
Citation: Kim, D.-H.; Park, M.J.;

Chang, Y.-S.; Baek, U.B. Evaluation of

Fracture Properties of Two Metallic

Materials under Hydrogen Gas

Conditions by Using XFEM. Metals

2022, 12, 1813. https://doi.org/

10.3390/met12111813

Academic Editor: Yu Yan

Received: 15 September 2022

Accepted: 21 October 2022

Published: 26 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Evaluation of Fracture Properties of Two Metallic Materials
under Hydrogen Gas Conditions by Using XFEM
Dong-Hyun Kim 1, Min Jeong Park 1, Yoon-Suk Chang 1,* and Un Bong Baek 2,*

1 Department of Nuclear Engineering, Kyung Hee University, 1732 Deogyeong-daero, Giheung-gu,
Yongin-si 17104, Korea

2 Division of Industrial Metrology, Korea Research Institute of Standards and Science, 267 Gajeong-ro,
Yuseong-gu, Daejeon 34113, Korea

* Correspondence: yschang@khu.ac.kr (Y.-S.C.); ubbaek@kriss.re.kr (U.B.B.)

Abstract: Interest in hydrogen energy is increasing due to its eco-friendliness and ease of use.
Research is being conducted to produce and use hydrogen in various fields such as hydrogen
vehicles and nuclear power plants. However, considering the purity requirements and the need
for containment, experiments with hydrogen have several constraints, such as accounting for the
charging and purging time. In this study, the effects of hydrogen gas on the fracture properties
of T6 heat-treated 6061 aluminum alloy (Al6061-T6) and Chromium-molybdenum steel (SA372)
were investigated using the extended finite element method (XFEM). First, numerical analyses for
smooth and notched slow strain rate tensile test specimens under air and hydrogen gas conditions
were conducted using a multi-island genetic algorithm and XFEM to derive true stress–strain data
and damage parameters of the two materials based on experimental results. Second, the fracture
resistance curves of 1

2 T-compact tension (CT) specimens made of SA372 steel were determined by
crack growth analyses using the calibrated parameters. The estimated JQ values were compared with
those from experiments to validate the method, of which differences were less than 20%. Finally, the
fracture properties of Al6061-T6 alloy were predicted using the same method with 1

2 T-CT specimens.

Keywords: Al6061-T6 alloy; crack growth analysis; extended finite element method; hydrogen effect;
SA372 steel

1. Introduction

Recently, interest in hydrogen as a next-generation energy source has increased, owing
to its low cost, eco-friendliness, and abundance. Consequently, efforts have also been made
to safely produce, store, and transport hydrogen. For instance, a very high-temperature
gas-cooled generation-IV reactor was developed to produce hydrogen via thermochemical
processes. Additionally, type I–IV tanks have been manufactured and researched for
the storage and transport of hydrogen. In the presence of hydrogen, metallic materials
undergo degradation, which is known as hydrogen embrittlement. This can furthermore
lead to the leakage of hydrogen gas and can cause catastrophic accidents such as chain
explosions. In fact, hydrogen-gas chain explosions have occurred in several countries and
have caused damage to property as well as casualties. Therefore, the fitness for service
assessment of metallic materials under hydrogen gas conditions should be conducted to
prevent unanticipated accidents due to changes in material properties.

Although much research is being conducted to reveal the mechanism of hydrogen-gas-
induced degradation, the definitive mechanism still is not clear. That said, it is believed
that since hydrogen atoms are small, they can easily penetrate through the relatively
large openings in a metallic lattice and recombine with other hydrogen atoms in the
metal [1]. This can deteriorate the mechanical properties of the metal and is known
as hydrogen embrittlement (HE). Safyari et al. [2] assessed the HE effect in Al-Cu-Mg
alloy via microstructure investigations considering the hydrogen trap site and its binding
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energy. As a result, in a cold-rolled specimen, hydrogen-assisted crack nucleation along
the grain boundaries was determined as dominant effect. Additionally, resistance against
the HE, as well as the effects of retention and mobility of precipitation, were discussed.
Subsequently, they examined the microstructural behavior of hydrogen in 7xxx series
aluminum alloys [3]. Specific features of hydrogen trapping and embrittlement were
evaluated by the experimental procedure.

