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Abstract: Research has been actively conducted on the materials used to commercialize finished products that
use hydrogen energy. Hydrogen embrittlement that occurs when hydrogen atoms penetrate metals is the
largest problem that must be addressed first regarding safety. Because liquefied hydrogen has an 800 times
higher density than hydrogen gas, hydrogen has been stored and transported through liquefaction at -253C
using helium gas as a refrigerant. However, even if extreme temperatures below zero are maintained, natural
vaporization loss that reduces liquefied hydrogen by 3 to 5% of the tank storage capacity per day occurs. In
addition, when liquefied hydrogen is converted into high-pressure hydrogen gas for use, it is difficult to
completely prevent the loss of the gas, even if sealing technology is applied to prevent gas leaks in transport
and storage tanks. Therefore, methods to minimize the loss of hydrogen, establishment of assessment criteria
for the embrittlement caused by a small amount of hydrogen gas, and related research are essential. We
researched the hydrogen embrittlement resistance of SUS316L rods according to the tensile speed by
conducting water electrolysis testing at room temperature, at which hydrogen gas is used to present hydrogen
embrittlement assessment criteria of forged rod products.

Keywords: hydrogen embrittlement; room temperature; strain rate; water electrolysis test

1. Introduction

The international community has increased the proportion of renewable energy to realize
decarbonization. However, long-term power use is unstable because a continuous and constant
energy supply is unstable owing to the production environment variables. To address this problem,
research has been conducted on methods to convert the surplus power produced with renewable
energy into hydrogen energy for storage using power-to-gas technology, indicating the conversion
of the energy type [1]. Drawing is useful as a process to produce mechanical parts related to hydrogen
energy in various fields because it can control mechanical properties through initial materials and the
geometrical design of dies. Drawing is the process of increasing the longitudinal dimension and
decreasing the lateral cross-sectional area by pulling the rod or pipe between dies. The die geometry
is designed differently depending on the use purpose of the product. The products designed and
manufactured by applying the drawing process to rods are used as they are usually. However, they
are also processed into specific geometry through subsequent processes, such as bending or cutting,
to be used as materials for fastening components, such as small pistons, structural members, shafts,
spindles, bolts, and nuts. Wire products manufactured by applying the drawing process to wire
materials are used for wiring in electrical and electronic devices, cables, springs, musical instruments,
paper clips, fences, welding rods, and shopping carts [2]. To apply the benefit of drawing those
components of different geometries that can be manufactured through the conversion of mechanical
properties, it is necessary first to design materials to secure product performance suitable for the
hydrogen energy use environment. To select materials suitable for hydrogen energy, the arrangement
of atoms that affects the behavior and performance of metals must be considered first. Metals are
arranged in crystal forms during solidification to form a lattice structure. In this instance, their
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properties are determined by the arrangement of atoms. Metals form different lattice structures
during solidification because the energy required to form each structure is minimized [2]. Because
the criteria to minimize the energy required to form the crystal structure may vary depending on the
temperature or alloy composition ratio, materials must be selected considering the environment in
which the product is used and the heat that may occur during the manufacturing process. In addition,
different methods are applied depending on the product’s geometry, and changes in the mechanical
properties of materials during processing affect the performance of the manufactured component.
Therefore, to produce uniform products, research must be conducted first on cold processing criteria
at room temperature for specific materials within the material standards in which the range of the
element content is specified. In particular, severe hydrogen embrittlement occurs in high-strength
steel. It reduces toughness or ductility by weakening the microstructural binding force of the metal
material when hydrogen atoms penetrate the metal and involves delayed fracture in which sudden
fracture occurs at a strength below the material’s ultimate tensile strength. It must be considered
when materials are selected before the safety design of hydrogen energy-related mechanical
components. Each manufacturer has different processing environment conditions for materials to be
used during the manufacture of certain components. Therefore, the final lattice structure is inevitably
different. Considering that this difference is severe in high-strength steel, an analysis of the
correlation between the processing hardening phenomenon according to processing conditions and
hydrogen embrittlement resistance according to the degree of residual stress during the rod drawing
process can be required to control the mechanical properties of the primary processed product at the
previous stage of the post-treatment process. Active movement of hydrogen atoms in metal is
required for hydrogen to cause the embrittlement phenomenon by weakening the microstructural
binding force of the metal. Because the face-centered cubic (FCC) lattice structure has lower hydrogen
solubility than the body-centered cubic (BCC) lattice structure, the movement of hydrogen atoms is
less active, and hydrogen embrittlement resistance is relatively high [3]. SUS316, an austenitic metal
with an FCC lattice structure, is mainly used as a material for mechanical components for hydrogen
energy. It has high corrosion resistance to prevent rust on weld zones when materials are exposed to
salt in the ocean [4]. The critical hydrogen content and hydrogen embrittlement resistance of stainless
steel also vary depending on the activity of the austenite phase in the metal. They can also be
numerically expressed using the nickel equivalent equation according to the nickel content and
nickel-based elements that activate the austenitic structure of the metal, as shown in Equation (1) [5].

