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(57) An austenitic stainless steel, wherein when an
amount of hydrogen emitted at a heating rate of 100°C/h
and in a temperature range from 25 to 800°C is measured
by using thermal desorption analysis,
an amount of emitted hydrogen [H] is less than 10.0 ppm,
a peak temperature [Tp] of hydrogen emission is 350°C

or more,
a peak rate [Rmax] of hydrogen emission is 0.050
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a number density of compounds having a diameter of 0.1
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Description

TECHNICAL FIELD

[0001] The present disclosure relates to an austenitic stainless steel.

BACKGROUND ART

[0002] In recent years, hydrogen is drawing attention as a new energy source that replaces fossil fuels. Hydrogen is a
clean energy source that does not emit CO2. On the other hand, for example, hydrogen may cause hydrogen embrit-
tlement that embrittles a material. Patent Document 1 then discloses an austenitic stainless steel with improved hydrogen
gas embrittlement resistance.

LIST OF PRIOR ART DOCUMENTS

PATENT DOCUMENT

[0003] Patent Document 1: JP2015‑196842A

SUMMARY OF INVENTION

TECHNICAL PROBLEM

[0004] However, the austenitic stainless steel disclosed in Patent Document 1 contains a large number of expensive
alloying elements to improve hydrogen gas embrittlement resistance, which increases alloy costs. Accordingly, a problem
with the austenitic stainless steel is that it is difficult to improve hydrogen embrittlement resistance without expensive
alloying elements as essential elements.
[0005] Given the above-described situation, an objective of the present disclosure is to solve the above-described
problem and to provide an austenitic stainless steel excellent in hydrogen embrittlement resistance without expensive
alloying elements as essential elements.

SOLUTION TO PROBLEM

[0006] The gist of the present disclosure, which has been made to solve the above-described problem, is an austenitic
stainless steel as described below.

(1) An austenitic stainless steel, wherein when an amount of hydrogen emitted at a heating rate of 100°C/h and in a
temperature range from 25 to 800°C is measured by using thermal desorption analysis,

an amount of emitted hydrogen [H] is less than 10.0 ppm,
a peak temperature [Tp] of hydrogen emission is 350°C or more,
a peak rate [Rmax] of hydrogen emission is 0.050 ppm/min or less, and
a number density of compounds having a diameter of 0.1 to 2 µm is 1.0 to 10.0/mm2.

(2) The austenitic stainless steel according to the above (1), wherein a chemical composition of the austenitic stainless
steel consists of, by mass%,

C: 0.080% or less,
Si: 1.00% or less,
Mn: 2.00% or less,
P: 0.050% or less,
S: 0.020% or less,
Cr: 17.0 to 22.0%,
Ni: 8.0 to 13.0%,
N: 0.250% or less,
Nb: 0 to 0.20%,
Ti: 0 to 0.20%,
Mo: 0 to 1.0%,
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Cu: 0 to 1.0%,
Al: 0 to 0.30%,
Co: 0 to 0.50%,
V: 0 to 0.50%,
W: 0 to 0.50%,
B: 0 to 0.0050%,
Ca: 0 to 0.010%,
Mg: 0 to 0.010%,
Zr: 0 to 0.50%,
Ga: 0 to 0.05%,
Hf: 0 to 0.10%,
REM: 0 to 0.10%, and
the balance: Fe and impurities.

(3) The austenitic stainless steel according to the above (1) or (2), wherein the austenitic stainless steel is used in a
high-pressure hydrogen gas environment or a liquid hydrogen environment.
(4) The austenitic stainless steel according to the above (1) or (2), wherein the austenitic stainless steel is used for a
component of a hydrogen gas production apparatus or a hydrogen gas supply apparatus.

ADVANTAGEOUS EFFECTS OF INVENTION

[0007] According to the present disclosure, it is possible to obtain an austenitic stainless steel excellent in hydrogen
embrittlement resistance without expensive alloying elements as essential elements.

BRIEF DESCRIPTION OF DRAWINGS

[0008] [Figure 1] Figure 1 schematically shows a hydrogen emission curve (TDA curve).

DESCRIPTION OF EMBODIMENTS

[0009] The inventors have conducted various studies for increasing hydrogen embrittlement resistance of the austenitic
stainless steel and for alloy saving and obtained the following findings (a) to (c).

(a) The hydrogen embrittlement of an austenitic stainless steel is likely to occur under a hydrogen environment at ‑100
to ‑40°C. The reason for this is considered that an austenite phase (hereinafter, also referred to as "y phase") becomes
unstable in this temperature region and a phase transformation into a brittle and weak α’ phase occurs due to
accumulation of strain or the like. Accordingly, it is conceivable to increase the contents of added elements such as Ni,
Cu, and Mn to increase the stability of a y phase. In the meantime, high alloying resulting from increased contents of
such elements described above increases alloy costs.
(b) The inventors then paid attention to hydrogen contained in the steel to improve hydrogen embrittlement resistance
without high alloying. In typical production processes of steel and under a hydrogen environment, minute hydrogen
remains captured inside the steel due to penetration of hydrogen into the steel. When such hydrogen in the steel is built
up at, for example, a site where strain accumulates, hydrogen embrittlement may be promoted. Accordingly, it is
desirable that hydrogen in the steel is to be emitted. However, when hydrogen is present at a low temperature, which is
typical for the use environment, it is difficult to emit the hydrogen to the outside of the steel.
(c) Accordingly, it is desirable to suppress aggregation of hydrogen present inside the steel to make the hydrogen less
mobile. Specifically, it is effective to control the presence of hydrogen such that the hydrogen remains trapped inside
the steel. When controlling the presence of hydrogen, it is preferable to perform warming processing in which heat
treatment is performed for a long time in a temperature region from 50 to 400°C during production. It is also effective to
provide sufficiently formed fine compounds including Ti and Nb, which contribute to trapping hydrogen.

