the method provided in
CHMC-1. For some materials for which sufficient research data have been obtained from
specific hydrogen atmospheres, additional tests are not required (refer to Code Case 2938).

e  Applicable materials (in a high-pressure hydrogen atmosphere with a pressure of 1030
bar or less)

- Alloy steel grades, including SA-372 and SA-723.
- Stainless steel grades, including SA-336 Gr. F316.
- Al6061-Te.

e  Required tests for high-pressure hydrogen atmospheres

- Crack growth initiation tests (Kjc) according to ASTM E399 or E1820.
- Crack growth stoppage tests (Kjp) according to ASTM E1681.
- Crack growth rate (da/dN) tests according to ASTM E647.

4.2.3. SAE ]J2579

Appendix B of SAE J2579 (Standard for Fuel Systems in Fuel Cell and Other Hydrogen
Vehicles), enacted by the Society of Automotive Engineers (SAE International), provides
material recommendations, lists of allowed materials, and test procedures for material
compatibility assessments. SAE J2579 specifies detailed test procedures based on fatigue
life tests, including SSRT, and adopts part of the material compatibility criteria provided in
CSA CHMC-1. It has been determined that SAE ]J2579, which is considered less demanding,
will be adopted in the material compatibility test method of UN GTR No. 13 Phase 2, which
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is currently under discussion. The decision may be attributed to the argument that CSA
CHMC-1 and ASME are rather too demanding.

Applicable to: Compressed hydrogen vessels for automobiles with a pressure of 700 bar
Test conditions for SSRT

- Test temperature: 228 £ 5 K (room temperature only for aluminum alloys).

- Hydrogen pressure: 1.25 times the pressure level of 700 bar (under the same gas
purity condition as specified in CSA CHMC-1).

- Test specimen: Only smooth tensile specimens allowed.

- Strain rate control: 5.0 x 107> s7! or less (2.0 x 107° s™! or less under CSA
CHMC-1).

- Evaluation criteria: The yield strength in a hydrogen atmosphere should be at
least 0.8 times that measured in the air.

e  Test conditions for fatigue life tests

- Test environment: Only at room temperature at the same hydrogen pressure.

- Test specimen: Either notched specimens or round-bar tensile specimens.

- Inload-controlled tests, the maximum stress should be at least 1/3 of the tensile
strength, and the frequency is set to 1 Hz.

- Stress ratio: 0.1 for notched specimens and —1.0 for round-bar tensile specimens.

- Evaluation criteria: 10° or more for notched specimens and 2.0 x 10° or more for
round-bar tensile specimens.

4.2.4. Other Standards

ASTM G142 (Standard Test Method for Determination of Susceptibility of Metals to
Embrittlement in Hydrogen Containing Environments at High Pressure, High Temperature,
or Both) presents methods for evaluating hydrogen embrittlement and hydrogen sensitivity
in metallic materials used in high-pressure, high-temperature hydrogen atmospheres. The
standard specifies the configuration of test chambers for high-temperature, high-pressure
hydrogen atmospheres and detailed test methods using notched and smooth specimens.
Here, only tensile characteristics are considered, and therefore, fracture toughness and
fatigue life tests are beyond the scope of this standard.

ISO 11114-4 (Transportable gas cylinders-Compatibility of Cylinder and Valve Mate-
rials with Gas Contents-Part 4: Test Methods for Selecting Steels Resistant to Hydrogen
Embrittlement) describes methods for evaluating the hydrogen compatibility of metallic
materials used for portable gas cylinders. This standard may apply to gas cylinders with
a seamless steel structure whose gas partial pressure is 50 bar or more. However, this
standard does not include methods for fatigue life evaluation, which has recently drawn
significant research attention.

EC 79, enacted upon request from the European Parliament, regulates the type ap-
proval of hydrogen vehicles, which will be adopted for environmental purposes and issued
in Europe. The standard provides the specific requirements for parts designed to use
gaseous/liquid hydrogen. Any materials for parts that use gaseous hydrogen are subject to
hydrogen compatibility tests. Among parts that use liquid hydrogen, valves, receptacles,
fuel inlets, and regulators are the subject of hydrogen compatibility tests. However, flexible
fuel lines do not have to be verified for hydrogen compatibility.

