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Hydrogen and fuels derived from it will serve as the energy carriers of the future. The
associated rapidly growing demand for hydrogen energy-related infrastructure materials
has stimulated multiple engineering and scientific studies on the hydrogen embrittlement
resistance of various groups of high performance alloys. Among these, high-Mn steels have
received special attention owing to their excellent strength — ductility — cost relationship.
However, hydrogen-induced delayed fracture has been reported to occur in deep-drawn
cup specimens of some of these alloys. Driven by this challenge we present here an
overview of the hydrogen embrittlement research carried out on high-Mn steels. The
hydrogen embrittlement susceptibility of high-Mn steels is particularly sensitive to their
chemical composition since the various alloying elements simultaneously affect the ma-
terial's stacking fault energy, phase stability, hydrogen uptake behavior, surface oxide
scales and interstitial diffusivity, all of which affect the hydrogen embrittlement suscep-
tibility. Here, we discuss the contribution of each of these factors to the hydrogen
embrittlement susceptibility of these steels and discuss pathways how certain embrittle-
ment mechanisms can be hampered or even inhibited. Examples of positive effects of
hydrogen on the tensile ductility are also introduced.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Since the development of Hadfield steel in 1882 [1], high-Mn
steels have been recognized to have superior work hard-
ening capacity enabling excellent ductility-strength balance.
In particular, the development of twinning-induced plasticity
(TWIP) steels, which constitute a class of austenitic alloys
characterized by deformation driven twin and — in some cases
— martensite formation, created renewed interest in high-Mn
steels as candidate materials for manufacturing structural
parts for automobiles [2—6]. Moreover, high-Mn steels and
compositionally more complex yet related alloys with new
functions have been developed, e.g., seismic-resistant alloys
[7—9], biodegradable alloys [10—12], and high entropy alloys
[13—15]. With this background, various high-Mn steels have
been investigated regarding their mechanical response under
severe loading conditions and harsh environments such as for
instance high speed deformation [16,17], cryogenic tempera-
tures [18,19], and hydrogen atmospheres.

Currently, many countries are undertaking efforts towards
developing a hydrogen-based energy supply and consumption
chain which is capable of matching the needs of modern
mobile and industrialized societies. In this regard, the devel-
opment of hydrogen-resistant steels as well as hydrogen-
containing materials has become a bottleneck technology
required for the cost-efficient realization of hydrogen-energy-
related generation, storage and processing infrastructures.

From a viewpoint of mechanical properties when exposed
to hydrogen charging environments, the low diffusivity of
hydrogen in fcc austenite high-Mn steels, which suppresses
severe dislocation/hydrogen interactions, had been projected
to enable the development of a new class of hydrogen-
resistant structural materials. For instance, TWIP steels
indeed have higher resistance to hydrogen embrittlement
when compared to low carbon steels, martensitic steels, dual-
phase steels, and transformation-induced plasticity steels
[20—22]. However, high-Mn steels may also undergo
hydrogen-related fracture in some cases where both, severe
mechanical and hydrogen charging conditions apply, such as
occurring when the materials are subjected to a high current
density [23,24] and to heavy deformation as deep-drawing
[25—-28]. An example of hydrogen-induced delayed fracture
in high-Mn austenitic steels is shown in Fig. 1. Towards the
improvement of hydrogen embrittlement susceptibility of
high-Mn steels with high strength, it is thus inevitable to
better understand the underlying factors and mechanisms
affecting the material's resistance to hydrogen embrittlement.

A specific key strategy for enhancing the resistance of high
Mn steels to hydrogen embrittlement lies in controlling the

thermodynamic stability of the austenite phase through the
addition of Mn [29,30]. Slow strain rate tensile tests (SSRT)
were conducted using hydrogen-charged specimens of
austenitic Fe-high Mn-C steels [24,31,32] for the quantitative
evaluation of the material's hydrogen embrittlement suscep-
tibility. The SSRT results demonstrated reduction in tensile
ductility and various modes of hydrogen-assisted cracking.
Later on similar coupled compositional — mechanical studies
revealed that the vulnerability of the alloys to hydrogen-
induced delayed cracking can be improved by the addition of
Al in solid solution [25,32,33].

