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What are the requirements to use a given 
material in gaseous H2 service? 
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• Fatigue crack growth rate 
is accelerated by 10X in 
H2 compared to air 

• Is this material safe to use 
in gaseous hydrogen?

– Yes – No – Maybe

Laboratory gas 
cylinders are made 

of this material



What are the requirements to use a given 
material in gaseous H2 service? 
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Materials requirements 
depend on the application 
and the design

• Gas cylinders are 
generally made from 
relatively low strength 
steels 

• Wall stresses are 
relatively low

• Manufacturing defects 
are well characterized



Outline
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• Materials
– The effects of H2 depend on microstructure of ferritic steels
– Austenitic stainless steels can be immune to H2
– Aluminum alloys are immune to H2

• Environment
– Stainless steels are sensitive to H2 at low temperature
– Low pressure H2 has negligible effect on performance 
– Impurities can mitigate effects of H2

• Mechanics
– High-strength alloys have low fracture resistance in H2
– Suitability for H2 service can be assessed with tensile tests 



The effects of H2 depend on the microstructure 
of ferritic steels 
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• Pipeline (carbon) steels 
show nominally the 
same fatigue crack 
growth behavior in 
gaseous hydrogen

• These steels represent:
– Wide range of 

strength 
– Wide range of 

microstructure

more myth than fact



The effects of H2 depend on the microstructure 
of ferritic steels 
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• Pressure vessel steels 
(low alloy Cr-Mo and Ni-
Cr-Mo steels) show same 
FCGR behavior in 
gaseous H2 as pipeline 
steels

• Dashed line represents 
closed form expression 
for both pipeline and 
pressure vessel steels

more myth than fact
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The effects of H2 depend on the microstructure 
of ferritic steels 
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more myth than fact

Consistent FCGR behavior for wide range of carbon steels



Austenitic stainless steels can be immune to 
effects of H2
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As expected, the Nieq based on the proposed equation
successfully quantified the RRA. This reveals that nitrogen
improves the RRA by stabilizing the austenitic phase. In
addition, there is no physical relationship between the
experimental results and Eq. (6); however, the hydrogen
compatibility of solution-treated austenitic stainless steels
containing nitrogen can be determined by Eq. (6) based on the

proposed nickel-equivalent equation. Finally, it is noted that
materials selection based on the proposed nickel-equivalent
equation is applicable when degradations in RRA can be
attributed to hydrogen-assisted surface crack growth
(HASCG), which is enhanced by strain-induced martensitic
transformation [6]. The degradations in RRA of the present
austenitic stainless steels were dominated by the HASCG. In
contrast, it is reported that the RRA of stable austenitic
stainless steels containing a large amount of nitrogen and
manganese is sometime degraded by hydrogen in spite of a
high stability of austenitic phase [5]. The degradations in RRA

of these steels is presumed to be attributed to a different

mechanism from the HASCG. In this case, the RRA is not

dominated by the stability of austenitic phase and the
hydrogen compatibility is not necessarily determined by the
proposed nickel-equivalent content.

Conclusions

Present Japanese regulations authorize austenitic stainless
steels for use in high-pressure hydrogen gas based on the
nickel equivalent of the steel; however, the present nickel-
equivalent equation does not consider nitrogen, which im-
proves the resistance of steel to hydrogen embrittlement. This
study presented a newly proposed nickel-equivalent equation
considering nitrogen. Eight types of solution-treated austenitic
stainless steels containing nitrogen were prepared; the strain-
induced martensite content, VM, was measured by the satura-
tionmagnetization technique after tensile straining to ε¼ 0.3 in

air at RT and 228 K. Slow strain rate tensile (SSRT) testing was
also performed in hydrogen gas at pressures ranging from 78 to
115 MPa at RT. The conclusions obtained are as follows:

(1) The VM of the steels strained to ε ¼ 0.3 at RT and 228 K
agreed well with the proposed nickel-equivalent
content.

(2) At lower temperatures, the strain-induced martensitic
transformationwas promoted and the Nieq for the onset
of DVM at ε ¼ 0.3, Nieq, onset, became higher.