5. Proposal of New Guidelines for the Acceptance of Alternative Metallic Materials for
Hydrogen Service in Ships

5.1. Review of MSC.1/Circular.1622 for Use with Liquid Hydrogen

The minimum design temperatures for specific metallic materials used in low-temperature
applications on ships constructed in accordance with the IGC and IGF codes are detailed in
Tables 6.2, 6.3, and 6.4 of the IGC Code and Tables 7.2, 7.3, and 7.4 of the IGF Code. The
requirements stated in both codes are identical and determined by chemical composition,
mechanical properties, and heat treatment.
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The Maritime Safety Committee recognized the growing use of high-manganese
austenitic steel by the industry for cryogenic service and understood the need for guid-
ance in this area. As a result, the “Interim guidelines on the application of high man-
ganese austenitic steel for cryogenic service” were adopted and disseminated under
MSC.1/Circ.1599. During the development of these interim guidelines, valuable experience
was gained in evaluating this alternative material. The “Guidelines for the Acceptance of
Alternative Metallic Materials for Cryogenic Service in Ships Carrying Liquefied Gases in
Bulk and Ships Using Gases or Other Low-Flashpoint Fuels (MSC.1/Circular.1622)” were
developed based on MSC.1/Circ.1599.

These guidelines are applicable to metallic materials not specified in Tables 6.2, 6.3, and
6.4 of the IGC Code and Tables 7.2, 7.3, and 7.4 of the IGF Code. The testing requirements
outlined in this document offer guidance for the acceptance of alternative metallic materials,
drawing upon the equivalency provisions in Section 1.3 of the IGC Code or the alternative
design requirements in Section 2.3 of the IGF Code. These guidelines pertain solely to
materials used for products enumerated in Chapter 19 of the IGC Code, MSC circulars
endorsed by the organization, or fuels covered by the IGF Code. Fundamentally, these
guidelines address alternative metallic materials designed for temperatures ranging from
ambient to —165 °C.

The results of the feasibility study to include cryogenic and hydrogen environments in
the required mechanical performance evaluation test items specified in MSC.1/Circular.1622
are listed in Table A3. As both hydrogen environments and cryogenic temperatures com-
monly result in the deterioration or alteration of a metal’s mechanical performance, tensile
tests generally show an increase in yield and tensile strengths but a decrease in elongation.
In hydrogen environments, elongation reduction is the prominent effect, which is often
accompanied by a decrease in tensile strength. Fatigue performance degrades in hydrogen
environments. However, at cryogenic temperatures, there is an improvement in fatigue
performance, which is why SAE J2579 only requires testing at room temperature. The
CTOD test and the JIC test are common methods used for evaluating fracture toughness.
Based on numerous studies, both hydrogen environments and cryogenic temperatures
reduce fracture toughness. Hence, it is necessary to conduct CTOD and Jjc tests in hydro-
gen environments and at 20 K temperature. MSC.1/Circular.1622 states that the Jic test
may serve as an alternative to the CTOD test. The Jic test is obligatory for assessing the
welded condition, encompassing HAZ. To measure the welds’ ductility, the guided bend
test, outlined in this test method, determines their ability to withstand cracking during
bending. The material specifications, micrographic examination, corrosion test, hardness
test, and bending test are the general material testing requirements listed. However, since
they are not necessary to be conducted in hydrogen and low-temperature conditions, they
will not be discussed further.

5.2. Test Methodology Based on MSC.1/Circular.1622 for Hydrogen Service

In this section, test items and procedures for evaluating the compatibility of metal-
lic materials for hydrogen service, specifically liquid hydrogen, are presented based on
MSC.1/Circular.1622. The process for assessing the suitability of materials for storing and
utilizing liquid hydrogen on ships can be summarized as follows.

e Hydrogen Atmosphere Identification

- Evaluate exposure to hydrogen environment.
- Assess design temperature and hydrogen pressure.

e  Material Specifications Verification

- Examine chemical compositions, microstructure, mechanical performance, and
heat treatment.
- Ensure certification and other relevant documentation.

e  Review Material Acceptance
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- Verify that the material is permissible for the intended environment, considering
temperature and hydrogen pressure.