Despite numerous attempts to understand all the under-
lying internal damage effect, the mechanism of hydrogen
embrittlement in high-Mn steels has not yet been elucidated,
probably due to the many interacting influence factors. In
general, hydrogen embrittlement susceptibility of a given
material depends on the strength level [34,35], residual stress
[25,36], hydrogen content [37,38], and microstructural features
such as lattice defect density [39,40]. Moreover, similar to the
case of Fe-Cr-Ni austenitic stainless steels [41,42], the forma-
tion of o'-martensite is a critical factor causing hydrogen
embrittlement in high-Mn austenitic steels. In addition,
e-martensite formation, deformation twinning, strain aging,
formation of surface oxidation layers, etc. seem to affect the
material's hydrogen embrittlement susceptibility. In order to
explore the individual effects associated with these factors in
detail, several investigations with more systematic composi-
tion and microstructure control as well as pertinent simplifi-
cations of the embrittlement boundary conditions have been
presented in the past [32,43—45].

This review presents an overview of the recent extensive
fundamental studies on hydrogen embrittlement of high-Mn
steels with aim towards obtaining a comprehensive under-
standing of the hydrogen embrittlement mechanisms in these
materials. More specifically, we discuss four aspects: (1)
microstructural cracking sites and crack growth pathways; (2)
effects of segregation and its kinetics of interstitial atoms
such as hydrogen and carbon; (3) alloying element effects and
(4) microstructural and alloying approach for endowing these
steels with better resistance against hydrogen embrittlement.
All results presented in this overview were obtained at room
temperature. All alloy compositions are given in weight
percentage.

Microstructure effects assisting crack formation

Fig. 2a shows the characteristic hydrogen-induced degrada-
tion of the tensile ductility in an Fe-18Mn-0.6C austenitic
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Fig. 1 — Hydrogen-induced delayed fracture in Al-free TWIP steel and its suppression by the addition of Al [26,46]. D.R.:
drawing ratio. % refers to weight %. “©2011 De Cooman BC, Kim J, Chin K-G. Originally published by Intech in New trends
and developments in automotive system engineering under CC BY-NC-SA3.0 license. Available from: DOI. 10.5772/552”.

TWIP steel when exposed to hydrogen. Hydrogen charging
was carried out during tensile testing. Fracture occurred prior
to the onset of plastic instability, indicating the occurrence of
brittle fracture. The fracture mode of the hydrogen-charged
specimens was primarily intergranular fracture (Fig. 2b).
However, other fracture types can occur inside the martensite
phase or along its interface with the austenitic matrix. Even
when focusing on grain boundary cracking, the hydrogen-
assisted intergranular cracking behavior depends on the
microdamage density/distribution and micro-stress concen-
tration spots that are gradually building up during the
deformation-induced microstructural evolution, such as
deformation twinning. In this section, we introduce details
about the associated hydrogen-assisted cracking modes and
the evolution of the specific deformation microstructure fea-
tures that are relevant to hydrogen embrittlement.
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Fig. 3a and b shows an example of hydrogen-assisted
cracking associated with the presence of o’-martensite in an
Fe-20Mn binary alloy. In austenitic steels with low stacking
fault energy, o'-martensitic transformation occurs via
e-martensitic transformation [47,48]. This type of o'-
martensitic transformation accommodates stress concentra-
tion at the e-martensite plates and subsequently contributes
to work hardening, which provides superior tensile ductility
when hydrogen is not introduced [49,50]. However, in the
presence of hydrogen, the increased metastability of the
austenite against o’-martensitic transformation critically de-
teriorates the resistance to hydrogen embrittlement, as is well
known for Fe-Cr-Ni austenitic stainless steels [41,42]. o'-
martensite in high-Mn austenitic steels such as in the Fe-
20Mn alloy also plays a negative role on the hydrogen
embrittlement resistance, because of the occurrence of