(3) The Nieq, onset agreed with the Nieq required for nickel-

equivalent materials. This finding demonstrated that
the materials selection of solution-treated austenitic
stainless steels could be performed by measuring the
DVM of the steels strained to ε ¼ 0.3, rather than by the
nickel equivalent.

(4) The reduction in area (RRA) at RT was decreased with
increases in the VM at ε ¼ 0.3 and 228 K. This suggests
that the stability of the austenitic phase is crucial in
determining the RRA of the present austenitic stainless
steels.

(5) The RRAs of the present steels containing nitrogenwere

successfully quantified based on the proposed nickel-
equivalent equation via the stability of the austenitic
phase, rather than the conventional Hirayama's
equation.

Acknowledgment

This work was partially supported by the New Energy and
Industrial Technology Development Organization (NEDO),
Hydrogen Utilization Technology (2013e2018).

r e f e r e n c e s

[1] San Marchi C, Somerday BP, Nibur KA. Development of
methods for evaluating hydrogen compatibility and
suitability. Int J Hydrogen Energy 2014;39:20434e9.

Fig. 2 e Relationship among RRA, DVM and Nieq: (a) RRA as
a function of DVM at ε ¼ 0.3 and 228 K; (b) RRA as a function
of Nieq based on the proposed and Hirayama's equations.
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From: Takaki et al Intern J Hydrogen Energy 41 (2016) 15095

misleading
• Some alloy compositions 

show little degradation of 
tensile ductility (RA) in 
hydrogen

– Suggesting “immunity”

Often 
described 
as immune

• Represents narrow 
compositional space not
representative of common 
alloy composition

• Trend does not necessarily 
translate to other 
properties



Austenitic stainless steels can be immune to 
effects of H2
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From: San Marchi et al, ASME PVP-2018 conf.
Ref 14: Nakamura et al JSME M&M2017 conf. 

• Fatigue life data 
generally show similar 
trends with tensile data

• However, fatigue life 
data of high nickel 
alloys show decrease in 
H2, even with high 
nickel content

misleading

Hydrogen affects low-
cycle fatigue even of 

high-Ni alloys



Austenitic stainless steels can be immune to 
effects of H2
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misleading

• “Immunity” to H2  is often 
attributed to alloy stability

Both high-Ni alloys 
and stable austenitic 
stainless steels show 

significant effects of H2

• However, fracture data 
show

– SS alloys are not 
immune to H2

– Stable alloys also show 
strong effect of H2



Aluminum alloys are immune to effects of H2
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seemingly true but misleading

Fatigue crack growth rates 
in H2 are less then in air

Fracture resistance is nominally 
the same in H2 and in air

From: San Marchi et al, ASME PVP-2011 conf.



Aluminum alloys are immune to effects of H2
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From: Speidel, Hydrogen Embrittlement and Stress Corrosion 
Cracking, 1984

• Seminal experiments 
show clear difference 
of fracture resistance in 
dry H2 and wet H2

• There are no data that 
show fracture and 
fatigue of Al alloys are 
affected by dry H2

Moisture in H2 can 
promote environment-

assisted cracking

seemingly true but misleading



Austenitic stainless steels are sensitive to H2 at 
low temperature
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• Tensile ductility can be 
significantly degraded 
in hydrogen at low 
temperature

misleading

From: Caskey, Hydrogen Compatibility Handbook 
for Stainless Steels, 1983

• However, tensile 
ductility does not 
represent relevant 
failure modes, such as 
subcritical cracking 
and fatigue



Austenitic stainless steels are sensitive to H2 at 
low temperature
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Temperature
293K: open
223K: closed

Pressure: 10 MPa

misleading
• Fatigue life at low 

temperature is similar or 
greater than at RT

Fatigue life is not limited 
by low temperature 

performance

• Fracture resistance (not 
shown) is modestly 
reduced at low 
temperature but remains 
large (>100 MPa m1/2)

From: San Marchi et al, 43rd MPA Seminar (2017).