- If the material is not on the approved lists, initiate material compatibility
assessments.

e  Material Compatibility Assessments for the Target Environment

- Conduct simplified hydrogen sensitivity assessment based on SAE J2579.
- Evaluate fracture toughness, taking into account the concurrent effects of low-
temperature embrittlement and gaseous hydrogen-induced embrittlement.

Existing codes for handling cryogenic liquids like LNG consider only pressure when
designing pressure vessels and piping. However, when dealing with hydrogen as cargo
or fuel, material suitability assessments must concurrently consider both temperature and
hydrogen pressure. If a metallic material is included in an approved list indicating its
suitability for the target environment, no special testing or assessment is required. For
instance, ASME BPVC code case 2938 lists materials suitable for use in high-pressure
gaseous hydrogen environments up to 1030 bar, including alloy steels like SA-372 and
SA-723, stainless steels such as SA-336 Gr. F316, and aluminum alloys like Al 6061-T6.

To assess the suitability of metallic materials for hydrogen service in ships, as ex-
plained in Section 4.3, assessments need to be made taking into account the hydrogen
environment and the low temperature of 20 K. This will require changes to the existing
list of test requirements and modifications to the test method. As stated in Section 2,
displacement control at low speed is essential to consider the effects of low temperatures
and hydrogen embrittlement. A high speed may cause a temperature increase due to speci-
men deformation, which makes it difficult to maintain a consistent temperature condition.
Additionally, hydrogen diffusion speed in metallic materials is quite slow, so a fast test
speed may underestimate the effects of hydrogen. Therefore, the Charpy V-notch impact
test has been excluded from the assessment items since it is challenging to maintain the
influence of hydrogen and ultra-low temperatures. Apart from that, the evaluation of
mechanical performance consists of three tests: tensile, fatigue, and fracture toughness.
The influence of environmental conditions on each testing item can be outlined as shown
in Table 5. Based on these results, the following environmental conditions and acceptance
criteria were established.

Table 5. Comparison of hydrogen and low-temperature effects according to test items.

Test Item

Testing Temp. Range
& P & Remarks

Under 150 K 150~270 K Over 270 K

Tensile test

H, environment and

H, environment -
low temperature

Low temperature

Fatigue life test

Not necessary to consider
- - Hj environment evaluation at low
temperature

Fracture mechanics test

H; environment and
low temperature

Not reported under 150 K

Hj; environment . .
2 with Hj environment

Not reported

e  Slow strain rate tensile test (SSRT)

- Test temperature: Design temperature and the temperature where hydrogen
embrittlement is most pronounced (or the temperature close to the range).

- Hydrogen exposure conditions: Exposed to high-purity gaseous hydrogen at
the maximum allowable working pressure (or tests performed after injecting an
equivalent amount of hydrogen into the specimen).

- Test specimen: Typical round-bar tensile specimen (ASTM E8/E8M).

- Strain rate control: <5.0 x 1072 s~ 1,

- Acceptance criteria: relative reduction in area > 0.5.
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- If notched specimens are used in fatigue life tests, SSRT may be omitted.
e  Fatigue life test

- Test temperature: Ambient temperature (fatigue life increased when exposed to
low-temperature hydrogen).

- Hydrogen exposure conditions: Same as in SSRT.

- Test specimen: Either of notched specimen (ASTM G142) or typical round-bar
tensile specimen (ASTM E8/E8M).

- Load control: Maximum stress set to 1/3 or more of the tensile strength with a
frequency of 1 Hz.

- Stress ratio: 0.1 for notched specimens and —1.0 for round-bar specimens.

- Evaluation criteria: Further discussion needed for the criteria for fatigue life
(10° or more for notched specimens and 2.0 x 10° or more for round-bar tensile
specimens according to the reference standards).

e  Fracture toughness test

- Test temperature: Design temperature and the temperature where hydrogen
embrittlement is most pronounced (or the temperature close to the range).

- Hydrogen exposure conditions: Same as in SSRT.