Fig. 2 — (a) Ductility degradation in a hydrogen-charged Fe-18Mn-0.6C TWIP steel. (b) Scanning electron micrograph
showing an intergranularly fractured surface [24]. The initial strain rate is 5.1 x 10~ s~*, Alloy composition is in weight %.
“Reproduced with permission from Corros. Sci., 54, 1 (2012). Copyright 2011, Elsevier.”
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Fig. 3 — Hydrogen-assisted cracking in «’-martensite in an Fe-20Mn binary model alloy tested under hydrogen charging at a
current density of 30 A/m? in a 3% NaCl + 3 g/L NH,SCN aqueous solution [45]. (a) SEM image, (b) phase map obtained by
electron backscatter diffraction pattern (EBSD) measurements, and (c) the associated fracture surface. The corresponding

reduction in total elongation to fracture is shown later in the article in Fig. 19. Alloy composition is in weight %. “Reproduced
with permission from Metall. Mater. Trans. A, 54, 2656 (2016). Copyright 2016, The Minerals, Metals & Materials Society and

ASM International.”

cracking in or at the o'-martensite phase portions. Accord-
ingly, the fracture surface forms in a quasi-cleavage fashion,
as shown in Fig. 3c. Hydrogen-induced delayed fracture in
some high-Mn steels such as Fe-16Mn-0.6C [46] and Fe-14Mn-
0.7C-1.4A1 (28] is also associated with o'-martensite formation.

Fig. 4a shows the hydrogen-related cracks in e-martensite.
Note that e-martensitic transformation has been reported to
cause premature fracture even without hydrogen charging
[3,51-55]. Specifically, the pre-existing y/e interface, which is
parallel to ({111}, and {0002}, interrupts secondary
e-martensite growth, which causes microstructural stress
concentration at the secondary e-martensite plate tip because
of the low non-basal slip activity in e-martensite. The micro-
structural stress concentration induces preferential crack
initiation along the y/e interface [52]. Since the quasi-cleavage
fracture occurs through the coalescence of microvoids/cracks

at the interface, the fracture surface contains step-like ridges.
Hydrogen enhances the brittle-like behavior, inducing quasi-
cleavage fracture, as shown in Fig. 4b. When the austenitic
steel contains carbon, the hard e-martensite is cracked more
easily, resulting in a clearer quasi-cleavage feature [56], as
shown in Fig. 4c. However, e-martensite has a weaker effect on
the hydrogen-related degradation of tensile ductility than the
o/-martensite.

Fig. 5a shows hydrogen-assisted intergranular cracking in
a k-carbide or respectively cluster precipitation-hardened Fe-
Mn-Al-C austenitic steel. These «k-carbides are few nm small
and highly coherent non-oxidic perovskite precipitates which
form in high Mn steels with elevated Al and C content after
heat treatment [57,58]. The prevalent deformation mecha-
nism of the precipitation-hardened austenitic steel is char-
acterized by planar dislocation slip stemming from shearing

Fig. 4 — (a) EBSD phase map showing e-martensite-related cracks and (b) its associated fracture surface in a hydrogen-
charged Fe-28Mn alloy tested under hydrogen charging at a current density of 30 A/m? in a 3% NaCl + 3 g/L NH,SCN

aqueous solution [45]. Corresponding degradation in the total elongation to fracture is shown in Fig. 19. (c) Another example
of quasi-cleavage fracture in a decarburized Fe-15Mn-2Cr-0.6C steel hydrogen-pre-charged at a current density of 60 A/m?
in a 3% NaCl + 0.3% NH,SCN aqueous solution [56]. Alloy compositions are in weight %. “Reproduced with permission from
Metall. Mater. Trans. A, 54, 2656 (2016). Copyright 2016, The Minerals, Metals & Materials Society and ASM International and
from Mater. Sci. Eng. A 533, 87 (2012). Copyright 2011, Elsevier.”
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Fig. 5 — (a) Inverse pole figure (IPF) and (b) KAM maps with a hydrogen-induced intergranular crack in Fe-26Mn-11Al-1.2C
austenitic steel containing k-carbides tested under hydrogen charging at a current density of 10 A/m?, in a 3% NaCl + 3 g/L
NH,4SCN aqueous solution. (c) Intergranular crack formation is induced by slip localization [72]. The elongation is reduced
from 44% to 5% by hydrogen uptake. Alloy composition is given in weight % and deformation in the form of engineering

strains. “Reproduced with permission from Int. J. Hydrogen Energy, 39, 4634 (2014). Copyright 2013, Elsevier.”