R = 0.1
1 Hz



Low pressure H2 has negligible effect on 
performance of steels
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myth

• Data sets that evaluate 
effect of pressure on 
fracture are relatively 
limited

• Available data suggest 
fracture depends on 
pressure

• Fracture resistance at 
low pressure appears to 
be significantly lower 
than in air 

From: San Marchi et al, ASME PVP-2011 conf.



Low pressure H2 has negligible effect on 
performance of steels
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myth

• Measurements in 
gaseous mixtures of 
H2 and N2 show 
substantial reduction of 
fracture resistance for 
low H2 partial pressure

• Only modest change in 
fracture resistance for 
PH2 > 1 bar 

<1 bar of H2 reduces 
fracture resistance 

From: Briottet et al, ASME PVP-2018 conf.



Low pressure H2 has negligible effect on 
performance of steels
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myth

• Measurements in gaseous 
mixtures of H2 and N2 
show acceleration of 
fatigue crack growth rate 
with 5% H2

– But little additional 
acceleration with higher 
H2 content

From: Meng et al, IJ Hydrogen Energy 42
(2017) 7404.

HE susceptibility
To quantify the influence of added hydrogen, some indexes
are defined to describe the HE susceptibility according to the
following equations.

RRAð%Þ ¼ RN
A $ RH

A

RN
A

% 100 (2)

RNSð%Þ ¼
!
sN
N $ sH

N

sN
N

"
% 100 (3)

where RRA and RNS represent the reduction of RA and the
reduction of NTS, respectively. RN

A and RH
A represent reduction

of area in nitrogen gas and hydrogen blends. sN
N and sH

N are
notch tensile strength in nitrogen gas and hydrogen blends.

With this definition, RRA or RNS ¼ 0 means no HE whereas
RRA or RNS¼ 100% is the value for amaximumembrittlement.
The values of RRA and RNS for smooth and notch tension tests
in various hydrogen blends are shown in Table 2. It is found

that RRA and RNS increases with increasing hydrogen content
in hydrogen blends, which implies that HE susceptibility
increases.

Fatigue crack growth test

It appears that a pipeline which has been operated under
fluctuating pressures is more sensitive to degradation.
Hydrogen degraded the fatigue behavior additionally [14,15].

As observed by several authors [16], there is a strong need to
improve the knowledge of the fatigue behavior of the pipeline
steels in hydrogen containing environment in order to derive
the safety guidelines for the design of these pipelines.

Fatigue crack growth tests have been carried out within
this study on the compact tension specimens in accordance
with ASTM standard E647 with a frequency of 1 Hz and a load
ratio, R, of 0.1 in load control. Results are shown in Fig. 9. Fa-
tigue crack growth rate increases by at least an order of
magnitude in hydrogen blends compared to nitrogen gas. In
addition, Fatigue crack growth rate increases slightly with

increasing hydrogen content from 5vol% to 50vol%.

Discussion

HE in pipeline steels has been quantified extensively through
tensile reduction of area and elongation measurements
[11,17,18] which were performed with the cathodic charging

methods. such methods hardly represent the actual service
state of steels that suffer from load and environment coupled
damage process. Therefore, we directly study the environ-
mental HE of X80 pipeline steel in simulated natural gas/
hydrogen mixtures by a testing machine with an autoclave.

Previous studies have found that the effect of hydrogen on
the fracture behavior of high strength steels may depend on
the specimen type [19]. For the notch tension specimens
under axial loading in hydrogen containing environment, it is
evident that hydrogen is easy to accumulate in front of the
notch root where stress concentration occurs and causes a
cohesive stress decreasing zone in the vicinity of the notch

root [20], which may lead to the reduction of fracture strength
and promote brittle fracture. As shown in Fig. 8d, the length
along X axis is longer than the length along Y axis in center
region A, which implies the crack growth rate of Y orientation
is faster, it is likely that the textured microstructure plays an
important role in the crack propagation process of the notch
specimen. Nevertheless, this appearance is weak on the
fracture surface of the smooth specimen in the same envi-
ronment (Fig. 5c). Further, we can guess that the influence of
the texture is more severe for the notch specimen. Besides,
compared with the notch specimen tested in nitrogen gas,

there is no shear lip on the fracture surface of the notch
specimen which was tested in 20vol% hydrogen blend, it
means that hydrogen induced crack is closer to the notch root.
With respect to the shortened fracture time of the notch
specimens and the accelerated crack growth rate of compact
tension specimens, it likely depends on the dislocation
movement assisted hydrogen diffusion.

