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ABSTRACT 
The degradation of stress-controlled fatigue-life (stress-life) of 
notched specimens was measured in the presence of internal 
and in external hydrogen for two strain-hardened austenitic 
stainless steels: 316L and 21Cr-6Ni-9Mn.  To assess the 
sensitivity of fatigue performance to various hydrogen 
conditions fatigue tests were performed in four environments: 
(1) in air with no added hydrogen, (2) in air after hydrogen 
pre-charging to saturate the steel with internal hydrogen, and in 
external gaseous hydrogen at pressure of (3)10 MPa (1.45 ksi), 
or (4) 103 MPa (15 ksi). The fatigue performance of the 
strain-hardened 316L and 21Cr-6Ni-9Mn steels in air was 
indistinguishable for the tested conditions. Decreases in the 
fatigue-life at a given stress level were measured in the 
presence of hydrogen and depended on the hydrogen 
environment.  Testing in 103 MPa (15 ksi) external gaseous 
hydrogen always resulted in a clear decrease in the fatigue-life 
at a given maximum stress.  Alloy dependent reductions in the 
observed life at a given maximum stress were observed in the 
presence of internal hydrogen or in gaseous hydrogen at a 
pressure of 10 MPa (1.45 ksi). The measured fatigue-life of 
hydrogen pre-charged specimens was comparable to the life 
with no intentional hydrogen additions. Accounting for the 
increased flow stress resulting from the supersaturation of 
hydrogen after pre-charging results in consistency between the 
measured fatigue-life of the pre-charged condition and 
measurements in 103 MPa (15 ksi) external hydrogen. The 
current results indicate that internal hydrogen may be an 
efficient method to infer hydrogen-assisted fatigue degradation 
of stainless steels in high-pressure gaseous hydrogen. 

INTRODUCTION 
Austenitic stainless steels are common engineering alloys 

for hydrogen components due to satisfactory historical service 
experience and high resistance to degradation of tensile 
ductility in the presence of hydrogen [1]–[5].  However, 
relatively few austenitic stainless steels have been considered 
for extensive use in hydrogen pressure storage systems, with 
annealed 316/316L or SUS316L class steels being the most 
generally accepted alloy grades.  While other austenitic 
stainless steels have demonstrated similar or superior tensile 
properties compared to annealed 316-based steels in gaseous 
hydrogen [4]–[7], manufacturers have been reluctant to use 
alternative steels due, in part, to the lack of hydrogen service 
experience and robust comparative metrics.  Importantly, the 
decision to use 316-based austenitic stainless steels for 
hydrogen service often relies on quasi-static tensile property 
measurements, largely because these measurements are readily 
available, despite the fact that these data may not represent the 
salient failure mechanisms of in-service components.  

Fatigue performance is a design-relevant metric for 
pressure system components subjected to repeated 
pressurization-depressurization cycles.  Various researchers 
have reported hydrogen degradation of the stress-controlled 
fatigue-life (i.e. stress-life) of stainless steels using a 
circumferential notch [8]–[10] or microstructurally-scaled 
surface defect [11]–[13] and have also studied the relative 
impact of hydrogen on smooth fatigue specimens [7], [14], 
[15].  These fatigue studies often emphasize that there is a 
quantifiable decrease in the fatigue-life due to the presence of 
external gaseous hydrogen [8], [9], [11], [12].  Fatigue testing 
in gaseous hydrogen is challenging to execute, however, and 
requires specialized high-pressure testing equipment, limiting 
the testing to relatively few laboratories and making these tests 
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expensive.  Moreover, due to the limited availability of in situ 
test facilities, long duration fatigue testing in external hydrogen 
is generally impractical.  These considerations inhibit the 
ability to accurately measure the endurance limit (the stress 
where failure is not expected within 106 fatigue cycles), an 
essential material parameter for stress-based designs.  Test 
methods that do not require extensive fatigue testing in external 
hydrogen are beneficial if new alloys are to be considered for 
application in hydrogen service environments. 

