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ABSTRACT

Austenitic stainless steels are used extensively in harsh environments, including for high-pressure
gaseous hydrogen service. However, the tensile ductility of this class of materials is very sensitive to
materials and environmental variables. While tensile ductility is generally insufficient to qualify a
material for hydrogen service, ductility is an effective tool to explore microstructural and environmental
variables and their effects on hydrogen susceptibility, to inform understanding of the mechanisms of
hydrogen effects in metals, and to provide insight to microstructural variables that may improve relative
performance. In this study, hydrogen precharging was used to simulate high-pressure hydrogen
environments to evaluate hydrogen effects on tensile properties. Several austenitic stainless steels were
considered, including both metastable and stable alloys. Room temperature and subambient temperature
tensile properties were evaluated with three different internal hydrogen contents for type 304L and 316L
austenitic stainless steels and one hydrogen content for XM-11. Significant ductility loss was observed
for both metastable and stable alloys, suggesting the stability of the austenitic phase is not sufficient to
characterize the effects of hydrogen. Internal hydrogen does influence the character of deformation,
which drives local damage accumulation and ultimately fracture for both metastable and stable alloys.
While a quantitative description of hydrogen-assisted fracture in austenitic stainless steels remains
elusive, these observations underscore the importance of the hydrogen-defect interactions and the
accumulation of damage at deformation length scales.

1.0 INTRODUCTION

Hydrogen is known to affect the tensile properties of austenitic stainless steels, particularly reducing
ductility when exposed to external (gaseous) hydrogen or when internal hydrogen is present [1].
Evaluating the effects of hydrogen on austenitic stainless steels is confounded by the extremely slow
diffusivity of hydrogen in this class of alloys [2], as hydrogen must diffuse into the material and interact
with the microstructure to induce hydrogen-assisted fracture. Slow strain rate tensile (SSRT) testing is
typically used to address this kinetic effect [3, 4], however, the transport of hydrogen in austenitic
stainless steels remains limited on the time scale of even the slowest tensile tests. Hydrogen precharging
to achieve a uniform concentration of internal hydrogen ensures that hydrogen is present in the material,
potentially circumventing the limitation of hydrogen transport during the test. There are clear examples
of the importance of kinetic effects on evaluation of hydrogen effects in austenitic stainless steels; for
example, A-286 shows no effect of external hydrogen in SSRT tests [5-8], while hydrogen-assisted
fracture is evident in long-term fracture tests on A-286 in external hydrogen [9-11]. Additionally, tensile
ductility is significantly degraded when A-286 is hydrogen-precharged to a known internal hydrogen
concentration [12], which mitigates the kinetic effects apparent with external hydrogen. Internal
hydrogen, on the other hand, also affects the measurement, since a high concentration of internal
hydrogen increases the flow stress of these steels [1, 13]. Internal hydrogen, for example, can increase
the apparent fatigue life of austenitic stainless steel [14], although when the effect of internal hydrogen
on strength is used to normalize the data, this apparent improvement on fatigue life is found to be absent
[15-17]. Additionally, recent work on fatigue crack growth has shown marked differences in the fatigue
damage and crack growth rates between tests with internal and external hydrogen under specific
conditions [18]. While internal hydrogen should not be used as a blind substitute for testing in external
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hydrogen environments, previous work has shown consistent tensile trends for testing in external and
internal hydrogen [1]. In this study, internal hydrogen concentration and temperature are used to assess
the effect that environmental and microstructural variables have on hydrogen-assisted fracture.

Hydrogen concentration can be considered a surrogate for hydrogen pressure, since the equilibrium
hydrogen concentration is related to the square root of hydrogen fugacity, which is related to hydrogen
pressure (see Ref. [2] for a discussion of hydrogen fugacity, hydrogen solubility, and equilibrium
hydrogen concentration with specific reference to austenitic stainless steels). The microstructural
variables considered in this study are strength and composition. Hydrogen effects on annealed
metastable austenitic stainless steels have been extensively reported in the literature [1, 13, 19, 20],
while the effects of hydrogen on strain-hardened austenitic stainless steels have been less studied [13,
21, 22]. In this study, forged (strain-hardened) materials are considered. In addition to strength, the role
of composition and austenite stability on hydrogen effects are evaluated. Hydrogen effects on two
metastable alloys (type 304L and 316L) with different austenite stabilities are compared to a stable
austenitic stainless steel (XM-11).