It also seems clear that the amounts of added hydrogen
plays an important role, that is, mixing higher percentages of
hydrogen into the natural gas bulk causes higher hydrogen
partial pressure, eventually increases the concentration of

dissolved hydrogen in X80 pipeline steel, which promotes HE.
This experimental fact may be explained by using Sievert's
law [21], which predicts the hydrogen solubility proportional
to the square root of the hydrogen pressure.

In a practical application, there are many flaws which
come from fabricate and assemble processes on the pipeline.

Table 2 e HE susceptibility indexes in various hydrogen
blends.

Hydrogen
content/vol%

Smooth tension tests Notch tension
tests

RRA/% RRA/% RNS/%

0 0 0 0
5 3.4 19.1 1.4
10 4.3 20.5 3.9
20 15.9 41.0 6.4
50 16.8 54.5 9.5

Fig. 9 e da/dN versus DK curves in nitrogen gas and
hydrogen blends.
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12 MPa total pressure

Small amounts of hydrogen 
can have substantial effect 

on fatigue and fracture

R = 0.1
1 Hz



Impurities can mitigate the effects of H2
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From: H.H. Johnson, Fundamental Aspects of Stress 
Corrosion Cracking, 1967

H-11 steel

true for some impurities

• Seminal experiments 
show clear effect of O2 
on mitigation of H2-
assisted crack growth

• Early experiments, 
however, did not 
quantify effects on 
meaningful properties 
and relevant alloys

Oxygen can have 
significant effect on 

crack extension in H2



Impurities can mitigate the effects of H2
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From: Somerday et al, Acta Mater 61
(2013) 6153.

• Oxygen mitigates 
H2-accelerated 
fatigue crack growth 
rates at low ∆K

• Attributed to oxygen 
diffusion to new 
crack surfaces

Impurity content in H2 can have substantial effects 
on both measurements and in-service performance

true for some impurities



High-strength steels have low fracture resistance 
in gaseous H2

20

• Pressure vessel steels 
display low fracture 
resistance in H2 when 
tensile strength >950 MPa

– Cr-Mo and Ni-Cr-Mo 
quench and tempered low 
alloy steels

– Low fracture resistance 
will affect fatigue 
performance at high ∆K

generally true

Low-alloy steels with >950 MPa 
tensile strength are not 

recommended for H2 service

~100 MPa H2

95
0 

M
Pa



High-strength steels have low fracture resistance 
in gaseous H2
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generally true

• High-strength steels also show transition to accelerated 
crack growth (eg, stage III) related to baseline H2 behavior 

– only observed in tests of high-strength steels: 
tensile strength > 950 MPa

– Related to Kmax in fatigue approaching fracture resistance

For PV steels with 
Su > 950 MPa

• Accelerated fatigue 
crack growth rate is 
observed 

• KJH ~ 20 MPa m1/2

& impacts fatigue



High-strength steels have low fracture resistance 
in gaseous H2

22

• For austenitic stainless 
steels, fracture resistance 
is a consistent function of 
yield strength

– However, data is limited 
in gaseous H2

• SS alloys with YS 
<700 MPa display high 
fracture resistance in H2 
environments

generally true

Austenitic stainless steels 
appear to maintain high fracture 
resistance (>50 MPa m1/2) in H2

Austenitic stainless steels



Suitability for H2 service can be assessed with 
slow strain rate tensile (SSRT) tests in H2
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myth

