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High Mn austenitic steels are considered an economical alloy system for hydrogen storage and transport ap-
plications. This study used stacking fault energy (SFE) as a design parameter to achieve hydrogen embrittlement
(HE)-resistant high Mn austenitic alloys. The role of hydrogen on the deformation mechanisms of low (29 mJ/
m?) and high SFE (49 mJ/m?) alloys was evaluated through in-situ neutron diffraction during tensile loading.
Hydrogen-precharging increased yield strength, partly due to hydrogen-induced lattice distortion (i.e., solute
strengthening). Hydrogen accelerated the increase in defect density, including dislocations and stacking faults.
The formation of planar deformation structures (twins and stacking faults), relative to dislocations, plays a
critical role in promoting hydrogen-assisted fracture. The stacking fault frequency parameter obtained from
neutron diffraction quantifies planar deformation tendencies, correlated with HE sensitivity. The higher SFE
alloy exhibited greater resistance to HE, associated with the reduced propensity to form stacking faults and twins
upon deformation in the hydrogen-precharged condition.

1. Introduction

To reduce costs associated with hydrogen (H) transport and fueling
infrastructure, it is critical to decrease the cost of alloys used for these
applications. High Mn austenitic steels may be an economical alterna-
tive to commonly utilized austenitic stainless steels with high content of
expensive alloying elements (e.g. nickel), provided that these steels can
demonstrate high resistance to embrittlement under extreme gaseous H
charging environments.

Austenite stacking fault energy (SFE) has been proposed as a critical
design parameter for achieving HE resistance. For example, Gibbs et al.
[1] reported that an SFE of at least 40 mJ/m? is required to achieve H
embrittlement (HE) resistance in austenitic alloys relying on both Ni and
Mn stabilization of the austenite. Gibbs et al. [1] and others [2,3]
attributed the influence of SFE to its effect on deformation mechanisms,
which are closely linked with HE sensitivity. In austenitic alloys, H
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promotes localized deformation and the formation of planar deforma-
tion structures, such as twins and e-martensite, which are detrimental to
HE resistance [3]. A higher SFE reduces the likelihood of
deformation-induced twinning or martensitic transformations and thus,
increases HE resistance. In support of this mechanism, previous studies
have shown that deformation twin boundaries and their interactions
with grain boundaries are critical sites for H-induced cracking in
austenitic steels [4-7]. While the role of H in promoting localized
deformation is well-established [8,9], systematic and quantitative
analysis of interactions between H and defects is required to formalize
the correlations between SFE, deformation mechanisms, and HE mech-
anisms in austenitic alloys, including high Mn steels, designed for H
service applications.

The current study focuses on the deformation mechanisms and HE
resistance of two high Mn austenitic steels, designed to exhibit different
SFE values: one below the proposed threshold (approximately 29 mJ/
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m?) and the other above it (approximately 49 mJ, /m2). The deformation
and HE mechanisms in these two alloys are compared in non-charged
and H-precharged states using electron backscatter diffraction (EBSD)
and in-situ neutron diffraction techniques, established in recent work by
the present authors [10].

2. Experimental

The two austenitic high Mn alloys were received as hot-rolled plates,
and their compositions and corresponding SFE values are shown in
Table 1. Note that the details of the prior processing history, including
hot rolling parameters, are proprietary. In this paper, the alloys with low
(29 mJ/m?) and high SFE (49 mJ/m?) are labeled LSFE and HSFE,
respectively. The basis of the thermodynamic model used to estimate the
intrinsic SFE is given in Equation (1):

ysrE = 2p (AGy_e) + 20, Eq. 1

where yspg is the intrinsic SFE, AG,.. is the Gibbs free energy of
austenite (y) to e-martensite phase transformation, ¢ is the interfacial
energy per unit area of the phase boundary, and p is the molar surface
density of the closed-packed plane (i.e. {111} plane for austenite). The
Gibbs free energy term, AG,_,¢, contains the composition dependence of
SFE through a chemical driving force term, which is composed of both
individual element contributions to driving force as well as the inter-
action between elements. An interfacial energy value of 8 mJ/m? was
used for o, as reported by Gibbs et al. [1] and Saeed-Akbari et al. [11].
Further details regarding the computation of AG,_., and p can be found
in the M.S. thesis by Kathayat [12].