[0010] An embodiment of the present disclosure has been made based on the above-described findings. The
requirements of an austenitic stainless steel of the embodiment will now be described in detail.

1. Presence of hydrogen

[0011] In the austenitic stainless steel of the embodiment, the presence of hydrogen is controlled such that hydrogen
remains less mobile, that is, remains trapped inside the steel. Tograsp the presence of hydrogen quantitatively, the thermal
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desorption analysis is used in the austenitic stainless steel of the embodiment.
[0012] The thermal desorption analysis is a method for detecting, by a gas chromatograph or a quadrupole mass
spectrometer, hydrogen emitted when a stainless steel material is heated at a specific heating rate. Hydrogen is trapped in
many defects including lattice defects such as vacancies, dislocations, and crystal grain boundaries, and interfaces of
precipitates and inclusions. Then, the thermal desorption analysis can be used to quantitatively evaluate the amount of
hydrogen trapped in these defects.
[0013] Here, a hydrogen emission curve (hereinafter, also referred to as "TDA curve") shown in Figure 1 obtained by the
thermal desorption analysis will be described. In the TDA curve, the horizontal indicates a temperature, and the vertical
indicates a hydrogen emission rate. The TDA curve of steel material is typically a curve that hits its peak in the hydrogen
emission rate at a certain temperature. Then, a temperature at which the hydrogen emission rate reaches its peak in the
TDA curve is referred to as a peak temperature [Tp] of hydrogen emission. In addition, the hydrogen emission rate at that
time is referred to as a peak rate [Rmax] of hydrogen emission. Furthermore, it is also possible to calculate the amount of
emitted hydrogen [H] by subjecting the curve to integration.
[0014] Each of the amount of emitted hydrogen [H], the peak temperature [Tp] of hydrogen emission, and the peak rate
[Rmax] of hydrogen emission described above acts as an indicator for the presence of hydrogen in the steel.
[0015] Then, when the thermal desorption analysis is used to measure the amount of hydrogen emitted at the heating
rate of 100°C/h within the temperature range from 25 to 800°C, the amount of emitted hydrogen [H] is less than 10.0 ppm,
the peak temperature [Tp] of hydrogen emission is 350°C or more, and the peak rate [Rmax] of hydrogen emission is 0.050
ppm/min or less.
[0016] When the amount of emitted hydrogen [H] measured by the above-described method is 10.0 ppm or more,
hydrogen is excessively captured in the steel, and it is difficult to improve hydrogen embrittlement resistance. Accordingly,
the amount of emitted hydrogen [H] is less than 10.0 ppm. The amount of emitted hydrogen [H] is preferably 8.5 ppm or less
and more preferably 6.5 ppm or less. Note that since hydrogen that cannot be emitted is trapped in the austenitic stainless
steel of the embodiment, the amount of emitted hydrogen [H] is preferably more than 1.0 ppm and more preferably 1.5 ppm
or more.
[0017] In addition, when the peak temperature [Tp] of hydrogen emission is less than 350°C, the level of trapping
hydrogen decreases, so that hydrogen becomes easier to move in the steel. Accordingly, the peak temperature [Tp] of
hydrogen emission is 350°C or more. The peak temperature [Tp] of hydrogen emission is preferably 370°C or more and
more preferably 400°C or more. Here, although not particularly limited, the upper limit of the peak temperature [Tp] of
hydrogen emission is, for example, 500°C or more.
[0018] Furthermore, when the peak rate [Rmax] of hydrogen emission is more than 0.050 ppm/min, the level of trapping
hydrogen decreases, so that hydrogen becomes easier to move in the steel. Accordingly, the peak rate [Rmax] of hydrogen
emission is 0.050 ppm/min or less. The peak rate [Rmax] is preferably 0.045 ppm/min or less and more preferably 0.035
ppm/min or less. Here, although not particularly limited, the lower limit of the peak rate [Rmax] of hydrogen emission is, for
example, 0.005 ppm/min or more.
[0019] Note that the amount of emitted hydrogen [H], the peak temperature [Tp] of hydrogen emission, and the peak rate
[Rmax] of hydrogen emission are measured by the thermal desorption analysis and specifically may be measured in the
procedure described below.
[0020] After a test specimen of 10 mm (width direction) ×30 mm (rolling direction) is cut out from a steel sheet, the test
specimen is subjected to degreasing and cleaning with organic solvent. Next, the thermal desorption analysis (TDA) is
used to measure desorbed hydrogen by using the test specimen for evaluation. In TDA, heat is applied in an argon
atmosphere within the temperature range from 25 (room temperature) to 800°C at the heating rate 100°C/h and hydrogen
emitted (desorbed) from test specimen is measured by a chromatograph. The used chromatograph is capable of detecting
hydrogen at an accuracy of 0.01 ppm. Based on measurement results in TDA, the TDA curve as in Figure 1 is created and
the amount of emitted hydrogen [H], the peak temperature [Tp] of hydrogen emission, the peak rate [Rmax] of hydrogen
emission are calculated. Note that it is possible to calculate the amount of emitted hydrogen by subjecting the curve to
integration.