Matsuoka et al. [4] conducted slow strain rate tensile (SSRT), fracture toughness, fa-
tigue crack growth, and fatigue life tests of smooth cylindrical stainless steel bars with
stresses ranging from 78 to 115 MPa and temperatures ranging from −40 ◦C to room
temperature in the presence of hydrogen. They also investigated the pressure and temper-
ature effect of hydrogen gas on stainless steels. Nguyen et al. [5,6] performed SSRT tests
for smooth and notched cylindrical specimens and fracture toughness tests for American
petroleum institute’s (API)-X70 steel under 10 MPa and room temperature conditions with
varying amounts of hydrogen gas. Additionally, experiments for Cr-Mo steel under air
and hydrogen conditions were conducted. Based on this research, the amount of crack tip
openings were determined as a function of the amount of hydrogen gas. Zhou et al. [7]
performed experiments for X80 steel under simulated hydrogen-blended natural gas condi-
tions. The amount of change in tensile strength, elongation after fracture and reduction of
area is significantly large in notched specimens than in smooth specimens with the increase
of hydrogen contents. Guy et al. [8] investigated the HE phenomenon and its effect on the
design and maintenance of transportation pipes. The assessment of the pipe defect was
carried out by using several methods and recommended the failure assessment diagram
(FAD) as the promising one. Anyway, experiments involving metals and hydrogen gas
are difficult and have many constraints. In particular, sealing, separated containment, and
ventilation must be considered to prevent severe accidents such as explosions.

Alternately, several theoretical models and simulation techniques have been devel-
oped to study the discontinuities in structures. The virtual crack closure technique, cohesive
zone model, and intra-element method were introduced to solve traditional finite element
method problems such as expensive re-meshing processes and high element density. Addi-
tionally, damage models such as the Gurson–Tvergaard–Needlemen (GTN) and Rousselier
models have been developed and widely used. Sérgio et al. [9] investigated the sensitivity
of the GTN parameters for T351-treated 2024 aluminum alloy (Al2024-T351) steel. However,
the aforementioned models require considerable effort to calibrate the damage parame-
ters. The simulation of discontinuities using the extended finite-element method (XFEM)
was developed in 1999 by Belytschko et al. [10] to overcome the limitations of previous
methods. The elements used in XFEM are endowed with additional degrees of freedom
that allow the simulation of discontinuities. Unlike other methods, XFEM does not require
focused meshing for crack initiation and propagation analyses or stationary crack analysis
while calculating the fracture parameters such as stress intensity factor and J-integral. In
particular, crack initiation and propagation were simulated using phantom nodes and
relatively few damage parameters. Fageehi [11] conducted fatigue crack growth analyses
for cold-rolled Society of Automotive Engineers (SAE) 1020 and T6-treated 7075 aluminum
alloy (Al7075-T6) steels using XFEM and compared the results with experimental results.
Kim et al. [12] verified XFEM for marine steel (SM) 490A and investigated the effects of
hydrogen on API-X70 steel.

The optimization of the damage parameters is essential for determining the accuracy of
the interpretation. Gradient-based, pattern-based, and exploratory technique optimization
algorithms have been developed and used in many areas, such as aircraft and ships [13].
Gradient-based algorithms have the lowest computational cost, and pattern-based algo-
rithms, such as the Hooke–Jeeves technique, are suitable for both continuous and discrete
problems. However, since the above algorithms depend on the initial design point, local op-
timization may occur. On the other hand, exploratory algorithms, such as the multi-island
genetic algorithm (MIGA), do not depend on the initial design point and, hence, global
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optimization is possible with it. Pyo et al. [14] evaluated the parameters of a heat source
model for gas metal arc welding using MIGA.

The purpose of this research is to quantify experimentally how the fracture properties
of typical materials used in hydrogen tanks change according to the presence or absence of
hydrogen, and to address mainly an alternative numerical analysis method with calibrated
damage parameters that can replace the expensive and time-consuming fracture tests. In
this context, the effects of hydrogen gas on the fracture properties of T6 heat-treated 6061
aluminum alloy (Al6061-T6) and Chromium–molybdenum steel (SA372) were evaluated
using XFEM in ABAQUS [15]. First, numerical analyses for smooth and notched slow-
strain tensile test specimens of the two materials were conducted and compared with
experimental data to derive the true stress–strain data and damage parameters using MIGA
in Isight [16] and XFEM. Second, the determined data were used for 1

2 T-compact tension
(CT) specimens made of SA372 steel and the estimated JQ values were compared with those
from experiments to validate the method. Finally, the fracture properties of Al6061-T6 alloy
were predicted using the same method.