In some cases, the materials properties degradation by 
hydrogen can be probed by saturating the lattice with internal 
hydrogen for subsequent testing in air.  In particular, austenitic 
stainless steels effectively retain internal hydrogen after 
exposure to external gaseous hydrogen at high temperature and 
subsequent cooling to room temperature.  This technique is 
referred to as hydrogen pre-charging.  Pre-charged specimens 
may then be tested in air as an analogue to testing in external 
gaseous hydrogen.  Comparison of the tensile ductility of 
austenitic stainless steels (using reduction of area) show 
reasonable correspondence between internal and external 
hydrogen environmental conditions [4], [5], enabling the use of 
internal hydrogen to screen materials and evaluate basic trends 
in the tensile behavior of austenitic stainless steels.  Reports of 
stress-life fatigue of pre-charged austenitic steels have typically 
reported no decrease, or a slight increase, in the stress-life in 
the presence of internal hydrogen [10], [13], [14].  However, to 
date there have been no clear comparisons made between 
stress-life testing with internal hydrogen versus testing in 
external gaseous hydrogen. 

Here we compare notched stress-life fatigue of two 
austenitic stainless steels, 316L and 21Cr-6Ni-9Mn, with 
internal hydrogen and in external gaseous hydrogen.  Changes 
in the measured fatigue-life in the various hydrogen 
environments are contrasted with the measured tensile 
stress-strain behavior to highlight the microstructural response 
to these different loading conditions.  Hydrogen pre-charging is 
presented as an efficient means to screen candidate alloys for 
hydrogen service. 

EXPERIMENTAL METHODS 
Two stainless steels were investigated, 316L and 

21Cr-6Ni-9Mn (also known as XM-11); the compositions of 
the investigated steels are given in Table 1.  Both steels were 
commercially produced bar supplied in a strain-hardened 
condition. 

Specimens for the measurement of quasi-static tensile 
properties were machined following ASTM E-8 standard with a 
reduced section length of 19 mm (0.75") and a gauge diameter 

of 4 mm (0.16") [16].  Tension tests were performed at a 
constant crosshead speed of 0.02 mm/s (8.3 × 10-4 in. s-1), 
corresponding to a nominal engineering strain rate of 
1.7 × 10-3 s-1.  A 12.7 mm (0.5") extensometer was used to 
monitor the elongation of the specimen.  Tension-tension 
fatigue specimens including a circumferential notch were also 
machined out of the supplied bars with nominal dimensions: 
major diameter of 5.7 mm (0.225"), minimum diameter of 
4.06 mm (0.160"), root radius of 0.127 mm (0.005"), with an 
included angle of 60°. This notch corresponds to a stress 
concentration factor (Kt) of approximately 3.9 [17].  All 
specimens were tested in the as-machined condition with no 
polishing after lathe turning. 

Thermal pre-charging was used to uniformly saturate some 
of the test specimens with internal hydrogen (referred to as the 
pre-charged, PC, condition).  The specimens for hydrogen 
charging were exposed to gaseous hydrogen at pressure of 
138 MPa (20 ksi) and temperature of 300 °C (572 °F) for a 
minimum of 10 days to achieve uniform hydrogen saturation in 
the specimen.  Similar conditions have been summarized in 
detail in previous work [4], [18], and in the current testing 
resulted in nominally 140 weight parts per million (wt ppm.) 
hydrogen in the 316L and 240 wt ppm. hydrogen in the 
21Cr-6Ni-9Mn alloy, measured by inert gas fusion.   After 
thermal charging the specimens were stored at 
approximately -50 °C (-58 °F) to retain the hydrogen in the 
specimen until testing.  The overall hydrogen content was 
verified in multiple specimens after prolonged fatigue tests and 
showed essentially no change. 

All fatigue testing was conducted in load-control with an 
R-ratio of 0.1 (ratio of minimum to maximum load).  All of the 
data presented here were collected at a temperature of 
20 °C (68 °F).  The nominal stresses imposed on the specimens 
during a test were determined from the applied load and the 
minimum initial cross-sectional area at the root of the notch, 
referred to as the net-section stress.  The maximum stress 
during each fatigue cycle was typically limited such that the 
net-section stress was less than the yield stress (YS) of the 
tested condition (hydrogen pre-charged or non-charged 
respectively).  The effect of stress concentration due to the 
notch was not explicitly considered here, though local yielding 
is assumed to occur near the root of the notch.  Testing of the 
as-received (AR, i.e. no intentional hydrogen additions) and PC 
conditions was performed in laboratory air on a standard 
servo-hydraulic tensile test frame with the ends of the 
specimens threaded into pull-rods connected to spherical 
universal joints for alignment; no special consideration was 
given to specimen alignment.  All testing of the PC condition 
was performed at 1 Hz; the AR condition tests were performed 

Table 1 - Stainless Steel Compositions  

Alloy ID Cr Ni Mn Mo C N Si S P 

316L 17.54 12.04 1.15 2.05 0.020 0.04 0.51 0.023 0.028 

21Cr-6Ni-9Mn 20.45 6.15 9.55 NR 0.033 0.265 0.52 0.0013 0.018 
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at either 1 or 10 Hz, no significant rate dependence was 
apparent in the AR fatigue-life. 