Nig, = Ni+12.6C + 1.05Mn + 0.65Cr + 0.98Mo + 0.355i 1)

SUS316L is more suitable for hydrogen energy than SUS316 owing to the research result that
hydrogen embrittlement resistance is improved as the carbon content decreases for SUS316L
compared to SUS316 [6]. Although SUS316L has lower price competitiveness than SUS304, which is
the same austenitic stainless steel, SUS316L is considered appropriate for preventing hydrogen
embrittlement because the carbon content of SUS304 is higher than that of SUS316L and molybdenum
(Mo), an element related to embrittlement, is contained only in SUS316L [7,8]. To secure the price
competitiveness of the selected material, it is necessary first to change its elemental composition ratio
and design the mechanical component manufacturing process for higher performance. Second, the
material and process need to be optimized considering the target performance and dimensional
precision during the manufacture of products in each step. Consequently, research is required on
technology that can control mechanical properties considered particularly important for fastening
components among components for hydrogen energy, such as strength, ductility, and elongation.

Le Thanh Hung Nguyen et al. analyzed the change in the toughness of SUS316L by conducting
the CVN impact test after charging hydrogen at room temperature and cryogenic temperature. They
reported that SUS316L is suitable as a material that constitutes liquefied hydrogen containers [9]. The
absorbed energy required to fracture the specimen in a shock test from -196°C to —25°C range was
smaller for lower temperatures. The toughness of SUS316L at -253°C, the boiling point of liquefied
hydrogen, is expected to be lower. Considering that the largest hydrogen penetration occurred when
the hydrogen charging time was 24h and that 12h of the hydrogen charging time caused little
difference in absorbed energy despite the small amount of hydrogen charged, it is judged that the
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relationship between the amount of hydrogen charged and absorbed energy is not always constant
and that the internal crystal structure of the hydrogen-charged specimen may affect the strength
change.

Haruki Nishida et al. measured the mechanical properties of Fe-Cr-Ni-based austenitic alloys
through a test in the pressurization conditions of hydrogen gas 11 and 100MPa. They analyzed the
relationship between strength and ductility. In the test, SUS316L of nickel equivalent of 27.1 was
used, and stacking fault energy (SFE) was presented as a factor that determines hydrogen
embrittlement resistance along with nickel equivalent. In addition, the ultimate tensile strength of
SUS316L tended to increase, and its elongation generally decreased as the hydrogen gas pressure
increased [10].

Lucas Renato Queiroga et al. studied the susceptibility to hydrogen embrittlement according to
the surface treatment of austenitic stainless steels and proved through tests that alloys with high
nickel content have excellent hydrogen embrittlement resistance [11]. The method of calculating
hydrogen embrittlement sensitivity based on the gauge length that changes during the fracture of the
specimen is judged to be different from the method based on the change in the cross-sectional area
of the fracture specimen in terms of precision [12].