2. Method of Experiments and Analyses
2.1. Experimental Procedure

Experiments were performed at the Korea Research Institute of Standards and Science.
A separate experimental building with ventilation was constructed to ensure that the
experiments were conducted in a hydrogen-safe environment. A hydrogen gas pipeline
to an autoclave was designed to withstand gas pressures up to 250 MPa. Moreover, the
autoclave was designed to withstand pressures of up to 120 MPa. The experiments were
performed according to the ASTM G142 standard [17]. Experiments were repeated three
or more times for all conditions and specimens, and the median value was used for the
analysis. Before the experiment, the pipeline and autoclave were vacuumed to 30 Pa and
filled with 10 MPa nitrogen gas to completely remove any remaining gas in them. The filled
nitrogen gas was subsequently released, and the process was repeated four times. The
purging of the testing gas up to 10 MPa was repeated three times to ensure purity. After
purging, the testing gas was charged in the autoclave at the corresponding pressure and
maintained for at least 30 min to check its pressure-holding capability. After the experiment,
the testing gas in the pipeline and autoclave was released at an appropriate rate depending
on the pressure and temperature.

The representative candidate materials for hydrogen tanks are SA372 steel and Al6061-T6
alloy. The former material has a high yield and ultimate tensile strength, and its ductility
reduces significantly under the hydrogen gas condition. However, the latter material has a
low yield and ultimate tensile strength, and its ductility is insensitive to the presence or
absence of hydrogen. With regard to the aluminum alloy, although the thin oxide layer
on the specimen may affect surface reactions of hydrogen, it seems that the pre-exposure
time during pressure stabilization after hydrogen pressurization could have been sufficient
for the hydrogen to diffuse and interact with the metal lattice, resulting in negligible
degradation [6].

The SSRT specimens were machined along the circumferential direction of the tank
body, which was expected to have the highest load. Smooth and notched cylindrical
specimens were manufactured following the ASTM E8 standard [18]. The crosshead speeds
for the smooth and notched cylindrical specimens determined according to the ASTM G129
standard [19] were 0.002 mm/s and 0.02 mm/s, respectively. The loads and strains were
measured using a load cell and clip-on extensometer.

The 1
2 T-CT specimens were machined at the same location as that of the SSRT speci-

mens. The in-plane of the specimens was manufactured with a 1T standard specimen size,
whereas the thickness of the specimens was 1

2 T owing to the size of the tank. The specimens
were pre-cracked by fatigue loading with a loading ratio of R = 0.1 and a frequency of
10 Hz. The size of the pre-crack was 3 mm, which corresponded to a0/W = 0.46. Side
grooves with 10% thickness were machined on each side to create a plane-strain condition.
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The experiments were conducted according to the ASTM 1820 standard [20]. The load-line
displacements were measured using a clip gauge at a rate of 1 mm/min. The final crack
sizes were determined by averaging nine points based on the standard.

2.2. XFEM and Multi-Island Genetic Algorithm

A schematic of the XFEM with displacement approximation is shown in Figure 1.
Compared to the conventional finite element method, Heaviside and crack-tip functions
were added for the XFEM. Crack initiation and propagation were simulated using an
XFEM-based cohesive segment governed by the traction–separation law. Two of the three
parameters, namely, cohesive strength, cohesive energy, and critical displacement, are
required to simulate crack initiation and propagation using the linear traction–separation
law. Damage evolution can be studied using one of the six criteria: maximum principal
stress (MAXPS), maximum principal strain (MAXPE), maximum nominal stress (MAXS),
maximum nominal strain (MAXE), quadratic nominal stress (QUADS), and quadratic
nominal strain (QUADE). Among these, MAXPS is commonly used to simulate crack
growth [21–24]. Phantom nodes are generated when the MAXPS of the elements equals the
cohesive strength (T0). The distance between the phantom nodes increases with an increase
in the force, and fracture is considered to have occurred when the distance exceeded the
critical separation (δ0). The cohesive damage (Γ0) was determined by the linear relationship
between cohesive strength and critical separation as Γ0 = 1

2δ0T0.

Figure 1. Schematic of XFEM.