2. Number density of compounds

[0021] Furthermore, in the austenitic stainless steel of the embodiment, the number density of compounds is controlled
to keep hydrogen solidly trapped in the steel. Specifically, the number density of compounds having a diameter of 0.1 to 2
µm is 1.0 to 10.0/mm2.
[0022] Fine precipitates such as those including Nb and/or Ti, specifically, carbide and carbonitride have diameters of
0.1 to 2 µm and are effective for trapping hydrogen. Accordingly, the number density of compounds having a diameter of
0.1 to 2 µm is 1.0/mm2 or more. The reason is that, when the number density of compounds having a diameter of 0.1 to 2
µm is less than 1.0/mm2, hydrogen cannot be trapped sufficiently. The number density of compounds having a diameter of
0.1 to 2 µm is preferably 1.5/mm2 or more.
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[0023] In the meantime, the number density of compounds having a diameter of 0.1 to 2 µm is 10.0/mm2 or less. When
the number density of compounds having a diameter of 0.1 to 2 µm is more than 10.0/mm2, hydrogen is excessively
trapped, and what is worse, hydrogen embrittlement resistance degrades. The number density of compounds having a
diameter of 0.1 to 2 µm is preferably 8.5/mm2 or less and more preferably 6.5/mm2 or less.
[0024] The number density of compounds may be measured in the procedure described below. Measurement samples
are prepared in compliant with JIS Z 0555: 2003. The preparation is made such that the measurement area of a
measurement sample is 72 mm2. An automatic inclusion analyzer that comes with a SEM is used to verify compounds
having a diameter of 0.1 to 2 µm and measure the number density. Here, the above-described diameter refers to an
equivalent circle diameter, which can be calculated with the automatic inclusion analyzer. As the automatic inclusion
analyzer, for example, the MQA (Metal Qiality Analyzer: registered trademark) from ASPEX Corporation may be used and
inclusions (compounds) defined in JIS Z 0555: 2003 may be measured and analyzed by using MQA analyzing software
(Metals Cleanliness Rating: MQA-MCR (registered trademark)).
[0025] Generally, in fine compounds as described above include, for example, oxide that does not contribute to trapping
hydrogen. Accordingly, it is desirable to measure precipitates such as carbide and carbonitride including Nb and/or Ti.
However, it may be difficult to distinguish oxide from these precipitates by the automatic inclusion analyzer. In addition,
oxide is typically coarse, and it is considered that oxide of 2 µm or less in size is minute. Accordingly, the number density of
all compounds of 0.1 to 2 µm is measured without distinction.

3. Chemical composition

[0026] As described above, in the austenitic stainless steel of the embodiment, hydrogen embrittlement resistance is
improved by controlling the presence of hydrogen. Accordingly, there is no need to particularly limit the chemical
composition to the extent that the stainless steel is austenitic stainless steel. However, the effect of the steel sheet of
the embodiment is produced particularly in a component design with reduced expensive alloying elements. Accordingly,
the austenitic stainless steel of the embodiment preferably has the chemical composition presented below. The reason for
limitation for each element is described below. Note that in the description below, "%" for a content refers to "by mass%".

C: 0.080% or less

[0027] C (carbon) is an element that is effective for stabilization of the austenite phase and produces an effect of
improving strength. However, excessively contained C leads to degradation of toughness. Accordingly, the content of C is
preferably 0.080% or less. The content of C is more preferably 0.070% or less, more preferably 0.065% or less, and more
preferably 0.055% or less. On the other hand, to obtain the above-described effects, the content of C is preferably 0.010%
or more and is preferably 0.020% or more.

Si: 1.00% or less

[0028] Si (silicon) is an element that is effective for deoxidation and improves hydrogen embrittlement resistance.
However, excessively contained Si promotes generation of an intermetallic compound such as a σ phase and leads to
degradation of toughness and the like. Accordingly, the content of Si is preferably 1.00% or less. The content of Si is more
preferably 0.90% or less, more preferably 0.80% or less, more preferably 0.70% or less, and more preferably 0.60% or
less. On the other hand, to obtain the above-described effects, the content of Si is preferably 0.10% or more, preferably
0.20% or more, and is preferably 0.30% or more.