of the «k-carbides or respectively their precursor clusters
[59—61]. This deformation characteristic plays an important
role in the intergranular cracking due to strain localization at
grain boundaries. Fig. 5b shows the Kernel average misorien-
tation (KAM) map, which serves as a qualitative measure for
the lattice curvature related plastic strain distribution [62].
The region outlined by the broken line indicates regions of
plastic strain localization around a grain boundary. This part
is magnified by the electron channeling contrast imaging
(ECCI) technique in Fig. 5c. In the ECC images, grains with an
optimized Bragg contrast appear dark because of the low in-
tensity of the backscatter electron emission [63,64]. Lattice
defects, microstructure interfaces, twins, and the second
phase locally affect the channeling contrast, and hence are
visualized in bright contrast. The white lines in Fig. Sc indicate
localized slip bands. The slip localization apparently induces
micro-void formation along the grain boundaries, which in
turn promotes grain boundary cracking. Slip localization in
this type of steel is enhanced by hydrogen uptake [65] and the
associated hydrogen-enhanced localized plasticity (HELP)
[66—68], assisting ductile fracture along the grain boundaries.
More specifically, such confined and hydrogen-enhanced
plasticity [66—68] is suggested to result in an increased den-
sity of deformation-related vacancies, which are further sta-
bilized by instantaneous decoration by the abundant
hydrogen [69,70]. These vacancies can then condensate at the
grain boundaries and at microband or respectively slip band
intersections to form hydrogen decorated, and hence stable,
nanovoids, which undergo gradual coalescence [71].

In addition to the effects associated with martensite and
slip localization, twin boundaries also play a crucial role in
hydrogen-assisted cracking. Particularly in TWIP steels,
deformation twins are intrinsically unavoidable, and hence,
understanding their influence on the underlying hydrogen
embrittlement mechanisms is essential. A corresponding
discussion is presented in the ensuing section.

Importance of =3 twin boundary: coherency and
segregation

Twin boundary cracking occurs in austenitic steels, particu-
larly in those with a high Mn content [73—77], as shown in
Fig. 6a. The crack propagates in a zigzag shaped manner along
the primary and secondary deformation twins. Twin bound-
ary cracking at cryogenic temperatures has been reported
before in austenitic stainless steels even without the presence
of hydrogen [78,79]. Such phenomena were attributed to
micro-stress concentrations occurring at the twin plate tips
adjacent to obstacle twin boundaries [78,79]. Moreover,
deformation twinning is generally known to assist inter-
granular cracking [75,80,81]. Specifically, impingement of
deformation twin plates at grain boundaries may result in
intergranular crack initiation and propagation (Fig. 6b).
Accordingly, the fracture surface of hydrogen-charged TWIP
steels shows intergranular or quasi-cleavage features, as
depicted in Figs. 2b and 6c. The quasi-cleavage fracture sur-
face contains fine plate-like surface relieves (Fig. 6¢) which is
due to the interaction between localized slip features and twin
boundaries. In addition, secondary cracks are often observed
on the fracture surface of hydrogen-charged TWIP steels due
to crack branching along other deformation twin boundaries
[73]. Since deformation twinning is required to gain superior
mechanical properties when hydrogen is not introduced, the
negative effect of twinning is unavoidable and acts as a major
factor that causes the hydrogen-assisted cracking in high-Mn
TWIP steels.