The traditional genetic algorithm (TGA), an optimization method proposed by Holland
in the 1960s based on biological evolution and genetics [25], was first applied to structures
by Goldberg [26]. Because genetic algorithms do not use derivative terms, the convergence
of the solution is guaranteed. Additionally, it has low dependence on the initial design point
and results in local optimization too. The MIGA is an advancement over TGA wherein each
generation is divided into islands. In it, selection, crossover, and mutation are conducted for
each island. In the present study, individuals from each island were selected and migrated
to other islands following the roulette selection method. Migration was controlled by the
rate and interval. Figure 2 shows a schematic of the MIGA flow [14].
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Figure 2. Schematic of MIGA [14].

2.3. Analysis procedure

A specific flowchart describing the analysis process considered in this study is shown
in Figure 3. Arbitrary parameters, such as Ramberg–Osgood (n, α) and damage (T0, Γ0) pa-
rameters, were set for the smooth and notched cylindrical specimens. The SSRT specimens
were analyzed using this method and the maximum difference between the experiment
and analysis was calculated. If the maximum difference was within 5%, the determined
parameters were used to analyze the 1

2 T-CT specimen. However, if the maximum differ-
ence was greater than 5%, the parameters were changed using MIGA. The optimization
parameters for the MIGA are listed in Table 1. This procedure was repeated, depending on
the materials and conditions used. The JQ values estimated for SA372 steel were compared
with the experimental results to verify the method. The fracture properties of Al6061-T6
alloy were then predicted using the same method with 1

2 T-CT specimens.

Figure 3. Flow chart showing the analysis procedure.
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Table 1. Optimization parameters of MIGA.

Parameter Value

Sub-population size 10
Number of island 10

Number of generation 10
Rate of crossover 1
Rate of mutation 0.01
Rate of migration 0.01

Interval of migration 5

3. Evaluation of Slow Strain Rate Tensile Specimen
3.1. Analysis Models and Conditions

The chemical compositions are listed in Table 2 and mechanical properties determined
from three tensile tests for each material are summarized in Table 3. Figure 4 shows
schematics and the FE model of SSRT specimens. Both the FE models shown in the figure
were used to simulate behaviors of Al6061-T6 alloy and SA372 steel in the presence of noble
and hydrogen gases. The smooth cylindrical specimen was modeled using an axisymmetric
option to reduce the analysis time. The axisymmetric model consisted of 31,741 nodes and
31,164 continuum 4-node axisymmetric solid elements with reduced integration (CAX4R)
and continuum 3-node axisymmetric solid elements (CAX3). The overall specimen length
was 76.2 mm and the gauge length was 28.6 mm. The net section diameter was 6 mm and
the grip section diameter was 12 mm. A strain gauge was attached at a distance of 25 mm.
On the other hand, a 3-dimensional model with 105,070 nodes and 100,818 continuum
3-dimensional 8-node elements with reduced integration (C3D8R) was used for the notched
cylindrical specimen. The overall length was the same as that of the smooth cylindrical
specimen. The notch section diameter was 6 mm and the grip section diameter was 12 mm.
The notch angle and radius were 60◦ and 0.083 mm, respectively.

Table 2. Chemical compositions of Al6061-T6 alloy and SA372 steel.

Al6061-T6 (wt%)
Si Fe Cu Mn Mg Cr Zn Ti Al

0.4~0.8 0.70 0.15~0.40 0.15 0.8~1.2 0.04~0.35 0.25 0.15 rest

SA372 (wt%)
Si C P Mn S Cr Mo

0.15~0.35 0.35~0.50 ≤0.024 0.75~1.05 ≤0.015 0.8~1.15 0.15~0.25

Table 3. Mechanical properties of Al6061-T6 alloy and SA372 steel.

Material Condition
Elastic

Modulus
[GPa]

Poisson’s
Ratio

Yield
Strength

[MPa]

Ultimate
Tensile

Strength
[MPa]

Al6061-T6
10 MPa 100%

noble gas 69.2 0.33 252.5 ± 4 320.3 ± 8

10 MPa 100%
hydrogen gas 68.9 0.33 255.1 ± 5 320 ± 4

SA372
62.5 MPa 100%

noble gas 209 0.29 637 ± 6 823.1 ± 13

62.5 MPa 100%
hydrogen gas 209 0.29 627.3 ± 16 817.1 ± 2
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Figure 4. Schematics and FE models of the (a) smooth and (b) notched cylindrical SSRT specimens.