Mn: 2.00% or less

[0029] Mn (manganese) is an element that is effective for stabilization of the austenite phase and is an element that is
effective for improving hydrogen embrittlement resistance. However, excessively contained Mn increases alloy costs.
Accordingly, the content of Mn is preferably 2.00% or less. The content of Mn is more preferably 1.90% or less, more
preferably 1.80% or less, and more preferably 1.70% or less. On the other hand, to obtain the above-described effects, the
content of Mn is preferably 0.50% or more, preferably 0.70% or more, and is preferably 0.90% or more.

P: 0.050% or less

[0030] P (phosphorus) is an impurity element contained in the steel and an element that leads to degradation of
mechanical properties. Accordingly, the content of P is preferably 0.050% or less. The content of P is more preferably
0.040% or less and more preferably 0.030% or less. While it is preferable that the content of P is lowered as much as
possible, excessively reducing P increases refining costs. Accordingly, the content of P is preferably 0.010% or more.
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S: 0.020% or less

[0031] S (sulfur) is an impurity element contained in the steel and leads to degradation of mechanical properties.
Accordingly, the content of S is preferably 0.020% or less. The content of S is more preferably 0.015% or less and more
preferably 0.010% or less. While it is preferable that the content of S is lowered as much as possible, excessively reducing
S increases refining costs. Accordingly, the content of S is preferably 0.0002% or more.

Cr: 17.0 to 22.0%

[0032] Cr (chromium) is an element necessary to maintain corrosion resistance of the stainless steel. Cr also produces
an effect of improving strength. Accordingly, the content of Cr is preferably 17.0% or more. The content of Cr is more
preferably 17.5% or more and is further preferably 18.0% or more. However, excessively contained Cr leads to
degradation of toughness. Accordingly, the content of Cr is preferably 22.0% or less and is preferably 20.0% or less.
The content of Cr is more preferably 19.5% or less.

Ni: 8.0 to 13.0%

[0033] Ni (nickel) produces an effect of improving hydrogen embrittlement resistance. An effect of improving strength
also produced. Accordingly, the content of Ni is preferably 8.0% or more. The content of Ni is more preferably 8.5% or more,
more preferably 9.0% or more, and more preferably 9.5% or more. However, since Ni is an expensive element, excessively
contained Ni leads to an increase in alloy costs. Accordingly, the content of Ni is preferably 13.0% or less, more preferably
12.0% or less, and more preferably 11.0% or less.

N: 0.250% or less

[0034] N (nitrogen) is an element that is effective for improving hydrogen embrittlement resistance similarly to Mn and Ni.
However, excessively contained N may causes inner defects such as blowholes while being melted to occur, so that a
starting point of fracture is likely to occur. As a result, the impact resistance degrades. Accordingly, the content of N is
preferably 0.250% or less. The content of N is more preferably 0.240% or less, more preferably 0.230% or less, more
preferably 0.200% or less, and more preferably 0.170% or less. On the other hand, to obtain the above-described effects,
the content of N is preferably 0.010% or more, preferably 0.040% or more, and is preferably 0.070% or more.
[0035] In addition to the above-described elements, one or more elements selected from Nb and Ti may further be
contained to the extent indicated below. That is, the lower limits of these elements are preferably 0%. The reason for
limitation for each element will be described.

Nb: 0 to 0.20%

[0036] Nb (niobium) forms fine precipitates and produces an effect of enhancing an action of trapping hydrogen.
Accordingly, Nb may be contained as necessary. However, excessively contained Nb, which is an expensive element,
leads to an increase in alloy costs. Furthermore, precipitates are excessively formed, which leads to degradation of
toughness. Accordingly, the content of Nb is preferably 0.20% or less. The content of Nb is more preferably 0.18% or less
and is further preferably 0.15% or less. On the other hand, to obtain the above-described effects, the content of Nb is more
preferably 0.03% or more.

Ti: 0 to 0.20%

[0037] Ti (titanium) forms fine precipitates and produces an effect of enhancing an action of trapping hydrogen similarly
to Nb. Accordingly, Ti may be contained as necessary. However, excessively contained Ti, which is an expensive element,
leads to an increase in alloy costs. Accordingly, the content of Ti is preferably 0.20% or less. The content of Ti is more
preferably 0.18% or less and further preferably 0.15% or less. On the other hand, to obtain the above-described effects, the
content of Ti is more preferably 0.01% or more.
[0038] As described above, Ti and Nb form fine precipitates and enhance an action of trapping hydrogen, and therefore,
the contents of Ti and Nb preferably satisfy Formula (i) described below:

where each element symbol in the formula represents a content (by mass%) of each element contained in the steel and is
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zero when the element is not contained.
[0039] Specifically, when the total content of Ti and Nb, which is a left term value of Formula (i), is less than 0.01, the
amounts of Ti and Nb in the steel are too low, which makes it difficult to form a sufficient number of compounds required to
trap hydrogen. As a result, the number density of compounds whose diameters are 0.1 to 2 µm is likely to fall less than
1.0/mm2.Consequently, it becomes difficult to improve hydrogen embrittlement resistance sufficiently. Accordingly, the left
term value of Formula (i) is preferably 0.01 ormore, preferably 0.03 or more, preferably 0.05 or more, and preferably 0.10 or
more.
[0040] On the other hand, when the left term value of Formula (i) is more than 0.40, compounds are excessively formed,
and the number density of compounds whose diameters are 0.1 to 2 µm is likely to be more than 10.0/mm2. As a result,
what is worse, the hydrogen embrittlement resistance is likely to degrade. Accordingly, the left term value of Formula (i) is
preferably 0.40 or less, preferably 0.35 or less, and preferably 0.30 or less.
[0041] In addition to the above-described elements, one or more elements selected from Mo, Cu, Al, Co, V, W, B, Ca, Mg,
Zr, Ga, Hf, and REM may further be contained to the extent indicated below. That is, the lower limit of these elements is
preferably 0%. The reason for limitation for each element will be described.