2.0 EXPERIMENTAL PROCEEDURES
2.1 Materials

Two metastable austenitic stainless steels are considered in this study, type 304L and type 316L, both
in the forged condition. The type 304L and 316L were forged as described in Ref. [23] to achieve a
target yield strength of approximately 450 MPa. Additionally, a stable austenitic stainless steel called
XM-11 is evaluated in both the forged and the annealed conditions. XM-11 (often referred to by its
tradename Nitronic 40 or as 21Cr-6Ni-9Mn) is a nitrogen-strengthened austenitic stainless steel with an
annealed yield strength almost twice the value of annealed 304L and 316L. The annealed XM-11 was
acquired as bar with a nominal diameter of 63 mm. The XM-11 forgings were produced from a different
heat of material and forged by side-striking bar in several steps to produce a spherical, cup-like shape
where the grain flow follows the contour of the shape. The target yield strength of the forged XM-11
was approximately 650 MPa. The composition of these four alloys is provided in Table 1.

Table 1. Composition of the austenitic stainless steels reported in this study.

Designation Fe Cr Ni Mn Mo Si C N S P
304L Bal | 1964 | 106 | 162 | — | 065 | 0.028 | 0.04 | 0.0042 | 0.2
316L Bal | 1675 | 12.68 | 064 | 28 | 062 | 0.020 | 0.04 | 0.0023 | 0.008

11 Bal | 2106 | 716 | 911 | — | 053 | 0.031 | 028 | 0001 | 0015
(forged)
XM-11
Bal | 1927 | 682 | 903 | — | 039 | 0.022 | 025 | <0.001 | 0.017
(annealed bar)

2.2 Hydrogen environment

Tensile specimens were thermally hydrogen precharged to achieve uniform hydrogen concentration. All
precharging was conducted at 300°C in gaseous hydrogen for more than 10 days. Precharging was
conducted in batches at different pressures to achieve nominally 50, 100 and 140 wt ppm of hydrogen
in the 304L and 316L specimens, based on solubility estimates from Ref. [2]. XM-11 has a greater
solubility for hydrogen than the 300-series alloys and was only precharged at the highest pressure (138
MPa). The nominal hydrogen concentration in the XM-11 was about 220 wt ppm.



2.3 Tensile measurements

Tensile specimens conformed to ASTM E8 subsized geometry with a gauge diameter of 4 mm. An
extensometer with a gauge length of 12.7 mm was used to determine strain during testing. All testing
was conducted at a constant displacement rate of 1.27 mm/min, which corresponds to a measured strain
rate in the extensometer gauge length of about 5 x 10 s, Tests were conducted on a servo-hydraulic
test frame in laboratory air at room temperature (293 K) and in an environmental test chamber at -50°C
(223 K) using cryogenic nitrogen to control the temperature. The 0.2% offset yield strength (Sy),
ultimate tensile strength (Su), uniform elongation (Elu: strain at maximum load), total elongation (Elt:
strain at failure in 12.7 mm gauge length), and reduction of area (RA) are reported. The reported values
represent averages of at least two tensile tests for each condition. In some cases, tests were interrupted
at strain values of 5% or 20% (yield strength from the interrupted tests are not included in the
summarized test results, but were consistent with the reported values).

2.4 Strain-induced martensite

Strain-induced o’-martensite was measured on tensile specimens after testing using a commercial ferrite
measurement device (Feritscope from Fischer). It should be noted, this device measures the magnetic
signature of the test piece, thus strain-induced g-martensite cannot be measured in this way — although
the e-martensite phase is certainly present, as reported for similar materials [24, 25]. Measurements were
made near the middle of the gauge section of the specimens that were not strained to failure. For
specimens that were strained to failure, measurements were made in the uniformly deformed gauge
length away from the necked region on both halves of the broken specimens. Reported values represent
an average of at least 8 individual measurements. The magnetic measurements represent ferrite
equivalent and were converted to mass percent of a’-martensite by multiplying by a factor of 1.7 as
recommended in Ref. [26]. The percentage of strain-induced o’-martensite content is presented as a
function of strain for each individual tensile test; in the case of the fractured specimens, the strain is
reported as the uniform elongation (since the measurement was conducted in the uniformly strained
region of the gauge length).