For explaining why twin boundary cracking occurs pref-
erentially in hydrogen-charged TWIP steel, the probability of
hydrogen segregation at the =3 twin boundaries must be
taken into consideration. According to ab initio simulations
(Fig. 7), hydrogen atoms have a repulsive interaction with =3
coherent twin boundaries. In contrast, thermal desorption
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Fig. 6 — Hydrogen-assisted cracking (a) along deformation twin boundaries and (b) twinning-enhanced hydrogen-assisted
intergranular cracking in an Fe-18Mn-1.2C TWIP steel tested under hydrogen charging at a current density of 9 A/m?, in a 3%
NaCl + 3 g/L NH,4SCN aqueous solution [75]. (c) A fracture surface pertaining to twin boundary cracking in Fe-23Mn-0.5C

TWIP steel hydrogen-pre-charged with high pressure (7.3 MPa) hydrogen gas [90]. Alloy compositions are given in weight %.
“Reproduced with permission from Acta Mater., 61, 4607 (2013). Copyright 2013 Elsevier, and from Int. J. Hydrogen Energy 41

15362 (2016). Copyright 2016, Elsevier.”

analysis (TDA) [20], hydrogen micro-printing (Fig. 8a) [76], and
scanning Kelvin probe force microscopy (SKPFM) (Fig. 8b—d)
[82] analyses have clarified that hydrogen segregates on twin
boundaries or within deformation twin plates. For instance,
the potential map and profile obtained by the SKPFM indicate
that hydrogen preferentially exists at deformation twins, as
indicated by the black arrows and dotted square in Fig. 8b. The
hydrogen segregation which was in the beginning created by
hydrogen charging disappeared gradually with aging time at
room temperature as hydrogen desorption was gradually
accomplished (Fig. 8c and d). This discrepancy between the
theoretical and experimental analyses can be associated with
the high lattice defect density at or along the deformation
twins [76] and the incoherency on the =3 twin boundaries [75].
Hydrogen has been reported to segregate particularly to
defected twin boundaries [83,84]. Specifically, tritium, a heavy
radioactive isotope of hydrogen, appears to segregate at the
corners of the steps on the twin boundaries in austenitic steel
[84]. Atomistic defects such as steps along the twin boundary

plane are easily formed by plastic deformation. Plastic defor-
mation causes interactions between the dislocation and the
twin boundary through dislocation dissociation [80,85—87]. An
example of such a reaction is for instance [85],

% [101](112) —»% [114](511) +% 211](111) (1)

where the (111) plane is the obstacle twin boundary. The
formation of 1/6[211] dislocations creates slip steps on the
obstacle twin boundary [88], disturbing its coherency. A
possible mechanism underlying hydrogen-assisted cracking
at twin boundaries is schematically illustrated in Fig. 9.
Accordingly, a primary twin boundary is first formed (step 1),
which is then distorted by hydrogen-enhanced slip [68,89] and
secondary twinning (step 2). The distorted twin boundaries,
such as the corners or respectively ledges of the steps, can
then trap hydrogen (step 3). The subsequently formed sec-
ondary twins and the slip dislocation pile-up cause micro-
structural stress concentrations on the twin boundaries (step

B R T
0 2 | bee T-site i
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Fig. 7 — AD initio simulation of hydrogen—grain boundary interaction in bcc and fcc iron crystal structure [91]. (a) Atomistic
model of =3 boundary in fcc iron. (b) Solution energies of hydrogen plotted against distance from =3 grain boundaries. bcc:
body centered cubic; fcc: face centered cubic. “Reproduced with permission from Phys. Rev. B, 84, 144121 (2011). Copyright

2011, American Physical Society.”
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Fig. 8 — Hydrogen segregation at deformation twin plates revealed by (a) hydrogen microprint (Fe-18Mn-0.6C TWIP steel
deformed by 30% strain) [76] and scanning Kelvin probe force microscopy at exposure times at room temperature for (b) 67
and (c) 300 h (Fe-18Mn-1.2C TWIP steel deformed by 30% strain). The SKPFM results are presented as surface potential maps;
the potential decreases with increasing hydrogen content [92]. Locally low potential is observed in the region indicated by
black arrows and dotted square. This feature subsequently disappeared during aging when the hydrogen left the specimen.
(d) Exposure time-dependent variation of line profiles corresponding to the white lines in Fig. 8(b) and (c) [82]. Alloy
compositions are given in weight % and deformation in the form of engineering strains. “Reproduced with permission from
Proc. Roy. Soc. A, 469, 20120458 (2012). Copyright 2012 The Royal Society, and from J. Electrochem. Soc., 160, C643 (2015).