The tensile properties of the high Mn steels in an ambient environ-
ment (non-charged condition) were measured using subsize smooth
tensile specimens with a gauge length of 25.4 mm and a gauge diameter
of 3.8 mm. Tensile testing was performed at a constant displacement
rate of 0.0127 mm/s. The microstructures of the tensile specimens were
investigated using EBSD before and after testing. Before the analysis, the
specimens were mounted, mechanically ground, and polished with a
final polishing step using a vibratory polisher and colloidal silica with a
particle size of 0.02 pm. The samples were analyzed in a field emission-
scanning electron microscope (SEM) equipped with EBSD.

The in-situ deformation behavior of the alloys in the as-received, non-
charged conditions and H-precharged conditions was characterized
through neutron diffraction measurements using the Spectrometer for
Materials Research at Temperature and Stress (SMARTS) neutron
diffractometer at the Los Alamos Neutron Science Center (LANSCE). For
in-situ neutron diffraction measurements during tensile loading, a round
bar-type tensile specimen was mounted in the SMARTS instrument such
that the loading direction was oriented 135° with respect to the direc-
tion of the incident beam. This configuration allowed for simultaneous
measurement of the longitudinal and transverse strain components,
obtained from —90° and 90° detector banks, respectively. The diameter
of the specimen gauge section was 6.35 mm. A 12.5 mm-gauge length
extensometer was used to measure displacement during testing. The in-
situ tensile test was interrupted while the neutron diffraction data were
recorded under load control in the elastic regime, followed by
displacement control from the elastic-plastic transition through the
plastic regime, using a displacement rate of 0.005 mm/s. Further details
of the specimen geometry and testing methodology can be found in
another publication [10]. Thermal H pre-charging at a temperature of
300 °C was conducted in gaseous H at a pressure of ~138 MPa for 20

Table 1
Chemical compositions (wt pct) and estimated SFE of two high Mn austenitic
steels used for the current study.

Alloy Fe C Mn Cr Al Ni SFE (mJ-m~2)
LSFE Bal. 0.24 30.0 2.73 - - 29
HSFE Bal. 0.25 30.4 2.71 1.75 3.0 49
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days. The H-precharged, tensile specimens were delivered to the
LANSCE in a cryogenic package involving dry ice and stored cryogeni-
cally at —55 °C before the neutron diffraction measurement to minimize
H desorption from the samples before analysis.

3. Results and discussion

Fig. 1 shows EBSD inverse pole figure (IPF) maps and corresponding
grain size distribution histograms for the initial microstructures of the
LSFE and HSFE high Mn austenitic steels, i.e. prior to tensile straining.
The EBSD analysis indicated that the area-weighted average grain sizes
for the LSFE and HSFE alloys were 21.8 pm and 33.2 pum, respectively.
Both alloys exhibited a mixture of coarse, elongated grains and equiaxed
grains. In particular, the HSFE alloy displayed a less uniform grain size
distribution, with the histogram indicating a bimodal grain structure.