3.0 RESULTS
3.1 Tensile properties

The tensile properties of the forged type 304L are provided in Table 2. Strength properties of type 304L
increase with greater hydrogen content (Figure 1a), while the ductility properties (elongation and RA)
generally decrease with greater hydrogen content. The same trends are apparent for forged type 316L,
as shown in Table 3. The yield strength of the type 304L decreases slightly at low temperature (223 K),
while the yield strength of the type 316L increases at low temperature. However, in both cases, the
tensile strength increases at the lower temperature. The reduction of area is plotted in Figure 1b as a
function of hydrogen content for these two alloys at both room temperature and low temperature. The
RA decrease approximately linearly with internal hydrogen content and with the same slope for the type
304L at both temperatures and the type 316L at room temperature. The type 316L at low temperature,
in contrast, shows a greater reduction of RA with hydrogen content. The dashed trendlines in Figure 1
are provided to emphasize these trends.

The tensile properties of forged and annealed XM-11 are provided in Table 4 and Table 5 respectively.
As typical of austenitic stainless steels, the strength properties of XM-11 increase with internal
hydrogen, while the ductility properties decrease with internal hydrogen. XM-11 is substantially
stronger than the 300-series alloys; annealed XM-11 has a similar strength as the forged 304L and 316L
in this study, while the forged XM-11 displays a yield strength about a third greater than the annealed
material. Temperature has a greater effect on the strength properties of XM-11 than on the 300-series
alloys.



Nickel content (or nickel equivalence) is a common metric for comparing austenitic stainless steels [1,
13, 27], because nickel content plays a principle role in the character of deformation as well as the
stability of the austenite. The RA is plotted as a function of nickel content in Figure 2 for all the alloys
at both test temperatures; only data corresponding to the highest hydrogen content (140 wt ppm) is
plotted in this figure. The RA of the non-charged materials are greater than 0.70 and typically greater
than 0.80. The RA of type 304L with internal hydrogen is lower than type 316L consistent following
the well-established trend that hydrogen effects are greater for alloys with lower nickel content.
Additionally, the effect of hydrogen is greater at low temperature for these two alloys, as well as for the
XM-11. On the other hand, XM-11 does not follow the trend with nickel content. XM-11 has
substantially lower nickel content than 304L but displays greater RA with internal hydrogen, although
the RA of XM-11 with internal hydrogen is smaller than the type 316L in this study.

3.2 Strain-induced martensite

The mass percent of strain-induced o’-martensite as a function of strain is shown in Figures 3 and 4 for
type 304L and 316L respectively. At room temperature, the amount of strain-induced o’-martensite
after >40% strain is relatively modest: less than about 3% for type 304L and less than 1% for type 316L.
At low temperature, on the other hand, the amount of a’-martensite is greater than 50% in the type 304L,
while less than 20% in the type 316L. These differences reflect the greater austenite stability of type
316L compared to the type 304L (primarily associated with the higher nickel content of the type 316L
[28]). In contrast, the XM-11 alloy generally does not show significant transformation to o.’-martensite
[25].

The hydrogen content also has a significant effect on the strain-induced transformation to martensite for
both type 304L and 316L. For relatively low fractions of o’-martensite, the amount of transformation
increases with hydrogen content; this trend is particularly clear for type 304L near 50% strain at room
temperature. The tendency for hydrogen to promote strain-induced o’-martensite is also apparent for
type 316L. For tests at low temperature, the amount of a’-martensite is significantly greater than a room
temperature. Hydrogen promotes a’-martensite in type 316L, although the trend with hydrogen content
is less clear than in type 304L due to specimen-to-specimen variability of the data and the different
strains achieved in the tests (which represent the variability of the uniform elongation, except for
interrupted tests at 5% and 20% strain). In the type 304L at low temperature, the trend is inversed:
hydrogen appears to suppress the formation of a’-martensite. Additionally, this inverse effect appears
to occur particularly when more than 20% of the material transforms. In other words, in the limit of low
fractions of martensitic transformation (< 20%), hydrogen enhances the formation of o’-martensite,
while for large fractions of transformation (> 20%), hydrogen suppresses the formation of o.’-martensite.