Tests were also conducted in external gaseous hydrogen in 
a minimum hydrogen pressure of either 10 MPa (1.45 ksi) at 
Hy-Performance Materials Testing or 103 MPa (15 ksi) at 
Sandia National Laboratories using dedicated servo-hydraulic 
test frames.  Each system is outfitted with a pressure vessel to 
control the test environment; the test specimen is placed in the 
load train of the vessel and is coupled to the hydraulically 
driven actuation provided by the mechanical test frame.  Tests 
in gaseous hydrogen were performed at a temperature of 
approximately 20 °C (68 °F) and a frequency of 1 Hz.  The 
impurity content in the hydrogen test environment was not 
verified for each high-pressure test, but the purging procedure 
adopted (four purges with He, evacuation to sub-ambient 
pressures, followed by four purges with gaseous hydrogen) 
typically results in oxygen and water contents less than 1 and 
5 parts per million by volume (vppm.), respectively [5]. The 
source gas was 99.9999% hydrogen.  An in-line oxygen 
monitor in the testing system at Hy-Performance Materials 
Testing enabled monitoring of the oxygen content at the start 
and finish of every test; oxygen was maintained below 1 vppm. 
for all tests.  Specimens were placed in self-aligning pinned 
joints for tests conducted in 10 MPa (1.45 ksi) hydrogen; no 
special consideration was given to specimen alignment during 
testing in 103 MPa (15 ksi) hydrogen. For the current study, 
runout was defined as 1.5 × 106 cycles for tests in air on the AR 
and PC specimens, while tests in external hydrogen were halted 
at 105 cycles. 

RESULTS 
The tensile properties of the 316L and 21Cr-6Ni-9Mn 

alloys studied here are summarized in Table 2.  Both steels 
yielded continuously and displayed a relatively high YS due to 
the prior strain-hardening. 

The 316L steel had a relatively low ultimate tensile stress 
(UTS) to YS ratio, typical of strain-hardened stainless steels.  
With the addition of internal hydrogen the yield strength of the 
316L increased approximately 13 pct. with a nearly 
proportionate increase in the UTS, resulting in a slight decrease 
in the UTS to YS ratio between the PC and AR conditions.  

Supersaturation of hydrogen in the 316L steel had a nominal 
effect on the work hardening behavior during plastic 
deformation; a consistent increase in the work hardening rate 
over the entire plastic strain history was measured.  
Correspondingly, the uniform elongation (engineering strain at 
the onset of necking and plastic instability determined using the 
Considére criterion) of both the AR and PC conditions was 
approximately equal, measured as 26.6 pct. and 27.1 pct., 
respectively.  With regard to uniaxial tensile properties, 
hydrogen pre-charging had the most significant impact on 
post-uniform deformation in the 316L steel, with a 21 pct. 
decrease in the reduction of area in the presence of internal 
hydrogen. 

Trends in the tensile properties of the 21Cr-6Ni-9Mn steel 
show several subtle differences compared to the 316L.  First, 
pre-charging produces a larger increase in the YS of the 
21Cr-6Ni-9Mn than was measured for the 316L; the YS 
increased approximately 24 pct. for the PC 21Cr-6Ni-9Mn 
steel.  The YS increase in both steels is partly due to 
strain-aging in the strain-hardened microstructure 
(approximately a 2 pct. increase in the 21Cr-6Ni-9Mn).  In the 
21Cr-6Ni-9Mn the increase in YS is not maintained to the 
UTS, and the UTS to YS ratio decreases from 1.60 in the AR 
condition to 1.42 in the PC condition.  No increase in the work 
hardening rate was measured in the 21Cr-6Ni-9Mn, 
highlighting a change in the strain-hardening behavior due to 
hydrogen in this alloy compared to the 316L.  The increase in 
yield strength in the 21Cr-6Ni-9Mn steel is only manifest in the 
PC condition; testing in 103 MPa (15 ksi) external gaseous 
hydrogen results in essentially no change in either the YS or 
UTS compared to the AR condition.  In contrast, the uniform 
elongation showed a decrease from 59.5 pct. in the AR 
condition to 49.4 pct. and 54.0 pct. in external gaseous 
hydrogen and with internal hydrogen, respectively.  
Post-uniform elongation was more substantially reduced by the 
presence of internal hydrogen compared to tests in external 
hydrogen, likely due to the change in fracture mechanism from 
hydrogen-assisted surface crack propagation during testing in 
external hydrogen to internal crack coalescence with internal 
hydrogen [5]. 