The bottom grip section of the SSRT specimens was fixed in all directions, and the
top grip section was displaced vertically during the simulation. Moreover, the crosshead
speeds obtained from the experiments were used for the static analyses. Analyses of the
smooth cylindrical specimens were performed without XFEM to reduce the computational
time, while the XFEM was used to analyze the notched cylindrical specimens. Additionally,
the analyses were repeated by changing the parameters using MIGA until the maximum
difference was within 5%. The damage parameters determined are listed in Table 4.

Table 4. Damage parameters of Al6061-T6 alloy and SA372 steel.

Material Condition

Cohesive
Streght

T0
[MPa]

Cohesive
Energy

Γ0
[kN/m]

Critical
Separation

δ0
[mm]

Al6061-T6
10 MPa 100%

noble gas 575 100 0.35

10 MPa 100%
hydrogen gas 600 60 0.2

SA372
62.5 MPa 100%

noble gas 1980 50 0.05

62.5 MPa 100%
hydrogen gas 1260 180 0.28

3.2. Analysis Results and Discussion

Figure 5 shows the load–displacement curves of the experiments and analyses for the
SSRT specimens under these two conditions. Because XFEM was not used for the smooth
cylindrical specimen, the load was compared with that in the experiments. The maximum
difference in the load until the ultimate tensile strength was used as a criterion to calibrate
the true stress–strain data. For the notched cylindrical specimen simulated using XFEM,
the total displacement until fracture was instead compared with the experiments.



Metals 2022, 12, 1813 8 of 13

Figure 5. Load–displacement curves of (a) smooth; and (b) notched cylindrical specimens made of
Al6061-T6 alloy, and of (c) smooth; and (d) notched cylindrical specimens made of SA372 steel.

The maximum load differences for the smooth cylindrical specimens made of SA372
steel were 0.3 kN at a displacement of 3.09 mm and 0.33 kN at a displacement of 2.65 mm
under 62.5 MPa noble and hydrogen gas pressures, respectively. The total displacements for
the notched cylindrical specimen were the same as 0.01 mm for the above two conditions.
The maximum differences between the experiment and analysis results were 0.85% and
1.34%, respectively. In contrast, the maximum load differences in the Al6061-T6 alloy were
0.37 kN at a displacement of 0.01 mm and 0.26 kN at a displacement of 0.13 mm under
10 MPa noble and hydrogen gas pressures. The total displacements were 0.003 and 0.1 mm,
for these two conditions, and the maximum differences were 4.51% and 3.22%, respectively.

Degradation in the mechanical and fracture properties of SA372 steel may be explained
in terms of ductility because the presence of severe deformation during necking can induce
more hydrogen absorption and provide more hydrogen trapping in the metal lattice.
However, since not only were the tensile strengths unchanged but also there was no obvious
necking of the hydrogen-exposed specimens in Al6061-T6 alloy, fracture properties were not
changed remarkably. Typical microstructures of this material comprised tempered bainite
and martensite with different-sized inclusions inside the grains, which characteristics can
be found in the author’s previous work [6].

Meanwhile, because the maximum difference criteria depicted in Figure 3 for both the
smooth and notched cylindrical specimens were satisfied for two types of materials and for
a variety of conditions, the determined damage parameters were further used to simulate
crack growth in the 1

2 T-CT specimen.
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4. Evaluation of Compact Tension Specimen
4.1. Analysis Models and Conditions

Figure 6 shows a schematic and the FE model of the mirrored 1
2 T-CT specimen. The

in-plane geometry was modeled according to the ASTM 1820 standard. Because simulating
crack initiation and propagation is computationally intensive, fine 100 µm elements were
used to mesh only the crack tip, and the rest of the material was coarsely meshed. The
resulting FE model consisted of 152,302 nodes and 144,792 C3D8R elements. The thickness
of the 1

2 T-CT specimen was 12.5 mm and the minimum thickness at the roots of the side
grooves was 10 mm. The side grooves were modeled with an angle of 45◦ and a radius of
0.5 mm. A specimen width of 50 mm and a0/W of 0.46 with a fatigue pre-crack length of
3 mm, notch height of 2 mm, notch angle of 45◦, and a pin diameter of 12.5 mm were set as
the same as those of experiments. The parameters derived from the SSRT specimens were
used for the 1

2 T-CT specimens. To avoid any unnecessary constraints and increase accuracy,
a 3-dimensional model was used for the specimen.

Figure 6. Schematic and FE model of the CT specimen.