4.0 DISCUSSION
4.1 Environmental effects (hydrogen concentration and temperature)

Austenitic stainless steels have been shown to display enhanced hydrogen effects at low temperature, in
particular near temperature of 223 K. The trend with temperature in this study is generally consistent
with literature results [29]: at low temperature the effect of hydrogen on RA is significantly greater than
at room temperature (Figure 1). Interestingly the difference in RA between tests at room temperature
and 223K with the highest hydrogen content is approximately the same for all materials tested in this
study (Figure 2). This trend with temperature is consistent for type 304L at all hydrogen concentrations
in this study; in other words, for type 304L, the difference of RA between room temperature and 223 K
is approximately the same (about 0.2) at each internal hydrogen concentration. In contrast, the effect of
temperature on hydrogen effects on type 316L depends on the hydrogen concentration: for example,
with 50 wt ppm hydrogen, RA of type 316L is about the same (0.64-0.70) at both temperatures, while
with 140 wt ppm hydrogen, the RA of type 316L is 0.56 and 0.37 at room temperature and 223 K
respectively. This observation suggests that the effects of hydrogen on more hydrogen-resistant alloys
(such as 316L) are more sensitive to hydrogen concentration at low temperature (steeper slope in Figure
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1b), compared to room temperature. Presuming that internal hydrogen concentration represents pressure,
tests at low pressure (concentration) cannot be universally extrapolated to higher pressure
(concentration). In other words, if ductility is used to assess performance in hydrogen, ductility should
be measured over the full range of environmental conditions (in particular, at the highest
pressure/concentration and lowest temperature).

4.2 Microstructural effects (strength and composition)

The results for strain-hardened type 304L and 316L presented here are consistent with the literature of
annealed austenitic stainless steels and show that the trends of hydrogen effects on annealed materials
can be extended to forged (strain-hardened) materials as well. Comparison of annealed and strain-
hardened type 316L with internal hydrogen previously showed similar RA despite large differences in
strength [13]. Similar trends were established for strain-hardened and annealed type 304L austenitic
stainless steel tubing [30, 31]. These observations are underscored here by comparison of the RA for the
XM-11 forged and annealed materials: the RA is approximately the same despite a difference in yield
strength of nearly 50%. Indeed, similar ductility is reported in the literature for other XM-11 forgings
with internal hydrogen [21]. In summary, hydrogen effects on RA in tensile testing of austenitic stainless
steels is relatively insensitive to the strength of the alloy for similar alloy composition.

The generalization that type 304L is more susceptible to hydrogen than 316L is often interpreted through
the lens of austenitic stability, or the amount of strain-induced martensite [3, 27]. In particular, nickel
has a strong influence on austenite stability in austenitic stainless steels (along with the interstitial
elements: carbon and nitrogen). Therefore, nickel equivalence has been used in the literature to correlate
austenite stability with susceptibility to hydrogen from tensile ductility measurements [3, 27]: alloys
with lower nickel equivalent being more susceptible to the effects of hydrogen and less stable with
respect to the formation of strain-induced martensite. Indeed, for a relatively narrow compositional
range of this class of alloys, nickel equivalence seems to correlate with the loss of tensile ductility
associated with hydrogen [3, 27]. Hydrogen effects on ductility can even be manifested locally in
materials with compositional macrosegregation of nickel [32, 33]. In most cases, these trends are
interpreted as nickel equivalence representing the role of strain-induced martensite (i.e., austenitic
stability) in promoting hydrogen-assisted fracture in austenitic stainless steels. The view that strain-
induced martensite is implicated in hydrogen-assisted fracture is superficially bolstered by the
generalization that martensitic alloys tend to be more sensitive to hydrogen effects than austenitic alloys
(and without consideration for the compositional and structural differences between strain-induced
martensite and martensitic alloys). However, when nitrogen is added to alloys to reduce the propensity
to form strain-induced martensite (i.e., improve austenite stability), the correlation between hydrogen
effects and nickel equivalence is not maintained [34]. In other words, the supposed correlation between
strain-induced martensite and hydrogen degradation is not general. Data in this report support this
assertion: H-precharged type 316L at low temperature shows similar ductility as H-precharged type
304L at room temperature, despite a much larger fraction of stain-induced o’-martensite in the type
316L at low temperature. In other words, for the same hydrogen effect on ductility, the amount of o’-
martensite is substantially different between these two alloys, which implies that strain-induced
martensite is not sufficient to explain these results. Additionally, XM-11 shows greater susceptibility to
hydrogen than type 316L, despite no measurable strain-induced o’-martensite in the more hydrogen-
susceptible XM-11. In summary, ductility loss due to hydrogen in the tested materials does not correlate
well with the amount of strain-induced o’-martensite.