Notched stress-life fatigue data are plotted for the 316L 

Table 2 - Stainless Steel Tensile Properties 

Alloy ID Condition 

0.2 pct. 
Offset Yield 

Strength 
(MPa) 

Ultimate 
Tensile 
Strength 
(MPa) 

UTS/YS 
Uniform 

Elongation  
(pct.) 

Total 
Elongation 

(pct.) 

Reduction 
of Area 
(pct.) 

316L 
AR 573 731 1.28 26.6 54.5 76.6 

PC 648 793 1.22 27.1 47.6 60.2 

21Cr-6Ni-9Mn 

AR 539 881 1.63 37.6 59.5 78.7 

PC 669 957 1.43 37.7 54.0 49.7 

103 MPa H2 541 887 1.64 38.4 49.4 65.2 
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and 21Cr-6Ni-9Mn steels in Figure 1a and Figure 1b, 
respectively.  Four individual conditions are plotted for each 
alloy, corresponding to the baseline AR condition, the PC 
condition, as well as testing in 10 MPa (1.45 ksi), and 103 MPa 
(15 ksi) external gaseous hydrogen.  The stress-life data for the 
various conditions are plotted as the maximum imposed cyclic 
stress (SM) as a function of cycles to failure.  Also plotted in 
Figure 1 is a fit to the AR stress-life data where the measured 
cycles to failure (N) were fit as a function of the imposed 
maximum stress, presented as the Basquin equation: 

Eq. 1 SM = sf Nb 

where sf and b are fitting constants.  The intrinsic fatigue 
performance of the two alloys was statistically identical and the 
Basquin equation was fit to the AR data collectively for both 
alloys: the fit constants were 2520MPa and -0.15 for sf and b, 
respectively.  The fit parameters for the various experimental 
conditions are given in Table 3.  Also shown in Figure 1 are the 
95 pct. confidence limits of the fit fatigue-life, shown by the 
red lines.  These confidence intervals represent the relative 
variability in the mean life at a given stress based on the fit 
curve following ASTM E738 [19].  Variability in the measured 
failure life is systemic in fatigue data, but notched specimens 
typically reduce this intrinsic variability because the stress 
concentration localizes fatigue damage to a relatively small 
volume.  Consistently sharp notches are difficult to machine in 
austenitic stainless steels, however without damaging the 
surface of the specimen.  Observed variability in the stress-life 
data in Figure 1 is attributed to machining inconsistencies at the 
notch root, particularly for measured fatigue-lives greater than 
the confidence limit of the fit fatigue-life in Figure 1.  

However, none of these individual outliers are statistically 
relevant when compared to the systematic fit to the data. 

The notched stress-life of 316L stainless steel decreased 
slightly in the presence of hydrogen, both internal and external 
(Figure 1a).  In the case of thermally pre-charged specimens, 
the decrease in the stress-life is small but is frequently outside 
the 95 pct. confidence interval to the AR fatigue-life.  In 
contrast, stress-life data from testing in both 10 MPa (1.45 ksi) 
and 103 MPa (15 ksi) external gaseous hydrogen in Figure 1a 
are clearly separated from the AR results.  For 316L the role of 
varying hydrogen pressure on the maximum stress for failure at 
a given life appears to be negligible and the data from both 
hydrogen pressures overlay. 

The AR and PC notched stress-life results from the 
21Cr-6Ni-9Mn steel overlay in Figure 1b, and most of the PC 
data fall within, or are only slightly below, the confidence 
limits of the fit life.  Similarly, tests performed in 10 MPa 
(1.45 ksi) external hydrogen are within the confidence interval 
for the AR fit, suggesting a negligible decrease in the fatigue 
performance for the 21Cr-6Ni-9Mn steel when exposed to 
10 MPa (1.45 ksi) hydrogen at 1 Hz cycle frequencies.  Of the 
tested conditions only the fatigue performance of the 
21Cr-6Ni-9Mn tested in 103 MPa (15 ksi) external gaseous 
hydrogen is clearly distinguished from stress-life results of the 
AR condition. 