Fig. 2(a) shows a calculated SFE map for an Fe-0.25C-30Mn-xAl-yNi
system, and the nominal alloy compositions and calculated SFE values
for both the HSFE and LSFE alloys are marked on the map. This SFE map
indicates that the HSFE alloy exhibits a higher SFE than the LSFE alloy,
as SFE increases with increasing Ni and Al contents. Fig. 2(b) and (c)
show the deformed microstructures of the HSFE and LSFE alloys,
respectively, tested in the non-charged condition. The LSFE (~29 mJ/
m?) alloy exhibited extensive straight or planar features, such as
deformation twins and stacking faults, consistent with an SFE regime
(15-45 mJ/m? [13]) that promotes deformation twinning. In contrast,
the presence of planar features was limited in the deformed HSFE
microstructure, as its SFE (~49 mJ/mz) lies within a regime (>45
mJ/m> [13]) that favors dislocation glide and less planar slip. Table 2
and Supplementary Fig. S1 present the notch tensile strength (NTS) for
the alloys tested in both air and electrochemical H charging environ-
ments, indicating that compared to the LSFE alloy, the HSFE alloy
demonstrates higher HE resistance, reflected in a smaller reduction in
NTS in the H charging environment [12,14]. Fractographic analysis of
the tested specimens (Supplementary Fig. S1) supports this finding; the
LSFE alloy showed transgranular brittle fracture, including H-induced
secondary cracks, while the HSFE alloy exhibited microvoid coales-
cence, consistent with the insignificant NTS degradation.

Fig. 3(a)and (b) show true stress-strain curves for the two alloys
tested under non-charged and H-precharged conditions. The vertical
segments in the curves, marked with grey arrowheads, illustrate stress
relaxation during holds for neutron diffraction measurements. For both
alloys in the non-charged condition, the tests were interrupted before
reaching the ultimate tensile strength (UTS), i.e. these specimens did not
fracture. In contrast, the H-precharged specimens fractured due to HE
prior to reaching UTS. The H-precharged LSFE and HSFE alloys frac-
tured at true strains of 0.12 and 0.32, respectively, highlighting the
superior HE resistance of the HSFE alloy as expected due to its higher
SFE. These results are consistent with the HE tests conducted with
electrochemical H charging (Table 2), which showed a smaller H-
induced loss in NTS for the HSFE alloy.

For both alloys, H precharging resulted in strengthening, and this
effect was greater for the LSFE alloy (Fig. 3(a) and (b)). Fig. 4(a) and (b)
show the evolution of lattice strains during testing in non-charged and
H-precharged conditions of the two alloys. The H effect on the lattice
strains is consistent with the trends observed in the stress-strain curves,
suggesting that H-induced strengthening is primarily associated with H
solid solution strengthening resulting from H-induced lattice distortion.
The LSFE alloy exhibited significantly higher lattice strain for the H-
precharged condition. The HSFE alloy similarly exhibited an increase in
lattice strain at a true strain range of 0-0.03. At a true strain higher than
0.045, the non-charged and H-precharged conditions exhibited similar
lattice strains for the HSFE alloy, which is a different behavior from the
LSFE alloy.

Fig. 5 shows the influence of alloying and H charging on the austenite
lattice parameters for the LSFE and HSFE alloys in the non-deformed
conditions. Overall, regardless of the axial or transverse orientation
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Fig. 1. EBSD IPF maps (top) and histogram of grain size distribution, i.e. area fraction versus grain diameter, (bottom) for the as-received microstructures of (a) the
LSFE and (b) HSFE high Mn austenitic steels.
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Fig. 2. SFE-dependent deformation mechanisms of the HSFE and LSFE alloys, evaluated through tensile testing in the non-charged condition. (a) Room temperature
SFE map for an Fe-0.25C-30Mn-xAl-xNi (all in wt pct) austenitic alloy with varying Al and Ni concentrations. The calculated SFE values for the LSFE and HSFE alloys
are indicated in (a). EBSD image quality (IQ) and inverse pole figure (IPF) maps for the deformed microstructures of the fractured specimens of (b) the HSFE and (c)
LSFE alloys after tensile testing in air. In (b) and (c), the black and red arrowheads indicate deformation twins and thinner planar deformation structures,
respectively. The HSFE and LSFE alloy tensile specimens fractured at engineering strains of 0.34 and 0.43, respectively.