Both holes of the 1
2 T-CT specimen were controlled using reference points. The bottom

hole was fixed and the upper hole was vertically displaced. XFEM was used only for
the notch section. The simulations were conducted until the average crack extension was
3 mm. The fracture resistance curves and JQ values were estimated according to the ASTM
1820 standard. The analysis method was verified by comparing the results for the 1

2 T-CT
specimens made of SA372 steel in the presence of 100% noble and hydrogen gases at a
pressure of 62.5 MPa with those of experiments. This was then repeated for the 1

2 T-CT
specimens made of Al6061-T6 alloy to predict their fracture properties.

4.2. Analysis Results and Discussion

Figure 7a,b show the crack extensions of the 1
2 T-CT specimen made of SA372 steel

under two conditions. The red elements with values of 1 indicate a complete fracture. The
cracks propagated in a semi-elliptical shape. The average crack extensions at the same
load-line displacement were 0.96 and 1.76 mm for 62.5 MPa noble and hydrogen gases,
respectively. The analyses were conducted until an average crack extension of 3 mm was
reached. The resulting fracture resistance curves are shown in Figure 7c. Construction
lines were plotted following the ASTM 1820 standard, and the data between 0.15 and
1.5 mm was fitted with a power law equation of the form J = C1(∆a)C2. The JQ values were
estimated from the point where the 0.2 mm construction line and the power law curve
intersected, and the values for each condition were 151.8 and 18.1 kN/m. In contrast, the
JQ values derived from the experimental results were 143.4 kN/m and 14.0 kN/m. Thus,
differences in the JQ values between experiments and analyses were 8.4 and 4.1 kN/m.
Although the JQ values did not meet the size requirements to be the JIC due to the inherently
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thin geometry of the 1
2 T-CT specimen examined in this study, the method was verified by

comparing experimental and analytical results.

Figure 7. Results of 1
2 T-CT specimen made of SA372 steel: (a) crack extension (62.5 MPa noble gas

condition); (b) crack extension (62.5 MPa hydrogen gas condition); and (c) fracture–resistance curves.
(The purple color represents blunting line, the orange color represents 0.15 mm exclusion line and the
skyblue color represents 0.2 mm offset line.)

The analysis results including crack extensions for the 1
2 T-CT specimens made of

Al6061-T6 alloy under the two conditions are shown in Figure 8. The cracks were semi-
elliptical in shape and propagated more toward the center than along the surface of the
specimen for all conditions. The trend of simulated crack propagation profiles was consis-
tent with that observed in an experimental study [27]. The difference in crack extension
between the two conditions was within 1%. In a manner similar to that described earlier,
the estimated JQ values of the above specimen for the two gas conditions were 16.17 and
15.55 kN/m, of which the difference was small compared with that of SA372 steel.
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Figure 8. Results of 1
2 T-CT specimen made of Al6061-T6 alloy; (a) crack extension (10 MPa noble gas

condition); (b) crack extension (10 MPa hydrogen gas condition); and (c) fracture–resistance curves.
(The green color represents blunting line, the orange color represents 0.15 mm exclusion line and the
skyblue color represents 0.2 mm offset line.)

5. Conclusions

In this study, the effects of hydrogen gas on the fracture properties of two representative
metallic materials were investigated. A series of numerical procedures using XFEM with
MIGA was suggested, which was validated for SA372 steel and then applied to Al6061-T6
alloy. Key findings from the relevant experiments and analyses were summarized as follows:

1. The XFEM damage parameters of the Al6061-T6 alloy and SA372 steel were derived
using SSRT specimens. The maximum differences in the load and total displacement
between the experiments and analyses were within 5% for all materials and conditions;

2. Experiments and analyses on 1
2 T-CT specimens made of SA372 steel were performed

in the presence of noble and hydrogen gases. For both cases, fracture resistance curves
were compared. The differences in JQ values in the presence of noble and hydrogen
gases were 8.4 kN/m and 4.1 kN/m, respectively. This suggests that the analysis
method was reasonable;

3. The JQ value of SA372 steel was determined following the ASTM 1820 standard. The
JQ value in the presence of 62.5 MPa hydrogen gas was observed to be significantly
lower (by a factor of 88.1%) than that in the presence of 62.5 MPa noble gas;

4. The JQ values of the Al6061-T6 alloy were derived in a similar manner, and it was
observed to be lower by only 3.8% for the 1

2 T-CT specimen in the presence of 10 MPa
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hydrogen gas. This suggests that the behavior of Al6061-T6 alloy is not affected by
hydrogen gas.
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