Copyright 2015, The Electrochemical Society.”

4). When the stress concentration cannot be accommodated
plastically because of a reduction in the cohesive energy
resulting from the presence of hydrogen, twin boundary
cracking occurs (step 5).

Strain rate dependence: Kinetic Effects
associated with hydrogen and carbon

Fig. 10 shows that the hydrogen embrittlement susceptibility
increases with decreasing strain rate in an Fe-23Mn-0.5C TWIP
steel. Based on the process of hydrogen-assisted cracking
suggested in Fig. 9, hydrogen segregation and hydrogen-
decorated dislocation motion are key effects describing the
strain rate dependence of the material's tensile ductility when
exposed to hydrogen. In step 2 of Fig. 9, hydrogen-enhanced
localized slip resulting in steps on the twin boundaries is
enhanced when decreasing the strain rate, because of the
competitive motion of dislocations and diffusible hydrogen
[93—95]. In step 3, a decrease in the strain rate results in an
increase in waiting time for hydrogen segregation. Moreover,
at a low strain rate, hydrogen-decorated dislocation motion
would deliver hydrogen atoms to the twin boundary. Since the
cohesive energy depends on the segregated hydrogen content
on the twin boundary, the hydrogen delivery by the strain-

rate-dependent motion resulting from the hydrogen-
decorated dislocation is crucial. Consequently, the hydrogen
embrittlement susceptibility of the TWIP steel markedly
increased with decreasing strain rate.

In addition to the kinetic role of hydrogen and its relation
to the dislocation velocity, the motion of interstitial carbon is
also important in the context of strain rate effects in Fe-Mn-C
austenitic steels [44,96]. This is due to the fact that carbon in
high-Mn austenitic steels causes static and dynamic strain
aging, which affects strain localization [97,98], work hard-
ening [99,100], and static strength [101,102]. Fig. 11 shows the
“pre-strain rate” dependence of hydrogen-induced delayed
fracture behavior in an Fe-22Mn-0.6C TWIP steel. In this
experiment, as shown in Fig. 11a, tensile deformation con-
ducted at different pre-straining rates without any hydrogen
charging was stopped at 69% engineering strain. After this
initial pre-straining the specimen was charged with hydrogen
at a fixed cross-head displacement. If hydrogen-induced
fracture did not occur within 10 h, the specimen was
deformed again until fracture. Since dynamic strain aging is
enhanced by decreasing strain rate in these steels, the effect
of strain aging by carbon on the flow stress increases with
decreasing pre-straining rate. Accordingly, the stress level at
the fixed cross-head displacement increases with decreasing
pre-straining rate. Fig. 11b shows that hydrogen-induced

Fig. 9 — Schematic of a sequential process of defect formation, hydrogen segregation, twinning-induced stress

concentration, and cracking [90].
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Fig. 10 — Strength and elongation decrease with decreasing
strain rate in an Fe-23Mn-0.5C TWIP steel pre-charged
with 7.3 MPa high-pressure hydrogen gas [90]. Alloy
composition is given in weight %.

delayed fracture takes place at low pre-straining rates, i.e.,
1.7 x 107 and 1.7 x 107* s7% In contrast, the hydrogen-
induced delayed fracture did not occur at strain rates of
1.7 x1073and 1.7 x 10725~ . In fact, regarding time to fracture,
the hydrogen-induced delayed fracture was suppressed by
increasing pre-straining rate. The change in the hydrogen
embrittlement susceptibility can be explained by the increase
in the stress level with decreasing pre-straining rate because
of the enhanced dynamic strain aging as mentioned above. In
addition, depinning of dislocations that were pinned in a so-
lute carbon atmosphere would cause localized slip because of
local softening on a specific slip plane [97]. This effect would
enhance hydrogen effects such as crack propagation acceler-
ated by the HELP mechanism at a crack tip in a strain-aged
TWIP steel [96].
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Effects of Al on hydrogen uptake and
embrittlement behavior