- Test specimen and procedure: ASTM E1820 (Jic threshold fracture toughness or
CTOD).

- Acceptance criteria for CTOD can be adopted as an industry standard. Further
discussion needed for JIC.

- Remarks: Charpy impact tests is not allowed for hydrogen service.

6. Conclusions

Comprehensive reviews of previous studies have shown that austenitic stainless steels
are generally suitable for both cryogenic and hydrogen environments, exhibiting excep-
tional mechanical performance as the nickel content increases. However, the application of
high-nickel-content steel in all liquid hydrogen storage and supply systems may result in
economically disadvantageous overdesign. As an extended version of ‘Research Report
of Material Compatibility for Liquid Hydrogen Storage on Marine Application” [22], this
review article aims to propose a procedure for determining the most suitable metallic
material for liquid hydrogen storage tanks and piping systems in marine ships, taking into
account operational requirements.

An extensive investigation on the effects of liquid and gaseous hydrogen environments
on metallic materials has been conducted. The adverse effects of hydrogen on metals are
generally more pronounced at elevated temperatures compared to cryogenic conditions.
Nevertheless, austenitic stainless steels require hydrogen embrittlement evaluation at low
temperatures due to the promotion of martensitic transformation. To avoid underestimating
these effects, mechanical performance assessments should be conducted at very slow rates.
Consequently, the Charpy V-notch impact test, currently adopted in the IGC and IGF codes
as an alternative test for fracture toughness, is not suitable for material compatibility for
hydrogen service.

An analysis of safety standards concerning the use of liquid hydrogen has been con-
ducted, focusing on material suitability tests for hydrogen environments. While tensile and
fatigue testing research is abundant, resulting in well-established criteria and procedures,
standards for fracture toughness tests have not yet been established. In particular, research
evaluating the effects of external hydrogen on fracture toughness is scant due to the chal-
lenges in setting up testing facilities. Various alternative tests have been proposed, and
their validity is currently being established.

New guidelines for the acceptance of alternative metallic materials for hydrogen
service in ships have been proposed based on this analysis. A slow strain rate tensile test,
fatigue life test, and fracture mechanics test are included as important evaluation items.
The acceptance values for mechanical performance tests need to be further refined based
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on additional research. Future efforts should focus on expanding the database, particularly
regarding cryogenic temperature and hydrogen-induced failure. As progress is made in
this field, these review findings are expected to serve as a foundation for enhancing the
economics, safety, and efficacy of hydrogen storage solutions in marine environments.
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Appendix A

Table A1l. Tensile test results according to nickel content, temperature, and hydrogenation conditions
from previous study.

Ni Hydrogen Environment Relative Relati Relative
Alloy Type Contents Pressure Tensile Eloilaalt‘i, sn Reduction Remarks Ref.
(%) (Bar) Temp. (K) Strength 8 in Area
304 8.11 10 300 0.87 - 0.41 [48,51]
304 8.64 10 300 0.96 - 0.52 [48,51]
321D 9.3 90 300 0.92 0.47 0.57 [85]
304 LN 9.6 90 300 0.95 0.79 0.57 [85]
304 9.9 90 300 1.01 0.93 0.75 [85]
304 heat C 8.15 830 300 - - 0.37 [84]
304 8.11 345 300 0.94 - 0.42 Internal H, [48,51]
304 8.64 345 300 1.03 - 0.47 Internal H, [48,51]
316 10 10 300 1.01 - 0.99 [48,51]
316 10 345 300 1.10 - 0.68 Internal H, [48,51]
316 10.04 10 300 0.98 - 0.82 [48,51]
316 10.04 345 300 1.13 - 0.55 Internal H, [48,51]
316 heat C 10.12 830 300 - - 0.6 [84]
316 10.18 10 300 1.00 - 0.70 [48,51]
304 10.18 345 300 1.08 - 0.71 Internal H, [48,51]
TP316NG 104 920 300 1.01 0.99 0.85 [85]
347 B 10.6 90 300 0.91 0.62 0.63 [85]
TP304 L 11 90 300 0.99 0.93 0.77 [85]
316 11.08 10 300 0.98 - 0.79 [48,51]
316 11.08 345 300 1.04 - 0.83 Internal H, [48,51]
316 11.15 10 300 1.00 - 1.01 [48,51]
316 11.15 345 300 1.09 - 0.86 Internal H, [48,51]
304 L 11.2 90 300 0.99 0.90 0.84 [85]
347 A 11.3 90 300 0.98 0.97 0.94 [85]
321C 11.5 920 300 1.02 0.97 0.88 [85]
316 L 12.02 780 300 - - 0.94 [84]
316 L 12.15 10 300 0.97 - 0.99 [48,51]
316 L 12.15 345 300 1.04 - 0.89 Internal H, [48,51]
316 L 12.19 10 300 1.00 - 0.99 [48,51]
316 L 12.19 345 300 1.07 - 0.90 Internal H, [48,51]
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Table Al. Cont.