Mo: 0 to 1.0%

[0042] Mo (molybdenum) produces an effect of improving strength and corrosion resistance. Accordingly, Mo may be
contained as necessary. However, since Mo is an expensive element, excessively contained Mo leads to an increase in
alloy costs. Accordingly, the content of Mo is preferably 1.0% or less. The content of Mo is more preferably 0.7% or less,
more preferably 0.5% or less, and more preferably 0.4% or less. On the other hand, to obtain the above-described effects,
the content of Mo is preferably 0.1% or more and preferably 0.2% or more.

Cu: 0 to 1.0%

[0043] Cu (copper) produces an effect of improving strength and corrosion resistance. Accordingly, Cu may be
contained as necessary. However, since Cu is an expensive element, excessively contained Cu leads to an increase
in alloy costs. Furthermore, the steel is excessively hardened, which leads to degradation of mechanical properties such
as toughness. Accordingly, the content of Cu is preferably 1.0% or less. The content of Cu is more preferably 0.9% or less,
more preferably 0.8% or less, and more preferably 0.6% or less. On the other hand, to obtain the above-described effects,
the content of Cu is preferably 0.1% or more and more preferably 0.2% or more.

Al: 0 to 0.30%

[0044] Al (aluminum) is an element that produces a deoxidation effect. Accordingly, Al may be contained as necessary.
However, excessively contained Al causes excessive formation of inclusions, leading to degradation of surface texture.
The hot workability also degrades. Accordingly, the content of Al is preferably 0.30% or less. The content of Al is more
preferably 0.25% or less, more preferably 0.20% or less, more preferably 0.15% or less, and more preferably 0.10% or
less. On the other hand, to obtain the above-described effects, the content of Al is preferably 0.01% or more and preferably
0.02% or more.

Co: 0 to 0.50%

[0045] Co (cobalt) produces an effect of improving strength and corrosion resistance. Co also stabilizes the austenite
phase, so that an effect of improving hydrogen embrittlement resistance is produced. Accordingly, Co may be contained as
necessary. However, excessively contained Co, which is an expensive element, leads to an increase in alloy costs. The
workability and the toughness also degrade. Accordingly, the content of Co is preferably 0.50% or less. The content of Co is
more preferably 0.40% or less and more preferably 0.30% or less. On the other hand, to obtain the above-described
effects, the content of Co is preferably 0.10% or more.

V: 0 to 0.50%

[0046] V (vanadium) precipitates as solid solution or carbonitride in the steel, and produces an effect of improving
strength. Accordingly, V may be contained as necessary. However, excessively contained V causes excessive formation
of carbonitride, leading to degradation of producibility during hot rolling. Accordingly, the content of V is preferably 0.50% or
less. The content of V is more preferably 0.40% or less and more preferably 0.30% or less. On the other hand, to obtain the
above-described effects, the content of V is preferably 0.05% or more.
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W: 0 to 0.50%

[0047] W (tungsten) produces an effect of improving strength and corrosion resistance. Accordingly, W may be
contained as necessary. However, excessively contained W leads to an increase in alloy costs. Accordingly, the content
of W is preferably 0.50% or less. The content of W is more preferably 0.40% or less and more preferably 0.30% or less. On
the other hand, to obtain the above-described effects, the content of W is preferably 0.05% or more.

B: 0 to 0.0050%

[0048] B (boron) produces an effect of enhancing grain boundaries and improving strength. Accordingly, B may be
contained as necessary. However, excessively contained B leads to degradation of workability. Accordingly, the content of
B is preferably 0.0050% or less. The content of B is more preferably 0.0030% or less and more preferably 0.0020% or less.
On the other hand, to obtain the above-described effects, the content of B is preferably 0.0002% or more.

Ca: 0 to 0.010%

[0049] Ca (calcium) suppresses grain boundary segregation of low melting point elements and produces an effect of
enhancing grain boundaries. Accordingly, Ca may be contained as necessary. However, when Ca is excessively
contained, segregation is likely to occur, leading to degradation of toughness. Accordingly, the content of Ca is preferably
0.010% or less. The content of Ca is more preferably 0.007% or less and more preferably 0.005% or less. On the other
hand, to obtain the above-described effects, the content of Ca is preferably 0.0002% or more.