Rong Jian Shi et al. conducted a tensile test after spreading hydrogen by the water electrolysis
testing method. They used the concept of the hydrogen embrittlement index based on the change in
elongation. They also compared the difference in microstructure in the cross-sectional areas of
fracture specimens through a scanning electron microscope to evaluate hydrogen embrittlement
resistance [13].

However, no study evaluated hydrogen embrittlement resistance according to the drawing
speed at room temperature and presented safety design standards for drawing products to determine
initial rod-type materials and drawing process design standards in the pretreatment process to
produce cut products for hydrogen energy. In this study, SUS316L, which is most commonly used as
a material for hydrogen, was selected as the initial material on the premise that it is used immediately
in the primary product condition or subjected to post-processing, such as cutting. Water electrolysis
testing was conducted to identify the relationship between mechanical properties of materials and
hydrogen embrittlement resistance. The mechanical properties of the selected material were
evaluated by varying the tensile speed after charging hydrogen into the tensile specimens, and the
difference was analyzed. The hydrogen charge was tested under environmental conditions with an
error range of +1°C at a temperature of 19°C and an error range of +4% at a relative humidity of 38%
R.H. In addition, a tensile test was conducted on SUS316L, which may have different mechanical
properties depending on the processing environment, and material selection criteria were presented
by examining the results. As a material selection criterion, the change in tensile strength, elongation,
and reduction of area according to the hydrogen charge were analyzed to determine the change due
to the effect of hydrogen embrittlement.

2. Materials and Methods

2.1. Materials

SUS316L, which contains elements as shown in Table 1, was selected for the hydrogen
embrittlement evaluation test. The initial geometry of the product was set to a round bar with a
diameter of 16 mm. The nickel equivalent value of the selected material calculated using Equation (1)
was 25.4548. It was designed to be close to the minimal element content for the composition ratio
based on the standard of cold-processed alloy rods and manufactured considering the production
cost [14]. Cracks, which are the most important factor in designing metals for hydrogen energy use,
are predicted by various engineering methods. In relation to cracks, an equation to obtain SFE was
also used shown in Table 1 to calculate SFE according to the composition ratio of SUS316L. SFE is an
important parameter that affects austenite phase change properties similarly to nickel equivalent.
Crystalline defects that can affect mechanical properties of the materials selected are less likely to
occur as the SFE of the material increases.
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Table 1. Chemical composition and stacking fault energy of initial billets (SUS316L).

Chemical Composition, [wt. %]
C Si Mn P S Cu Ni Cr Mo N
0.021 0.462 1.891 0.0335 0.0179 0487 10.021 16.669  2.018  0.0604

Stacking Fault Energy, [m]J/m?]

Dai et al. [15] 55.4666
Scheramm et al. [16] 46.4472
Rhodes et al. [17] 39.7125
Yonezawa et al. [18] 32.4624
Pickering [19] 28.6129
Brofman et al. [20] 23.4079
Ojima et al. [21] 17.8887

D16 x 1000mm

Figure 1. Round bars for hydrogen embrittlement test.

Therefore, comparing nickel equivalent with SFE is essential in the preliminary analysis stage
for hydrogen embrittlement evaluation. However, it is judged that many experiments will be
required because the values of nickel equivalent and SFE vary depending on which equation is used.

2.2. Methods

2.2.1. Specimens Processing

Electrons move from cathode to anode when the current flows from anode to cathode. The cation
hydrogen in the solution moves toward the electrons, resulting in reduction and combination as
hydrogen gas when a specimen is placed at the end of the cathode of battery, and the specimen
containing electrons is inserted in an aqueous solution. M10 standard rod specimens with a diameter
of 6 mm were used to evenly distribute the effect of the hydrogen embrittlement caused by the
hydrogen gas over the cross-sectional area of the specimen [22,23].