DISCUSSION 
Direct comparisons between the notched stress-life of the 

316L and 21Cr-6Ni-9Mn exposed to different hydrogen 
environments underscore that hydrogen reduced the fatigue-life 
of notched specimens.  The measured effect of external gaseous 

  
Figure 1 Room temperature tension-tension stress-life fatigue curves plotted as a function of the maximum 
imposed stress of (a) 316L and (b) 21Cr-6Ni-9Mn stainless steel for four conditions: (1) as-received (AR), (2) 
hydrogen pre-charged (PC), as well as the AR material in (3) 10 MPa and (4) 103 MPa external gaseous hydrogen. 
The lines on the plots represent fits to the AR data (black) and the 95 pct. confidence interval of the fit fatigue-life 
(red) presented following the Basquin equation.  Shaded symbols with arrows represent test conditions that did not 
result in failure. Notched specimens with Kt~3.9 [17]. 
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hydrogen on the performance of 316L steel appears to be more 
severe than pre-charging with internal hydrogen.  Alternately, 
for the 21Cr-6Ni-9Mn steel pre-charging and testing in 10 MPa 
(1.45 ksi) external hydrogen had little affect on the fatigue-life, 
while testing in 103 MPa (15 ksi) gaseous hydrogen reduced 
the fatigue-life of the steel.   

The measured stress-life results must be considered in the 
context of how hydrogen affects the mechanical behavior of 
austenitic stainless steels.  In particular, the tensile stress-strain 
behavior of the 21Cr-6Ni-9Mn showed essentially no change in 
the uniform deformation region in external hydrogen and 
negligible changes in the work hardening rate after hydrogen 
pre-charging while the 316L displayed only modest changes in 
the low strain work hardening after hydrogen pre-charging.  
Furthermore, the fatigue-life data in Figure 1 suggest that the 
underlying relationship (i.e. fitting the data following Eq. 1) 
governing the limiting life at an imposed maximum stress was 
unaltered by either internal or external hydrogen.  The fit 

b-exponent value represents the sensitivity of the observed 
fatigue-life to changes in the imposed loading conditions.  For 
both steels and the four experimentally observed environmental 
conditions, relatively small changes in the fit b-exponent values 
were obtained (Table 3) with the conditions in hydrogen 
displaying a slightly lower b-exponent than the fit to the 
as-received data.  The consistency between the b-exponents 
with internal and in external hydrogen suggests similarity 
between these conditions and that a relationship between them 
should exist. 

The only pronounced change in tensile properties in either 
steel in the presence of hydrogen was the increase in yield 
strength after hydrogen pre-charging.  Since fatigue-life 
generally increases with increasing yield strength [20], it is 
necessary to consider the differences in the flow stress between 
the various hydrogen conditions when assessing the measured 
fatigue data.  Additionally in notched specimens, the extent of 
the local plasticity adjacent to the notch, which is presumed to 
govern the fatigue-life [21]–[25], will be determined by the 
ratio of the maximum applied stress to the material yield stress, 
as well as the notch geometry.  

In order to account for the local stress environment in a 
given fatigue test, the measured fatigue data can be replotted 
normalizing the maximum stress by the hydrogen dependent 
yield strength (i.e. SM/YS).  The measured stress-life data are 
plotted using the yield strength normalized maximum stress as 
the ordinate axis in Figure 2a and Figure 2b for the 316L and 
21Cr-6Ni-9Mn, respectively.  The macroscopic YS was 
assumed to be unaffected by external hydrogen based on 
previous experimental studies [4], [5] as well as the YS data in 
Table 2.  The measured YS for the pre-charged condition 

Table 3 - Basquin Parameters 

Alloy ID Condition b-exponent sf (MPa) 