Mg: 0 to 0.010%

[0050] Mg (magnesium) suppresses grain boundary segregation of low melting point elements and produces an effect
of enhancing grain boundaries. Accordingly, Mg may be contained as necessary. However, excessively contained Mg
causes formation of a large number of inclusions, which is likely to be a starting point of fracture, and as a result, the
toughness may degrade. Accordingly, the content of Mg is preferably 0.010% or less. The content of Mg is more preferably
0.007% or less and more preferably 0.005% or less. On the other hand, to obtain the above-described effects, the content
of Mg is preferably 0.0002% or more.

Zr: 0 to 0.50%

[0051] Zr (zirconium) produces a deoxidation effect. An effect of improving corrosion resistance is also produced.
Accordingly, Zr may be contained as necessary. However, excessively contained Zr leads to degradation of toughness and
workability. Accordingly, the content of Zr is preferably 0.50% or less. The content of Zr is more preferably 0.30% or less
and more preferably 0.20% or less. On the other hand, to obtain the above-described effects, the content of Zr is preferably
0.01% or more.

Ga: 0 to 0.05%

[0052] Ga (gallium) produces an effect of improving hot workability. Accordingly, Ga may be contained as necessary.
However, excessively contained Ga leads to degradation of producibility. Accordingly, the content of Ga is preferably
0.05% or less. The content of Ga is more preferably 0.04% or less and more preferably 0.02% or less. On the other hand, to
obtain the above-described effects, the content of Ga is preferably 0.001% or more.

Hf: 0 to 0.10%

[0053] Hf (hafnium) produces an effect of improving strength and improving hydrogen embrittlement resistance.
Accordingly, Hf may be contained as necessary. However, excessively contained Hf leads to degradation of workability.
Accordingly, the content of Hf is preferably 0.10% or less. The content of Hf is preferably 0.07% or less and more preferably
0.05% or less. On the other hand, to obtain the above-described effects, the content of Hf is preferably 0.01% or more.

REM: 0 to 0.10%

[0054] REM produces an effect of improving hot workability. An effect of improving corrosion resistance is also
produced. Accordingly, REM may be contained as necessary. However, excessively contained REM not only causes
the effect to be saturated, but also causes degradation of hot workability. Accordingly, the content of REM is preferably
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0.10% or less. The content of REM is preferably 0.07% or less and more preferably 0.05% or less. On the other hand, to
obtain the above-described effects, the content of REM is preferably 0.01% or more.
[0055] REM refers to a total of 17 elements of Sc, Y, and lanthanoid, and the content of REM refers to a total content of the
elements. Industrially, REM is often contained as misch metal.
[0056] In the chemical composition of the steel sheet of the embodiment, the balance is preferably Fe and impurities.
Here, "impunities" refer to components that are introduced due to various factors in raw materials such as scrap and ore
and production processes when the austenitic stainless steel is industrially produced and that are acceptable to the extent
that they do not adversely affect the steel of the embodiment.

4. Application and shape

[0057] It is preferable that the austenitic stainless steel of the embodiment is used in a high-pressure hydrogen gas
environment or a liquid hydrogen environment. For example, the austenitic stainless steel is preferably used for
components of hydrogen gas production apparatuses or hydrogen gas supply apparatuses. Here, components of
hydrogen gas production apparatuses or hydrogen gas supply apparatuses include, for example, a tank body, a
mouthpiece, a liner, valve, a heat exchanger, and instrumentation such as a dispenser.
[0058] The shape of the steel is not particularly limited. For example, the steel may be a steel sheet. To use in the
application described above, in the case of a steel sheet, it is assumed that the sheet thickness is 0.25 to 6.0 mm.

5. Production method

[0059] For example, the austenitic stainless steel of the present disclosure can stably be produced by production
method as described below. Note that in the description below, the case of a steel sheet, which is taken as an example, will
be mainly described.

5‑1. Hot working process

[0060] The stainless steel is melted to produce a cast piece such as a slab. At this time, the chemical composition of the
cast piece is preferably the chemical composition described above. Next, the cast piece is subjected to hot working by
heating it to a predetermined temperature, so that a hot-worked material is obtained. When a steel sheet is to be produced,
the material may be subjected to hot rolling. The heating temperature during hot working is preferably within the range of
1150 to 1250°C. Furthermore, to keep the number density of compounds in 1.0 to 10.0/mm2, the working ratio in the
temperature region of 900 to 1050°C during hot working is made 75 to 90%. For example, in the case of a steel sheet, the
rolling reduction in the temperature region of 900 to 1050°C during hot rolling is within the range of 75 to 90%. When the
rolling reduction in the above-described temperature region is less than 75%, the number density of compounds may fall to
less than 1.0/mm2. Note that, due to production constraints, the rolling reduction in the above-described temperature
region is preferably 90% or less.
[0061] After hot working, annealing may be performed as needed to control microstructure. While annealing conditions
are not particularly limited, for example, the annealing temperature is preferably within the range of 950 to 1150°C. In
addition, the annealing time is preferably within the range of 0.5 to 15 minutes. Here, the annealing atmosphere may be an
ambient air atmosphere. After hot working, or after annealing when the annealing has been performed after the hot rolling,
pickling is performed to remove scale. Conditions for pickling are also not particularly limited. Pickling may be according to
common procedures.