2.2.2. Hydrogen Charging Test

The ISO standard-based hydrogen pre-charging test shown in Figure 2, used to evaluate
hydrogen embrittlement resistance in high-strength steel, was used to penetrate hydrogen into the
tensile specimens selected. Under the hydrogen charging test conditions, the plating process was
excluded for in-depth analysis of factors that affect mechanical properties and the test was conducted
as shown in Figure 3 [24]. NaCl and NH4SCN, which can generate more hydrogen, were mixed at a

doi:10.20944/preprints202308.0197.v1
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10:1 ratio for the electrolyte solution shown in Table 2. Based on 1L of distilled water, a solution that
mixed 30g of NaCl with 3g of NH4sSCN was prepared and used. The hydrogen penetration time of the
specimens was set to 48h in accordance with the test standard. The test standard states that the current
density should be set in the 0-20A/m? range. The purpose of this study, however, is to observe the
embrittlement phenomenon according to the maximum amount of hydrogen charged rather than
measuring the cross-sectional area of the specimen and setting the current density to 20A/ma?.
Therefore, the current of the constant current supply device was set to 0.5A, and the test was
conducted. The analysis began based on the hypothesis that applying a current density much higher
than 20A/m? when a constant current of 0.5A flows in a specimen with a cross-section diameter of
6mm will make it easier to observe hydrogen embrittlement by maximizing hydrogen diffusion.

Cathode(-) Anode(+)

(b)

Figure 2. Water electrolysis test using tensile specimen charged hydrogen: (a) 1 platinum wire for
anode and 1 specimen for cathode; (b) 1 platinum wire for anode and 4 specimens for cathode.

Sample Prepﬂration ------------------------ :

Hydrogen Pre-charging [*:::m

Plating: Prevention from Hydrogen Release | iSTEP 2

Loading
Removing Plating STEP3
Hydrogen Analysis [€essesesesesease: 5

Figure 3. Hydrogen pre-charging and evaluation process [24].
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Table 2. Chemical composition and stacking fault energy of initial billets (SUS316L) [24].

Charging Content
Solution Element [e/L] Mark
. NaCl 30
Solution 1 NILSCN 3 Large Amount of Hydrogen
Solution 2 NaOH 4 Small Amount of Hydrogen

2.2.3. Thermal Desorption Mass Spectrometry Test

The penetration of hydrogen can be analyzed by applying thermal desorption mass
spectroscopy for the specimen exposed to hydrogen gas for 48h in the hydrogen charging test. The
residual amount of hydrogen gas according to the time of exposure to hydrogen gas must also be
measured. Because this study mainly attempts to identify control design variables that secure
hydrogen embrittlement resistance by applying a processing method without coating with specific
metal elements, coating in the previous step or post-treatment to control coating was not introduced
separately. The heating temperature was set to 400°C, and the heating rate, which does not
significantly impact the test results, to 100°C, and the peak occurrence over time was observed. The
hydrogen diffused in a particular metal was calculated by integrating the first peak of the thermal
desorption analysis curve. The peak occurrence over time was then observed. If a hydrogen-
dispersed specimen is placed inside a heating furnace under heating temperatures of 400°C, it is
expected that the peak will be observed once. This is because the hydrogen that penetrated the surface
and inside of the metal specimen is heated and measured simultaneously. If internal temperatures of
the furnace increase from 0 to 400°C over time with the heating rate set to 100°C, the first peak will
be observed first as hydrogen that penetrates the surface is measured. After that, as the temperature
rises, the second peak will be observed as hydrogen diffusing inside is measured. The pretreatment
such as coating is required for prevent hydrogen diffusion in real time, and it is recommended to use
a specimen based on the gauge length to measure the amount of diffusion compared to the uniform
surface area. The presence of hydrogen that escapes from the specimen at room temperature is a
variable that must also be considered during the experiment. In this study, only one peak was
considered and compared with the tensile test results to measure the maximum amount of hydrogen
diffused in SUS316L when hydrogen gas penetration was performed for 48h.

i

R s

8} ,__g_h_

After Heating

g

Figure 4. Hydrogen charge measurement test using gas chromatography.