As expected, the Nieq based on the proposed equation
successfully quantified the RRA. This reveals that nitrogen
improves the RRA by stabilizing the austenitic phase. In
addition, there is no physical relationship between the
experimental results and Eq. (6); however, the hydrogen
compatibility of solution-treated austenitic stainless steels
containing nitrogen can be determined by Eq. (6) based on the

proposed nickel-equivalent equation. Finally, it is noted that
materials selection based on the proposed nickel-equivalent
equation is applicable when degradations in RRA can be
attributed to hydrogen-assisted surface crack growth
(HASCG), which is enhanced by strain-induced martensitic
transformation [6]. The degradations in RRA of the present
austenitic stainless steels were dominated by the HASCG. In
contrast, it is reported that the RRA of stable austenitic
stainless steels containing a large amount of nitrogen and
manganese is sometime degraded by hydrogen in spite of a
high stability of austenitic phase [5]. The degradations in RRA

of these steels is presumed to be attributed to a different

mechanism from the HASCG. In this case, the RRA is not

dominated by the stability of austenitic phase and the
hydrogen compatibility is not necessarily determined by the
proposed nickel-equivalent content.

Conclusions

Present Japanese regulations authorize austenitic stainless
steels for use in high-pressure hydrogen gas based on the
nickel equivalent of the steel; however, the present nickel-
equivalent equation does not consider nitrogen, which im-
proves the resistance of steel to hydrogen embrittlement. This
study presented a newly proposed nickel-equivalent equation
considering nitrogen. Eight types of solution-treated austenitic
stainless steels containing nitrogen were prepared; the strain-
induced martensite content, VM, was measured by the satura-
tionmagnetization technique after tensile straining to ε¼ 0.3 in

air at RT and 228 K. Slow strain rate tensile (SSRT) testing was
also performed in hydrogen gas at pressures ranging from 78 to
115 MPa at RT. The conclusions obtained are as follows:

(1) The VM of the steels strained to ε ¼ 0.3 at RT and 228 K
agreed well with the proposed nickel-equivalent
content.

(2) At lower temperatures, the strain-induced martensitic
transformationwas promoted and the Nieq for the onset
of DVM at ε ¼ 0.3, Nieq, onset, became higher.

(3) The Nieq, onset agreed with the Nieq required for nickel-

equivalent materials. This finding demonstrated that
the materials selection of solution-treated austenitic
stainless steels could be performed by measuring the
DVM of the steels strained to ε ¼ 0.3, rather than by the
nickel equivalent.

(4) The reduction in area (RRA) at RT was decreased with
increases in the VM at ε ¼ 0.3 and 228 K. This suggests
that the stability of the austenitic phase is crucial in
determining the RRA of the present austenitic stainless
steels.

(5) The RRAs of the present steels containing nitrogenwere

successfully quantified based on the proposed nickel-
equivalent equation via the stability of the austenitic
phase, rather than the conventional Hirayama's
equation.
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Fig. 2 e Relationship among RRA, DVM and Nieq: (a) RRA as
a function of DVM at ε ¼ 0.3 and 228 K; (b) RRA as a function
of Nieq based on the proposed and Hirayama's equations.
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• Strength properties are generally not 
changed in H2

• Tensile ductility may be reduced H2, 
although reduction does not equate 
to lack of fitness for service

• Suitability for H2 service depends 
on materials that express design 
properties that are sufficient for the 
required service environment 

– Usually fatigue and fracture 
properties



The role of impurities and mixed gas 
environments should be considered carefully
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• Oxygen can mitigate effects of H2 in ferritic steels
– But sensitive to mechanical and environmental variables
– Other passivating species can have similar effects

• Water can enhance effects of H2 in aluminum alloys
– Threshold content is not known

• Nitrogen is inert, natural gas may not be inert
– NG has many impurities, which aid mitigation of H2 effects
– Pure methane is inert and does not change effects of H2

Materials performance in hydrogen or mixed hydrogen-
containing gas streams will depend sensitively on materials, 

environmental and mechanical variables   

Materials requirements depend on the 
application and the design



Conclusions
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• Materials
– H2 effects are sensitive to microstructure in ferritic steels
– Austenitic stainless steels can be immune to H2
– Aluminum alloys are immune to H2

• Environment
– Stainless steels are sensitive to H2 at low temperature
– Low pressure H2 has negligible effect on performance 
– Impurities can mitigate effects of H2

• Mechanics
– High-strength alloys have low fracture resistance in H2
– Suitability for H2 service can be assessed with tensile tests 

more myth than fact
misleading

seemingly true but misleading

misleading

true for some impurities

generally true

myth

myth