Ni Hydrogen Environment Relative Relati Relative
Alloy Type  Contents Pressure Tensile Elo‘:latalt‘i, :n Reduction  Remarks Ref.
(%) (Bar) Temp. (K) Strength & in Area
316 12.56 10 300 1.00 - 0.97 [48,51]
316 12.56 345 300 1.05 - 0.91 Internal H, [48,51]
316 12.6 10 300 1.00 - 1.00 [48,51]
316 12.6 345 300 1.07 - 0.90 Internal Hp [48,51]
316 12.74 10 300 1.00 - 0.93 [48,51]
316 12.74 345 300 1.04 - 0.84 Internal Hy [48,51]
316 LN 13.2 90 300 1.00 1.02 0.99 [85]
316 L 17.06 1150 300 - - 0.95 high-Ni [84]
304 L 10.44 1380 293 1.12 - 0.60 Internal Hy [23]
forged
304 L 10.6 1380 293 1.13 - 0.82 Internal Hp [23]
forged
304 heat C 8.15 1090 249 - - 0.2 [84]
316 heat C 10.12 1020 233 - - 0.28 [84]
f304 L 10.44 1380 233 1.00 - 0.30 Internal Hy [23]
orged
316 L 12.02 1150 233 - - 0.84 [84]
316 L 12.19 900 233 0.96 0.80 0.63 [86]
316 L 12.19 900 233 0.98 1.01 0.93 [88]
316 L 12.19 900 233 0.98 0.98 0.80 [88]
316 L 12.19 900 233 1.04 0.94 0.73 [88]
316 L 17.06 1150 233 - - 0.73 high-Ni [84]
304 8.11 400 223 0.51 - 0.17 [48,51]
316 8.78 400 223 0.57 - 0.22 [48,51]
304 8.11 345 223 0.65 - 0.23 Internal H, [48,51]
316 8.3 345 223 0.73 - 0.21 Internal Hy [48,51]
304 8.64 345 223 0.66 - 0.27 Internal Hy [48,51]
316 8.78 345 223 0.68 - 0.31 Internal H, [48,51]
316 10 345 223 0.88 - 0.27 Internal Hy [48,51]
316 10.04 400 223 0.66 - 0.16 [48,51]
316 10.04 345 223 0.89 - 0.29 Internal Hp [48,51]
316 10.1 345 223 0.88 - 0.30 Internal H, [48,51]
304 10.18 400 223 0.63 - 0.21 [48,51]
304 10.18 345 223 0.82 - 0.28 Internal H, [48,51]
316 10.5 345 223 0.98 - 0.37 [48,51]
316 11.08 400 223 0.72 - 0.30 [48,51]
316 11.08 345 223 0.93 - 0.44 Internal H, [48,51]
316 11.15 400 223 0.80 - 0.35 [48,51]
316 11.15 345 223 0.97 - 0.44 Internal H, [48,51]
316 11.2 345 223 1.04 - 0.41 Internal H, [48,51]
316 L 12.15 400 223 0.90 - 0.36 [48,51]
316 L 12.15 345 223 1.08 - 0.53 Internal Hy [48,51]
316 L 12.19 400 223 0.90 - 0.44 [48,51]
316 L 12.19 345 223 1.07 - 0.49 Internal Hy [48,51]
316 12.56 400 223 0.99 - 0.53 [48,51]
316 12.56 345 223 1.04 - 0.81 Internal H, [48,51]
316 12.6 400 223 0.99 - 0.83 [48,51]
316 12.6 345 223 1.06 - 0.67 Internal H, [48,51]
316 12.74 400 223 1.00 - 0.68 [48,51]
316 12.74 345 223 1.05 - 0.93 Internal H, [48,51]
304L 10.7 1380 113 1.19 0.97 0.59 Internal Hy [87]
304 L 10.7 1380 77 1.08 1.06 0.75 Internal H, [87]
304 LN 9.6 1 20 0.98 0.95 0.61 [87]
304L 10.7 1380 20 1.01 1.14 0.62 Internal H, [87]
316 LN 13.2 1 20 1.04 0.93 0.77 [85]
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Table A2. Fracture toughness test results as a function of nickel content, temperature, and hydro-