2.2.4. Tensile test

The tensile test measures the external force required for the plastic deformation of a specimen
composed of specific materials. It is usually conducted to assess the properties of the materials
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through the flow stress curve. The main factors affecting flow stress include temperature, strain, and
strain rate from the continuum mechanics perspective. Additional factors include the chemical
composition, purity, crystal structure, phase composition, microstructure, particle size, and pre-strain
of the material [25]. Therefore, even if the phase composition and use environment conditions are
considered, analyzing the change in flow stress depending on the temperature, strain, and strain rate
is essential for the initial test setting in the future. We set the strain rate as an independent variable,
and the mechanical property evaluation test results for fracture specimens were analyzed based on
the flow curve after the specimens charged with hydrogen were subjected to tension at room
temperature. The existing tensile test specimen size complied with “round tension test specimen 3”
in the ASTM E8 standard for accurately measuring flow stress because there is still no clear standard
for tensile test specimens for hydrogen embrittlement evaluation shown in Figure. 5.

85
36 !

R6 '

Holding Grip

Top Jig

Specimen

Bottom Jig

Holding Grip

Stationary Base

Figure 5. Slow strain rate tensile testing machine using hydrogen charging specimens.
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This test is significant on such a design level because the strain rate at room temperature cannot
significantly affect mechanical property evaluation and can rather be evaluated to be favorable in
terms of the safety of the designed component. The deformation rate ranged from 2 to 10mm/min,
which is the maximum rate of the tensile tester. In the case of cold processing, because the strain
sensitivity index is low, the change in extreme tensile strength, which is usually proportional to the
strain rate, is expected to be insignificant. This is also considered an important factor in calculating
the range in terms of safety components and process design.

3. Results

3.1. Stress

The amount of average residual hydrogen in a specimen was measured through gas
chromatography to be 1.8134ppm when one specimen was used, 1.7321ppm when four specimens
were used. The test was conducted by setting six conditions, and the secured stress measurement
results are shown in Table 3. The tensile strength for specimens with no hydrogen penetration ranged
from 721 to 734MPa. Because the gauge length that increased during fracture is 37mm when the
tensile deformation rate is 10mm/min, the strain rate is 0.0045/s, which is obtained by dividing the
tensile deformation rate by the gauge length of the specimen during fracture. A section with a strain
rate of 0.1/s or less is referred to as a quasi-static strain rate section, and the 0.1 to 1,000/s range is
defined as a medium strain rate section. Because there is time for heat to be sufficiently dissipated
because of plastic deformation below the medium strain rate, it was assumed that there was no
change in mechanical properties caused by heat generation. When the initial specimen was compared
with the hydrogen-penetrated specimen, the tensile stress under a deformation rate of 10mm/min
was 721MPa for the initial specimen, but 747MPa for the hydrogen-penetrated specimen, confirming
that the strength was increased by hydrogen embrittlement. The yield strength was measured to be
500 and 646MPa, respectively, indicating that hydrogen embrittlement affects the mechanical
properties of materials. In other words, more force is required to process SUS316L exposed to
hydrogen. The safety of use is secured as long as a force larger than the tensile strength is applied
during use. This is also an important factor to be considered in terms of design because the yield
strength is increased and plastic deformation by external force does not easily occur.

Table 3. Stress measurement results through tensile test.

Condition Mechanical Properties
Materials Deformation Yield Tensile
Rate Strength Strength
Units mm/min MPa MPa
10 500 721
SUS316L 7.5 502 724
(Non-charged) 3 505 734
2 508 733
SUS316L 10 646 747
(Charged) 2 630 738

Considering that there was a significant difference in yield strength depending on the
penetration of hydrogen at a deformation rate of 10mm/min, the deformation rate was compared
with 7.5, 3, and 2mm/min. There was no significant difference in tensile strength for the specimen
before hydrogen penetration as the deformation rate decreased, but the yield strength tended to
increase marginally . There was also no significant difference in tensile strength for the hydrogen-
penetrated specimen. However, the yield strength was measured to be from 630 to 650MPa owing to
hydrogen embrittlement, verifying that hydrogen penetration increased yield strength.
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3.2. Elongation and Reduction of Area