(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Notch tensile strength of high Mn austenitic alloys (LSFE and HSFE), evaluated through in-situ rising displacement testing in air
and an electrochemical H charging environment using a 0.05 M NaOH aqueous solution and a 1.65 mA/cm? current density [12,

14].
Alloy  Notch Tensile Strength in Air Notch Tensile Strength in H Charging Environment Performance Ratio (Hydrogen/
(MPa) (MPa) Air)
LSFE 854 755 0.89
HSFE 893 843 0.94

with respect to the loading axis, the HSFE alloys exhibited larger
austenite lattice parameters, likely due to the alloying effects of Ni and
Al. Compared to the LSFE alloy, the HSFE alloy, containing additional
1.75 wt % Al and 3.0 wt % Ni, showed a greater lattice parameter by
approximately 1.0 x 10~ nm as measured through neutron diffraction.
In particular, Al is known to significantly increase the austenite lattice

parameter [15,16]. H-precharging increased the lattice parameter by
0.03-0.08 % as shown in Fig. 5. The degree of increase in lattice strain
was larger for the LSFE alloy. Overall, the reason for the different de-
grees of H-induced lattice expansion and strengthening between the two
alloys is unclear and warrants further investigation.

In-situ neutron diffraction data collected during tensile testing were
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Fig. 3. True stress-true strain and curves for (a) the LSFE and (b) HSFE conditions in non-charged and H-precharged conditions, obtained during in-situ neutron
diffraction measurements. Arrowheads in (a) and (b) indicate stress relaxation during holding for neutron diffraction measurements. The H-precharged conditions for
both alloys were strained to failure, whereas the tensile tests for the non-charged conditions were interrupted before failure.
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Fig. 4. Change in lattice strains of crystallographic planes along the axial direction (parallel to the tensile axis) due to H-precharging and tensile deformation for (a)
the LSFE and (b) HSFE alloys, analyzed during in-situ neutron diffraction measurements during tensile testing of (a) the LSFE and (b) HSFE alloys.

used to quantitively analyze the H influence on the evolution of stacking
fault frequency, relevant to the degree of planar slip behavior, in the
LSFE and HSFE alloys. Fig. 6(a) shows the lattice strain for (111) and
(222) planes as a function of applied true strain for the non-charged
conditions of the two alloys. The same lattice strain data for the H-
precharged conditions are also shown in Fig. 6(b). The deviation be-
tween the (111) and (222) lattice strains at a given strain indicates the
formation of intrinsic stacking faults, as established in previous studies
[17,18]. For the LSFE alloy, this deviation occurs at a lower strain in the
H-precharged condition, i.e. at a true strain of 0.09, than in the
non-charged condition (at a true strain of 0.025), implying that H
accelerated the stacking fault frequency evolution. On the other hand,

for the HSFE alloy in the non-charged condition, there was little dif-
ference between the (111) and (222) lattice strains at a given true strain
level, suggesting an insignificant change in stacking fault density. This
observation is consistent with the EBSD results (Table 1(a)) showing that
the formation of deformation twins and stacking faults within the
deformed microstructure was limited in the EBSD results of the HSFE
alloy tested in the non-charged condition. In the H-precharged condition
(Fig. 6(b)), the deviation of lattice strains was noted at a true strain of
approximately 0.15, again confirming that H-charging facilitated
stacking fault formation. Warren [19] proposed that the degree of the
{nh,nk,nl} peak shift relative to {hkl} is proportional to the fraction of
stacking faults on {hkl} planes. For FCC crystals, this relationship can be
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Fig. 5. Change in austenite lattice parameters due to H along the axial and transverse directions for the LSFE and HSFE alloys, measured through neutron diffraction.

expressed by the following equation, correlating the difference in (111)
and (222) lattice strains with stacking fault probability (Pgg) [20]:

Ad Ad

<d—0) 222 — (d—())lll},
where dj is the interplanar spacing before deformation and Ad is the
change in interplanar spacing. Pgr represents the probability of
encountering a stacking fault between any two layers in the FCC
stacking sequence [21]. Fig. 6(c) shows the evolution of Pgr as a function
of true strain for non-charged and H-precharged conditions of both al-
loys and confirms two key findings. First, H accelerates stacking fault
formation in both the LSFE and HSFE alloys. Second, a higher SFE
generally delays the onset of deformation-induced stacking fault for-
mation to later stages of tensile straining in both non-charged and
H-precharged conditions. Notably, in the H-precharged condition, both
alloys fractured when the Pgr reached similar values of approximately
0.32-0.33, perhaps suggesting a critical role of stacking fault formation
in H-assisted fracture processes.

Unexpectedly, negative Pgp values, beyond the range of measure-
ment errors, were observed for the non-charged HSFE alloy. The origin
of these negative values is not fully understood. However, similar ob-
servations [22-24] have been reported in previous neutron diffraction
studies, and in these studies, negative PSF values were observed at low
strain levels (below 0.1) or under conditions associated with relatively
low stacking fault frequencies.

The effects of H and deformation on defect density were also inferred
from peak broadening, quantified through full width at half maximum
(FWHM) measurements using neutron diffraction data. Fig. 7 shows
FWHM values for the LSFE and HSFE alloys in four different conditions:
(i) non-charged, non-deformed, (ii) H-precharged, non-deformed, (iii)
non-charged, deformed, and (iv) H-precharged, deformed conditions.
The results shown in Fig. 7 were obtained from high-resolution
diffraction measurements that involved a longer duration of data
collection, and the details of the methodology are described in another
published work [10]. Note also that for a given alloy condition, the
specimens were deformed to a similar strain level in order to system-
atically compare the influence of H at a given deformation amount. That
is, the H-precharged LSFE alloy fractured at a true stain of 0.12, and the
non-charged condition was deformed to the same strain condition but

32z

Pop=—r
SF 3\/§

Eq. 2

did not fail. Similarly, for the HSFE alloy, the H-precharged and
non-charged conditions either fractured at or deformed to comparable
true stains of 0.32 and 0.33, respectively. In both alloy conditions, H
charging had little influence on peak broadening in the non-deformed
state, indicating negligible influence of H on initial defect density.
Deformation resulted in significant increases in FWHM values as
expected.

Interestingly, for the deformed condition, the H-precharged condi-
tions exhibited more pronounced peak broadening compared to the non-
charged conditions. This observation agrees with earlier investigations
focused on Pd alloys, which showed that deformation in the presence of
H accelerates dislocation density evolution [25]. Additionally, it was
reported that H promoted twin formation and increased the density of
geometrically necessary dislocations (GND) in single crystal 316L
stainless steel [26]. In the non-deformed conditions here (Fig. 7), the
LSFE alloy exhibited slightly higher FWHM values compared to the
HSFE alloy. After deformation, the HSFE specimens had significantly
higher FWHM values, indicating higher densities of dislocations and/or
stacking faults, due to the higher strain levels of 0.32-0.33, compared to
the LSFE specimens strained to 0.12. Notably, in the in-situ neutron
diffraction results (Fig. 6), the two alloys exhibited similar stacking fault
frequencies at their respective fracture strains in the H-precharged
condition. These observations suggest that the more pronounced peak
broadening for the HSFE specimen, compared to the LSFE specimen, is
primarily attributed to an increase in dislocation density rather than
stacking fault formation in accommodating deformation, even in the
H-precharged condition.