4.3 Hydrogen-deformation interactions

The observed trends show that the often presumed hydrogen susceptibility of strain-induced o’-
martensite is, at least, not sufficient as a general explanation of hydrogen effects in austenitic stainless
steels. Viewed more critically, these observations suggest that martensitic transformations may not play
a dominant mechanistic role in the hydrogen susceptibility of austenitic stainless steels. It seems
necessary to consider other mechanisms of hydrogen-induced degradation in austenitic stainless steels
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to better align observations with proposed mechanisms of fracture. Strain-induced martensite, for
example, is a consequence of the deformation character in austenitic stainless steels rather than
determining the deformation character of the austenite, or the micromechanisms of fracture. In other
words, the strain-induced martensite reflects the underlying deformation processes in the austenitic
phase and does not reflect the fracture process in a straightforward way. (Of course, the strain-induced
martensite does change the mechanical response of the material: large amounts of strain-induced
martensite can harden the material as demonstrated by a positive inflection in the stress-strain curve, but
this hardening does not imply a fundamental change in the deformation character of the austenitic
phase.) Since the amount of strain-induced martensite is a consequence of the character of deformation
in the austenite, it is not trivial to isolate the micromechanisms of deformation from the influence of
martensite on the material’s mechanical response in the presence of hydrogen. Comparison of the trends
between stable and metastable alloys, however, can help decouple the influence of deformation from
the role of strain-induced martensite (austenite stability) on the observed effects of hydrogen.

Nickel and nitrogen strongly influence the austenite stability, and these elements also influence the
deformation character of austenitic stainless steels. While nickel tends to promote uniform deformation,
nitrogen has an ambiguous influence on deformation for 300-series alloys, and promotes planar
deformation in high-nitrogen alloys, such as XM-11. Stacking fault energy (SFE) is one metric that
describes the deformation character of these alloys, although other characteristics often dominate the
deformation character and the observed effects of hydrogen [35]. Low-SFE alloys, for example, tend to
feature planar deformation structures, such as twinning, as observed for type 304L and XM-11, while
comparatively high-SFE alloys, such as type 316L, feature more uniform deformation structures
(although carbides, short-range ordering, and coherent precipitation can promote planar deformation
structures [35]). In general, planar deformation structures correlate with greater susceptibility to
hydrogen for both metastable and stable austenitic alloys, suggesting hydrogen-deformation interactions
are the principle source of hydrogen-assisted fracture (regardless of the presence of strain-induced o.’-
martensite).

Hydrogen appears to promote the planar deformation structures and strain-induced martensitic
transformations seem to be an indicator of this behavior. For example, o’-martensite forms at the
intersection of slip bands. Since hydrogen promotes planar deformation structures, hydrogen can
promote the formation of strain-induced o’-martensite as described in Figures 3 and 4 when the
percentage of martensite is relatively low (<20%). This observation is in contrast to literature reports
[36], which find internal hydrogen suppresses the formation of o’-martensite, although a similar trend
is observed here when the amount of o’-martensite is high (>20%). The differences in these trends likely
reflect the importance of additional factors (such as the stress state, deformation rate, etc.). Nevertheless,
for quasistatic uniaxial loading, we hypothesize that the formation of o’-martensite is promoted by a
greater concentration of slip band intersections due to hydrogen’s propensity to enforce planar
deformation. With the accumulation of greater amounts of o’-martensite, however, we can further
hypothesize that the hydrogen begins to stabilize the austenite in the same way that other interstitials
(such as carbon and nitrogen) stabilize austenite. In both the stable and metastable alloys, hydrogen
prevents the relaxation of stress associated with planar deformation at high accumulated strain, thus
inducing damage accumulation at slip plane intersections (precisely the location of the o’-martensite in
the metastable alloys) as described in Ref. [22]. Therefore, in this view, hydrogen-assisted fracture is
the result of the influence of hydrogen on local deformation characteristics similarly for both stable and
metastable alloys.