The elongation and cross-section reduction rate are the most important results that must be
analyzed when hydrogen embrittlement is evaluated using fracture specimens through the tensile
test. The elongation is calculated by marking the gauge length on the specimen and measuring the
increased gauge length. The cross-section reduction rate is calculated by measuring the diameter of
the specimen before and after fracture. Hydrogen embrittlement can be evaluated based on
elongation, but the cross-section reduction rate based on the fracture surface has a larger difference
in the unit. Therefore, it is more precise to observe changes before and after hydrogen embrittlement
through changes in cross-section reduction rate, as shown in Figure 6. As the deformation rate
increased, the elongation and cross-section reduction rate generally decreased. When the
deformation rates were 2 and 10mm/min, the cross-section reduction rate was 84 and 78.22% for the
specimen before hydrogen embrittlement and 79.75 and 76.63% for the specimen after hydrogen
embrittlement. The difference in cross-section reduction rate is calculated to be 5.78% before
hydrogen embrittlement and 3.12% after hydrogen embrittlement. It is considered the main reason
for this is that the difference in yield strength according to the deformation rate and hydrogen
permeation conditions affects the toughness of materials.

100 100
— .

) -» Elonzaﬁon(quation(Hz) —RAEquation(Hz)( ) v E
/ =¥
g ¢ Mﬁmﬁ 1 80 §
= 60 |- RA=-0.39v+80.53 170 g
'% 50 e;=-0.0825v+37.825 | 60 =
2 Ja0 8
/ H20 =

B |

2 3 7.5 10

Deformation Rate, [mm/min]

Figure 6. The results on the fracture behavior characteristics according to the deformation rate of the
forged SUS316L rod charged hydrogen through the water electrolysis test.

Deformation rates of 3 and 7.5mm/min were not applied to the hydrogen-penetrated specimen
in the test. This is because it was assumed that the deformation rate between the minimum and
maximum deformation rates (2 and 10mm/min) would follow certain trends, as in the tensile test
results before hydrogen penetration. Therefore, additional tests were conducted by reflecting these
parts to improve reliability in terms of test precision. As shown in Figure 6, the elongation and cross-
section reduction rate of the hydrogen-penetrated specimen were expressed as Equations (2, 3)
through interpolation with the linear equation based on the maximum and minimum values. They
can be used for hydrogen embrittlement evaluation when the deformation rate increases or the slow
strain rate tensile test is conducted. In Equations (2, 3), v is the tensile deformation rate, RA is the
cross-section reduction rate, and e, is the elongation. These equations can be used to evaluate the
specimens penetrated by hydrogen in a way that generates hydrogen gas at room temperature.
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RA = —0.39v + 80.53 @)

e, = —0.0825v + 37.825 3)

The functional formulas could vary depending on additional variables, such as the metal
material of the specimen, element content, specimen temperature, test environment temperature, test
pressure, amount of residual hydrogen according to the hydrogen penetration method,
microstructure, and applied processing method. In particular, further experiments are required on
the hydrogen energy use environment and important temperature and pressure conditions. In
addition, tests need to be conducted using the specimen size according to the tensile test standard for
precise evaluation of mechanical properties. It is also important to compare specimen fracture results
to secure reliability by selecting specimens for hydrogen embrittlement evaluation that can more
clearly confirm changes in cross-section reduction rate and elongation due to hydrogen
embrittlement.

4. Discussion

The mechanical performance of materials in terms of strength was not fully satisfied because a
deformation rate higher than the tensile deformation rate presented in the tensile test standard was
arbitrarily applied. Because hydrogen embrittlement increases strength, prior tests to establish test
and design standards before and after hydrogen embrittlement are essential. In the future, it is
necessary to conduct repeated tests under the same test conditions and compare results to secure the
reliability of test measurement values.