316L & 
21Cr-6Ni-9Mn AR -0.15 2520 

316L 
PC -0.18 3100 

External H2 -0.17 2510 

21Cr-6Ni-9Mn 
PC -0.17 2920 

103 MPa H2 -0.16 2140 
 

  
Figure 2 Room temperature tension-tension stress-life fatigue curves plotted as a function of the maximum 
imposed stress normalized by the hydrogen-dependent yield strength of (a) 316L and (b) 21Cr-6Ni-9Mn stainless 
steel for four conditions: (1) as-received (AR), (2) hydrogen pre-charged (PC), as well as the AR material in (3) 
10 MPa and (4) 103 MPa external gaseous hydrogen.  The lines on the plots represent fits to the AR data (black) 
and the 95 pct. confidence interval of the fit fatigue-life (red) presented following the Basquin equation.  Shaded 
symbols with arrows represent test conditions that did not result in failure. Notched specimens with Kt~3.9 [17]. 
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(Table 2) was used to normalize the fatigue data measured from 
pre-charged samples.  The regression lines in Figure 2 are the 
same fits as were plotted in Figure 1 but are scaled to the 
appropriate YS from Table 2 for 316L and 21Cr-6Ni-9Mn 
respectively. 

In 316L, accounting for the increase in YS due to hydrogen 
pre-charging aligns the results from pre-charged specimens 
with the results from testing in external hydrogen, all three data 
sets with hydrogen clearly occupy a single band below the 
lower bound confidence limit of the average life of the 
as-received condition.  Likewise, accounting for the condition 
dependent YS of 21Cr-6Ni-9Mn stainless steel aligns the PC 
results with the tests in 103 MPa (15 ksi) external hydrogen; 
these two conditions represent the lower-bound fatigue-life in 
Figure 2b. 

While the data in Figure 2b clearly show a decrease in the 
fatigue-life of 21Cr-6Ni-9Mn in the hydrogen pre-charged 
condition and in 103 MPa (15 ksi) external hydrogen, the 
relatively limited data in gaseous hydrogen at 10 MPa 
(1.45 ksi) are within the confidence interval of the as-received 
fatigue-life.  There are several possible explanations for the 
difference in stress-life performance between the investigated 
alloys as a function of gas pressure.  The dissimilarity in the 
pressure sensitivity may arise from changes in the 
hydrogen-surface interactions between the two alloys.  
Hydrogen ingress may be may be more sensitive to pressure in 
21Cr-6Ni-9Mn compared to 316L, resulting in greater 
sensitivity to external hydrogen pressure.  Alternatively, 
strain-assisted martensite formation in 316L stainless steels has 
been suggested to act as a rapid pathway for hydrogen transport 
[26], [27] and has also been observed to display a synergistic 
interaction with hydrogen adjacent to fatigue cracks [13], [15], 
[26], [28], [29].  In contrast, the 21Cr-6Ni-9Mn does not form 
strain-induced alpha prime martensite, eliminating this 
microstructural feature related to observed hydrogen 
interactions.  Changes in long-range transport, local crack 
environment, or hydrogen ingress may result in changes in the 
sensitivity to external hydrogen pressure.  Additional testing is 
required to clarify the role of hydrogen pressure on the 
stress-life in austenitic steels. 

Having established analogies between the limiting fatigue 
behavior with internal and in external hydrogen, it is 
informative to directly compare the relative environmentally 
assisted degradation of the fatigue strength between the 
investigated alloys.  One means to compare alloys is to 
calculate a safety factor multiplier (SFM) as suggested in the 
CHMC1-2014 standard [30].  This standard predicates that the 
effects of hydrogen on fatigue can be incorporated into existing 
design factors by calculating relative fatigue performance as a 
multiplier to the nominal safety factor of a component (e.g. the 
SFM).  The SFM is determined by the maximum value of either 
the ratio of the imposed fatigue stress in air to a relevant 
hydrogen environment at various fatigue lifetimes between 103 
and 105 cycles or the ratio of notched tensile strength in air and 
in hydrogen (notched tensile tests are not considered here). 