5.0 CONCLUSIONS

e Internal hydrogen strengthened all the alloys in this study approximately linearly with hydrogen
concentration.

e Tensile ductility decreased with hydrogen concentration for all tested alloys. Testing at low
temperature with internal hydrogen resulted in a loss of reduction of area that was approximately
the same for all alloys (at the highest hydrogen concentration).
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e Internal hydrogen enhanced strain-induced o’-martensitic transformations when total
transformation was less than about 20%. When greater transformation occurred (as observed
for highly strained type 304L at low temperature) hydrogen suppressed the strain-induced o’-
martensitic transformation.

e Correlation between o’-martensitic transformation and ductility loss with hydrogen was not
observed. Similar reduction of area was observed for type 316L with large fraction of o’-
martensite and type 304L with small fraction of transformation. Moreover, the stable XM-11
alloys showed substantial loss of ductility in the absence of measurable strain-induced o.’-
martensite.

e Taken together, these observations suggest that martensitic transformations reflect the
deformation character of metastable alloys and the effects of hydrogen on deformation, rather
than governing the micromechanisms of fracture.
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Table 2. Mechanical properties for forged 304L austenitic stainless steel.

Temperature
X)

[H]
(wt ppm)

Yield
Strength
(MPa)

Tensile
Strength
(MPa)

Uniform
Elongation
(%)

Total
Elongation
(%)

Reduction
of area

293

Non-
charged

436

611

50

69

0.85

50

460

642

46

63

0.52

100

483

669

44

55

0.43

140

488

680

44

49

0.40

223

Non-
charged

398

845

48

68

0.81

50

412

857

41

41

0.29

100

415

776

26

26

0.21

140

433

775

20

20

0.19




Table 3. Mechanical properties for forged 316L austenitic stainless steel.

Yield Tensile Uniform Total ;
Temperature [H] . . Reduction
(K) (it ) Strength | Strength | Elongation | Elongation of arca
(MPa) (MPa) (%) (%)
Non- 422 571 50 70 0.84
charged
50 441 597 54 73 0.64
293
100 445 613 55 74 0.61
140 463 625 55 72 0.56
Non- 457 748 56 79 0.85
charged
50 470 778 56 75 0.70
223
100 478 804 52 64 0.46
140 495 828 48 51 0.37
Table 4. Mechanical properties for forged XM-11 austenitic stainless steel.
Temperature [H] Yleldh Tens1leh EllJnlform El Total‘ Reduction
(K) (7 Bp) Strengt Strengt ongation ongation of area
(MPa) (MPa) (%) (%)
Non- 674 830 25 48 0.76
293 charged
220 758 912 30 46 0.45
Non- 804 1048 33 51 0.71
223 charged
220 860 1135 28 29 0.25

Table 5. Mechanical properties for annealed XM-11 austenitic stainless steel.

Yield

Tensile

Uniform

Total

TemI(JIegature (wt[H] ) Strength | Strength | Elongation | Elongation Rzﬁﬁfn
PP (MPa) (MPa) (%) %)
Cfll\il(r)géd 457 753 44 65 0.83
293
220 547 829 44 60 0.47
chaed |5 961 4 - T
223
220 651 1030 31 33 096
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Figure 1. Yield strength (a) and reduction of area (b) as a function of hydrogen content for type 304L
and 316L, tested at temperature of 223K and 293K (room temperature).
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Figure 2. Reduction of area as a function of nickel content for all four tested austenitic stainless steels
with the highest concentration of hydrogen, tested at temperature of 223K and 293K (room

temperature).
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Figure 3. Estimated mass percentage of o’-martensite with strain in 304L (a) for internal hydrogen
content ranging from non-charged (OH) to 140 wt ppm (140H) at temperature of 223K and 293K
(room temperature). Scale of mass% between 0 and 5% is amplified in (b).
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Figure 4. Estimated mass percentage of o’-martensite with strain in 316L (a) for internal hydrogen
content ranging from non-charged (OH) to 140 wt ppm (140H) at temperature of 223 K and 293K
(room temperature). Scale of mass% is split to amplify low mass% regime in (b).
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