The fractured specimens of the H-precharged alloys, analyzed using
neutron diffraction, were characterized by EBSD (Fig. 8) and compared
to specimens fractured in the non-charged condition (Fig. 2). The pur-
pose of this analysis was to examine the critical deformation charac-
teristics near the onset of fracture in non-charged and H-precharged
conditions. The EBSD analysis focused on the cross-section of the region
near the fracture surface, and the results are shown in Fig. 8. The black
and red arrowheads in image quality (IQ) and IPF maps (Fig. 8) indicate
deformation twins and thinner planar deformation structures (i.e. nano-
sized twins or stacking faults). While the extent of planar slip behavior
could not be quantitatively assessed, a comparison of IQ maps in Fig. 8
suggests relatively small differences in the quantities of planar
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(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Full width at half maximum (FWHM) values associated with austenite diffraction peaks as a function of diffraction vector K for (a) the LSFE and (b) HSFE
alloys in non-charged and H-precharged conditions, measured during ex-situ neutron diffraction measurements using high-resolution detector bank in the SMARTS.

deformation structures between the two alloys. This observation is in
clear contrast to the conditions of the specimens fractured in non-
charged condition, where extensive planar slip behavior was observed
exclusively in the LSFE alloy (compare Figs. 2 and 8). On the other hand,
the HSFE specimen with high HE resistance exhibited a significantly
higher average density of GND (4.7 x 10'* m~2) than the LSFE specimen
(2.5x10"% m™2?) (Fig. 8(c) and (f)), consistent with the more significant
peak broadening observed for the HSFE alloy and higher strain level at
the onset of fracture. Overall, it is interpreted that the evolution of
planar deformation structures plays a more critical role than dislocation
multiplication in promoting H-assisted fracture in H-precharged
conditions.

In addition to SFE, grain size is known to influence deformation and
HE mechanisms in austenitic steels. For example, Zan et al. [27] re-
ported that grain refinement suppressed deformation twinning and
enhanced HE resistance in an Fe-22Mn-0.6C (all in wt pct)
twinning-induced plasticity (TWIP) steel. In the present study, the LSFE
alloy, which exhibited a smaller average grain size than the HSFE alloy
(Fig. 1), showed more pronounced deformation twinning and reduced
HE resistance. It is therefore interpreted that, within the grain size range
investigated, alloying-dependent SFE had a more significant influence
on HE resistance. It should be noted, however, that the influence of
bimodal grain size distributions on HE in FCC alloys is not yet well
understood in the literature, and further investigation involving sys-
tematic variations of alloying and grain size will be needed to fully
elucidate the role of microstructural factors, in combination with SFE, in
deformation and HE mechanisms in austenitic steels.

4. Conclusions

The role of H on the deformation mechanisms in low (29 mJ, /m2) and
high SFE (49 mJ/m?) high Mn austenitic steels was evaluated through
in-situ neutron diffraction during tensile loading. H charging increased
yield and flow stress and caused some embrittlement (reduced ductility)
during tensile straining of two high-Mn austenitic steels. The H-induced
strengthening is attributed to solid solution strengthening via H-induced
lattice distortion, which was less pronounced in the alloy with a higher
SFE. H accelerates the evolution of defect densities, including

dislocations and stacking faults, during deformation. The tendency to
form planar deformation structures (deformation twins and stacking
faults) relative to dislocations is suggested to play a critical role in
promoting H-assisted fracture. The stacking fault frequency parameter,
Pgg, obtained from neutron diffraction data, is an effective metric to
quantify planar deformation and its correlation with HE sensitivity in
austenitic steels. The higher SFE alloy exhibited greater resistance to HE,
likely due to the reduced propensity to form stacking faults and twins
during deformation in the H-precharged condition.
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Fig. 8. EBSD results for the deformed microstructures of the fractured specimens of the HSFE ((a) to (c)) and LSFE alloys ((d) to (e)) after in-situ tensile testing in H-
precharged conditions. EBSD (a,d) IQ maps and (b,d) IPF maps of the deformed microstructures of the fractured specimens and (c,f) corresponding geometrically
necessary dislocation (GND) density histograms. In the EBSD IQ and IPF maps, black and red arrowheads indicate deformation twins and thinner planar deformation
structures (e.g., nano-sized twins or stacking faults), respectively. The LSFE and HSFE alloy tensile specimens fractured at true strains of 0.12 and 0.32, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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