5‑2. Cold working

[0062] The hot-worked material subjected to pickling and the like is subjected to cold working as needed, so that a cold-
worked material is obtained. When a steel sheet is to be produced, the material may be subjected to cold rolling. While
conditions during cold working, for example, the working ratio and the like during cold working are not particularly limited, in
the case of a steel sheet, the rolling reduction is preferably 40% or more given such application.
[0063] Note that cold working may be performed several times. Heat treatment may also be performed between cold
working and cold working. Conditions for heat treatment to be performed are preferably, but not particularly limited, for
example, within the temperature range from 950 to 1150°C for 10 seconds to 10 minutes.

5‑3. Annealing of cold-worked material

[0064] After cold working described above, the cold-worked material is subjected to annealing. The anneal temperature
is preferably within the range of 950 to 1150°C. In addition, the annealing time is preferably within the range of 5 seconds to
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3 minutes. The anneal temperature and the annealing time are in the range described above because recrystallization is
promoted for homogeneous microstructures. While the annealing atmosphere is not particularly limited, for example, it
may be an LNG combustion atmosphere or may be a reducing atmosphere including hydrogen gas. That is, both LNG
annealing and BA annealing may be satisfactory. Note that BA annealing tends to provide a higher amount of emitted
hydrogen [H]. Typical atmospheres including hydrogen gas include an atmosphere of 100% hydrogen gas or ammonia
cracking gas (75% hydrogen gas+25% nitrogen gas). After annealing described above, pickling may be performed as
needed. Conditions for pickling at this time are also not particularly limited. Pickling may be according to common
procedures.

5‑4. Warming processing

[0065] Subsequently, the cold-worked material subjected to annealing and pickling as needed is subjected to warming
processing. The warming processing refers to a heat treatment in which the temperature region is held within 50 to 400°C
for 0.5 to 360 hours. By performing heat treatment in this way at a low temperature for a long time, the presence of hydrogen
can be controlled, and the amount of emitted hydrogen [H], the peak temperature [Tp] of hydrogen emission, and the peak
rate [Rmax] of hydrogen emission can be kept in the range described above. After warming processing, cooling is
performed as needed to adjust each process to bring about a desired austenitic stainless steel.
[0066] The atmosphere during warming processing is not particularly limited. An ambient air atmosphere or an
atmosphere of N2 gas or Ar gas under an atmospheric pressure may be satisfactory.
[0067] Embodiments of the austenitic stainless steel according to the present disclosure will now be described with
reference to examples in detail. However, the present disclosure is not limited to the examples.

EXAMPLE

[0068] The stainless steels having chemical compositions shown in Table 1 are melted to obtain cast pieces. The
obtained cast pieces were heated to 1230°C and subjected to hot rolling under the conditions shown in Table 2 for rolling
reduction within the temperature region from 900 to 1050°C, so that hot-rolled sheets having a sheet thickness of 5.0 mm
were obtained. Some examples were held at 1100°C for 3 minutes after hot rolling and subjected to hot-rolled sheet
annealing. After hot rolling or hot-rolled sheet annealing, pickling was performed. Thereafter, the hot-rolled sheets were
subjected to cold rolling, so that cold-rolled sheets having a sheet thickness of 1.2 mm were obtained. Here, as described in
Table 2, cold rolling was performed once or twice. Subsequently, cold-rolled-sheet annealing was performed at 1080°C,
and thereafter, pickling was performed. After pickling, warming processing was performed as shown in Table 2. Note that
all the obtained steel sheets were austenitic stainless steels.
[0069] In Table 2, when cold rolling is performed once, it indicates that cold rolling at a cold rolling ratio of 76% was
performed once to bring about a cold-rolled sheet having a sheet thickness of 1.2 mm. In Table 2, when cold rolling is
performed twice, it indicates that cold rolling at a cold rolling ratio of 40% was performed once to bring about a steel sheet
having a thickness of 3.0 mm, and thereafter, heat treatment of holding 1080°C for 1 minute was performed, followed again
by cold rolling at a cold rolling ratio of 60% to bring about a cold-rolled sheet having a thickness of 1.2 mm. Furthermore, in
Table 2, the entry "LNG" for cold-rolled-sheet annealing indicates that annealing was performed in an LNG combustion
atmosphere for 1 minute or less, and "BA" indicates that annealing was performed in a 0.1 MPa H2 atmosphere for 1 minute
or less.
[0070] In Table 2, the entry "Yes 1" for warming processing indicates that warming processing of holding 80°C in an
ambient air atmosphere for 7 days was performed, and "Yes 2" indicates that warming processing of holding 300°C under
an atmospheric pressure in an atmosphere of N2 gas or Ar gas for 4 hours.

[Table 1]
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[0072] The obtained steel sheets were subjected to thermal desorption analysis from 25°C to 800°C at a heating rate of
100°C/h to examine the presence of hydrogen (amount of emitted hydrogen [H], peak temperature [Tp] of hydrogen
emission, and peak rate [Rmax] of hydrogen emission). The number density of compounds having a diameter of 0.1 to 2
µm was also measured. Measurement for each value was performed according to the procedures described below.