genation conditions from previous study.

Ni H; Environment Fracture Toughness Relative
élloy Contents Pressure Fracture Remarks Ref.
ype %) (Bar) Temp. (K) w/Hy wlo Hy Toughness
316 L 10.04 10 293 361 940 0.38 ASTM E1820 violated. [24]
317L 12.56 10 293 925 1051 0.88 ASTM E1820 violated. [24]
316 L 13.2 340 293 350 480 0.73 Internal H, (3730 appm) [101]
304 L 10.44 410 293 390 629 0.62 Internal H, (66 wppm) [23,25]
304 L 10.44 1380 293 256 629 0.41 Internal Hp (140 wppm) [23]
304 L 10.6 1380 293 323 670 0.48 Internal H, (140 wppm) [23]
304 L 10.44 410 223 159 716 0.22 Internal H, (66 wppm) [23,25]
304L 10.44 1380 223 166 716 0.23 Internal Hp (140 wppm) [23]
304 L 10.6 1380 223 164 768 0.21 Internal Hy (140 wppm) [23]
304 8.08 0 4 - 66 - - [26]
304 8.2 0 77 - 161 - - [27]
304 8.2 0 4 - 110 - - [27]
304 8.6 0 293 - 953 - - [28]
304 8.6 0 183 - 378 - - [28]
304 8.6 0 183 - 430 - - [28]
304 8.6 0 110 - 317 - - [28]
304L 9.15 0 77 - 496 - - [29]
304 L 9.15 0 4 - 205 - - [29]
316 L 9.67 0 4 - 195 - - [26]
304L 10 0 293 - 529 - 0.03C-2Mn-18Cr-10Ni [30]
304 L 10 0 273 - 418 - 0.03C-2Mn-18Cr-10Ni [30]
304 L 10 0 223 - 556 - 0.03C-2Mn-18Cr-10Ni [30]
304L 10 0 183 - 386 - 0.03C-2Mn-18Cr-10Ni [30]
304 L 10 0 110 - 395 - 0.03C-2Mn-18Cr-10Ni [30]
304 L 10 0 77 - 300 - 0.03C-2Mn-18Cr-10Ni [30]
316 LN 12.16 0 4 - 500 - - [26]
Table A3. Assessment of test requirements in MSC.1/Circular.1622 for liquid hydrogen use.
Testing Conditions
L. to Be Considered
List of Test Testing Method Acceptance Criteria Remarks
H, Envi-
20K
ronment
Tensile test Section 6.3.1 of the IGC Code and Recognized standards Vv Vv
. Section 6.3.2 of the IGC Code 27 ] (Transverse test specimen
Charpy impact test and Recognized standards for ferrous alloy platez) i Tobe excluded
Paragraph 4.18.2.4.2 of the
Fatigue test IGC Code and IIW or 10° to 10® cycles Vv
DNVGL-RP-C203 or BS 7608
Recognized standard (such as .
CTOD test ASTM E1820, BS 7448 or o CTOD value v v
1SO 12135) ortemm
Ductile fracture Recognized standard (such as ASTM E1820, ASTM E2818, ISO . Y

toughness test

15653 or ISO 12135)

(v/: required).
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