The tensile test specimen based on the ASTM E8 standard must be continuously used for
mechanical property evaluation to measure changes in elongation. It is also necessary to prepare
additional specimens with a longer gauge length than the existing specimen and use them for
hydrogen embrittlement resistance measurement. This study proved that the degree of embrittlement
can also be evaluated using the ASTM E8 standard specimen by measuring the elongation and
especially the cross-section reduction rate. Evaluation criteria are expected to be different because the
difference in the amount of residual hydrogen inside caused by the difference in the specimen area
and volume touched by hydrogen can be a variable.

Here, hydrogen embrittlement was evaluated by setting the hydrogen penetration time to 48h,
but a preliminary study proved the largest embrittlement phenomenon occurred at 24h. Therefore, it
is necessary to analyze the difference in hydrogen penetration between the metal surface and the
inside according to the hydrogen penetration time. It is also judged that the rate at which hydrogen
diffuses and escapes to the outside over time during the low-speed tensile test and the amount are
important variables for mechanical property evaluation. Because the hydrogen gas penetration test
through the water electrolysis method and the hydrogen penetration rate in the high-pressure
hydrogen gas environment will be different, in-depth research will be conducted in the future. For
this, mechanical property change tendencies of materials for hydrogen energy must be observed by
selecting at least two types of specimens, fixing dimensions, and providing different test conditions.

Functions used for hydrogen embrittlement evaluation will vary depending on additional
variables, such as the deformation rate, specimen size, and amount of hydrogen penetration. Through
continuous research and development, there is a possibility that complex polynomials that add
additional constants or equations according to the influence of each variable will be developed.

Regarding the nickel equivalent used as an index for hydrogen embrittlement evaluation, the
Sanga’s equation that considers the influence of nitrogen and other elements, including the
Hirayama’s equation, can also be considered for nickel equivalent evaluation. Presenting hydrogen
embrittlement evaluation criteria for processed materials with nickel equivalent alone is difficult.
However, it can be used as an index for determining the suitability of materials for hydrogen energy.
It needs to be analyzed with additional variables, such as SFE.

The Ludwik’s equation is useful when it is necessary to implement material properties by
interpolating flow curves for engineers who design materials considering the element content.
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Because only this equation can directly express the change in yield stress with the Voce’s equation in
relation to the chemical elements and density of the material, it has been used in related studies [26].
The hydrogen embrittlement evaluation test must consider the yield stress because the graph begins
with the yield strength in the plastic region except for the elastic section.

5. Conclusions

In this study, the tensile test was conducted with the hydrogen-penetrated specimen to evaluate
hydrogen embrittlement resistance, and hydrogen energy material evaluation criteria for safety
design were established by analyzing the test results. The research results were summarized as
follows:

(1) When hydrogen gas was generated in SUS316L, the strength of the material increased owing
to the embrittlement phenomenon caused by the diffusion of hydrogen on the surface and inside.
Regardless of the tensile deformation rate, the penetration of hydrogen into the metal tended to
increase the yield and tensile strength. The yield and tensile strength increased by a minimum of 122
and 5MPa at a deformation rate of 2mm/min, a maximum of 146 and 26MPa at 10mm/min,
respectively.

(2) The elongation and cross-section reduction rate tended to decrease as the tensile deformation
rate increased. Equations to calculate the elongation and cross-section reduction rate according to the
deformation rate should vary depending on the hydrogen energy use environment. The effect of the
deformation rate of an SUS316L round bar on hydrogen embrittlement at room temperature can be
predicted using the formula presented here.

(3) When the amount of residual hydrogen was measured by setting the hydrogen penetration
time of the selected specimen to 48h under the application of a current density of 20A/m? or higher,
the presence of approximately 1.8134ppm of hydrogen was confirmed through gas chromatography.
Because the amount was smaller than expected, it will be necessary to identify factors that affect the
amount of residual hydrogen through continuous research on test environments and conditions.
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