(Presence of hydrogen)

[0073] After a test specimen of 10 mm (width direction) ×30 mm (rolling direction) was cut out from a steel sheet, the test
specimen was subjected to degreasing and cleaning with organic solvent. Next, the thermal desorption analysis (TDA)
was used to measure desorbed hydrogen by using the test specimen. In TDA, heat was applied in an argon atmosphere
within the temperature range from 25 (room temperature) to 800°C at the heating rate 100°C/h and hydrogen emitted
(desorbed) from test specimen was measured by a chromatograph. Based on measurement results in TDA, TDA curve
was created and the amount of emitted hydrogen [H], the peak temperature [Tp] of hydrogen emission, and the peak rate
[Rmax] of hydrogen emission were calculated.

(Number density of compounds)

[0074] Measurement samples were prepared in compliant with JIS Z 0555: 2003. The preparation was made such that
the measurement area of a measurement sample was 72 mm2. An automatic inclusion analyzer was used to verify
compounds having a diameter of 0.1 to 2 µm and measure the number density. The automatic inclusion analyzer that was
used was MQA (registered trademark) from ASPEX Corporation, and inclusions (compounds) defined in JIS Z 0555: 2003
were measured and analyzed by using analyzing software (MQA-MCR (registered trademark)).
[0075] As in the measurement of the values of physical properties described above, hydrogen embrittlement resistance
was also evaluated. A slow strain rate tensile test (also referred to as "SSRT test") was conducted to evaluate hydrogen
embrittlement resistance. The SSRT test was performed according to the procedures described below. First, tensile test
specimens having a parallel portion of 4 mm width × 20 mm length were sampled. Subsequently, tensile tests were
performed on the tensile test specimens at - 40°C in hydrogen of 1 MPa at a strain rate of 3×10‑5/s. As a comparative test, a
tensile test was performed at similar strain rate at ‑40°C in nitrogen under a 0.1 MPa atmospheric pressure. In some
examples, similar tensile tests were also performed at ‑70°C.
[0076] When tensile strength and elongation after fracture did not degrade as compared to results of the comparative
tests, "GOOD" was described in the table as the hydrogen embrittlement resistance being good. On the other hand, when
at least one of tensile strength and elongation after fracture degraded as compared to results of the comparative tests,
"NG" was described in the table as the hydrogen embrittlement resistance being poor.
[0077] The evaluations as those described above were conducted in the case of both - 40°C and‑70°C, and when tensile
strength and elongation after fracture did not degrade at both temperature, "A" was described in the judgement of
hydrogen embrittlement resistance. When tensile strength and elongation after fracture did not degrade at ‑40°C, but
tensile strength and/or elongation after fracture degraded at ‑70°C, "B" was described in the judgement of hydrogen
embrittlement resistance. When at least one of tensile strength and elongation after fracture degraded at ‑40°C, "C" was
described in the judgement of hydrogen embrittlement resistance. The results are collectively described in Table 2 below.

[Table 2]
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[0079] Nos. 1, 2, 4, 5, 7, 9, 11, 13, 15, 17, 18, and 20, which satisfied the requirements of the embodiment, had good
hydrogen embrittlement resistance. On the other hand, Nos. 3, 6, 8, 10, 12, 14, 16, 19, and 21 to 25, which were not satisfy
the requirements of the embodiment, were poor in hydrogen embrittlement resistance.

Claims

1. An austenitic stainless steel, wherein when an amount of hydrogen emitted at a heating rate of 100°C/h and in a
temperature range from 25 to 800°C is measured by using thermal desorption analysis,

an amount of emitted hydrogen [H] is less than 10.0 ppm,
a peak temperature [Tp] of hydrogen emission is 350°C or more,
a peak rate [Rmax] of hydrogen emission is 0.050 ppm/min or less, and
a number density of compounds having a diameter of 0.1 to 2 µm is 1.0 to 10.0/mm2.

2. The austenitic stainless steel according to claim 1, wherein a chemical composition of the austenitic stainless steel
consists of, by mass%,

C: 0.080% or less,
Si: 1.00% or less,
Mn: 2.00% or less,
P: 0.050% or less,
S: 0.020% or less,
Cr: 17.0 to 22.0%,
Ni: 8.0 to 13.0%,
N: 0.250% or less,
Nb: 0 to 0.20%,
Ti: 0 to 0.20%,
Mo: 0 to 1.0%,
Cu: 0 to 1.0%,
Al: 0 to 0.30%,
Co: 0 to 0.50%,
V: 0 to 0.50%,
W: 0 to 0.50%,
B: 0 to 0.0050%,
Ca: 0 to 0.010%,
Mg: 0 to 0.010%,
Zr: 0 to 0.50%,
Ga: 0 to 0.05%,
Hf: 0 to 0.10%,
REM: 0 to 0.10%, and
the balance: Fe and impurities.

3. The austenitic stainless steel according to claim 1 or 2, wherein the austenitic stainless steel is used in a high-pressure
hydrogen gas environment or a liquid hydrogen environment.

4. The austenitic stainless steel according to claim 1or 2, wherein the austenitic stainless steel is used for a component of
a hydrogen gas production apparatus or a hydrogen gas supply apparatus.
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