Figure 3 shows the calculated safety factor multiplier for 
both steels in external hydrogen (solid lines) and with internal 
hydrogen (dashed lines) incorporating the adjustment for 
increased yield strength after pre-charging.  The horizontal 
dash-dot line indicates a SFM of unity where no hydrogen 
effect is measured.  Safety factor multiplier values greater than 
one indicate a decrease in the fatigue performance due to 
hydrogen.  For both the 316L and the 21Cr-6Ni-9Mn, the SFM 
increases with increasing fatigue-life.  In external gaseous 
hydrogen this results in the largest decrease in fatigue-life due 
to the presence of hydrogen at the lowest maximum stresses 
where failure was observed, i.e. maximum fatigue stresses of 
approximately 300 MPa (43.5 ksi) in the 21Cr-6Ni-9Mn and 
330 MPa (47.8 ksi) in the 316L steel.  The maximum SFM for 
the 316L is approximately 1.40 and there is no significant 
difference between the hydrogen pre-charged data and tests in 
external hydrogen.  Conversely, in the 21Cr-6Ni-9Mn, the SFM 
for the hydrogen pre-charged data and testing in external 
hydrogen are separated at high fatigue-lives, with the SFM 
calculated based on internal hydrogen resulting in the 
maximum SFM of approximately 1.35 compared to 1.23 for 
testing in external hydrogen.  However, this difference is likely 
a byproduct of scatter in the data near the endurance limit in the 
21Cr-6Ni-9Mn alloy and the relatively limited number of tests 
in gaseous hydrogen.  Overall the magnitude of the SFM for 
21Cr-6Ni-9Mn stainless steel is similar to the 316L stainless 
steel. 

 
Figure 3 Room temperature safety factor multiplier 
curves for 316L and 21Cr-6Ni-9Mn stainless steel tested 
with internal and external hydrogen.  Calculation of 
safety factor multiplier based on normalized fatigue-life 
for both conditions.  Hydrogen pressure for 
21Cr-6Ni-9Mn was 103 MPa, 316L data are from 
10 MPa and 103 MPa external gaseous hydrogen 

Most important, measurement of the fatigue-life at low 
imposed stress amplitudes around near 'infinite' life for the AR 
condition, showed the largest decrease in allowable stress at a 
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given life due to the presence of hydrogen.  Low stress 
amplitude conditions, resulting in long fatigue lives, also 
represent the most challenging and costly tests to perform in 
external hydrogen.  The reasonable coincidence of the 
stress-life curves between the various hydrogen environments 
when normalized as in Figure 2 suggests that hydrogen 
pre-charged specimens provide a method to efficiently identify 
the fatigue performance of austenitic stainless steels in the 
presence of hydrogen.  Focused experiments in external 
hydrogen could then be effectively employed to ensure material 
reliability.  However, it is important to emphasize that no 
mechanistic basis for adjustment of the fatigue life curves 
based on the hydrogen-condition dependent yield strength has 
been developed, and there are likely subtle changes in the 
fatigue crack initiation life, fatigue crack growth life, and crack 
propagation behaviors between testing with internal versus in 
external hydrogen that should be explored further. 

SUMMARY 
The stress-controlled fatigue life of circumferentially 

notched specimens of 316L and 21Cr-6Ni-9Mn austenitic 
stainless steels were compared for four environments: (1) in the 
as-received condition, (2) after hydrogen pre-charging, in 
external gaseous hydrogen at pressure of (3) 10 MPa (1.45 ksi) 
and (4) 103 MPa (15 ksi). The following observations can be 
made: 

1) The fatigue performance of the as-received (i.e. no 
intentional hydrogen additions) 316L and 21Cr-6Ni-9Mn 
steels in air were indistinguishable. 

2) The fatigue-life of 316L was reduced by the presence of 
both internal and external hydrogen. The decrease in life 
was essentially independent of pressure in the range of 
10 MPa (1.45 ksi) to 103 MPa (15 ksi), while hydrogen 
pre-charging resulted in a smaller absolute decrease in the 
fatigue-life. 

3) The fatigue-life of 21Cr-6Ni-9Mn stainless steel was only 
reduced during testing in 103 MPa (15 ksi) external 
hydrogen; tests performed in 10 MPa (1.45 ksi) and after 
thermal pre-charging were within the 95 pct. confidence 
interval of the average fatigue-life with no added 
hydrogen. 

4) Normalization of the maximum cyclic stresses by the 
yield strength accounted for the effects of pre-charging on 
the stress-life data.  This normalization resulted in 
convergence between the measured stress-life behavior in 
103 MPa (15 ksi) external hydrogen and with internal 
hydrogen; these data appear to represent the lower-bound 
room temperature fatigue behavior for testing at 1 hz.  
Fatigue testing of thermally pre-charged specimens then 
appears to be a viable means to efficiently screen the 
fatigue performance of candidate alloys for hydrogen 
service.  

5) Comparisons of environmentally-assisted degradation of 
fatigue-life of 316L and 21Cr-6Ni-9Mn steels suggests 
that they are similarly affected by hydrogen, with a 

calculated maximum safety factor multiplier of 1.4 and 
1.35 for the two alloys, respectively. 
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