According to TDA results, a considerable amount of hydrogen
can be introduced into binary Fe-Mn austenitic alloys and also
into ternary Fe-Mn-C TWIP steels. In either case the fracture
strength decreases with increasing diffusible hydrogen con-
tent [32,103]. Similar as in conventional high-strength steels
such as martensitic steels, the diffusible hydrogen atoms in
high-Mn austenitic steels are getting trapped at various types
of microstructural sites, e.g., dislocations [20], incoherent
grain boundaries [20], twin boundaries [20], VC [104], TiN [105],
or at k carbides [72]. All these defect decoration phenomena
can affect the relationship between the material's hydrogen
content and its fracture strength. As pointed out in a previous
review paper [106], the control and suppression of both,
hydrogen uptake and its distribution via adequate micro-
structure design measures provide key approaches for
reducing the hydrogen embrittlement susceptibility of steels.

Instead of the introduction of such microstructural
hydrogen trap sites, diffusible hydrogen uptake of high-Mn
TWIP steels can be prevented by the addition of Al [32,33]
(Fig. 12a), which clearly suppresses hydrogen embrittlement
and the associated delayed fracture phenomenon as shown in
Fig. 1. Therefore, the effect of Al on hydrogen uptake has
drawn attention as one of the most essential research topics
related to TWIP steels. However, the Al addition not only
suppresses hydrogen uptake, but also decreases its embrit-
tlement sensitivity to diffusible hydrogen content as shown in
Fig. 12b [32]. A quantitative relationship between the diffusible
hydrogen content and fracture stress in a specific experi-
mental condition in Fe-18Mn-xAl TWIP steels has been
described as follows.
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Fig. 11 — Pre-straining rate dependence of time to hydrogen-induced delayed fracture in an Fe-22Mn-0.6C TWIP steel [44]. (a)
Engineering stress—strain curves with different strain rates and subsequent cross-head displacement holding. (b)
Engineering stress plotted against holding time that equals the hydrogen charging time. Hp: diffusible hydrogen content.
The hydrogen charging was carried out at a current density of 7 A/m? in a 3% NaCl aqueous solution containing 3 g/L of
NH,SCN at a fixed cross head position. Alloy composition is given in weight %. “Reproduced with permission from Scripta

Mater., 66, 947 (2012). Copyright 2012 Elsevier.”
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where [H]p and [Al] are in wt.ppm and wt.%, respectively. For
revealing the effect of Al on the hydrogen embrittlement
susceptibility of high-Mn steels, we must consider the
mechanism of hydrogen uptake suppression and the pre-
dominant factors determining the relationship expressed by
Eq. (2).

First, we explain the suppression mechanism of hydrogen
uptake through the addition of Al. One aspect to consider is
that the solubility of hydrogen has been reported to increase
with the solute Al content [107,108]. Furthermore, the

-

Austenite

suppression of hydrogen uptake has been associated with the
prevention of hydrogen entry from a specimen surface into
the bulk [109] and the deterioration of hydrogen diffusivity in a
bulk specimen [107,108]. A promising reason why hydrogen
uptake could be hampered or even prevented by an increase in
the Al content is the formation of an Al,05 surface layer. As
shown in Fig. 13a, the Al,05 layer homogeneously forms be-
tween the specimen surface and the general oxidation layer
when Al is added to TWIP steels. The Al,0; layer can be
formed through chemical reactions between metallic atoms

O+2e—0*

Stage 1

Stage 3

Fig. 13 — (a) Transmission electron micrograph showing Al,0; layer formation on a specimen surface of an Fe-18Mn-0.6C-
1.5A1 TWIP steel. (b) Schematics for the formation process of the Al,0; layer [109]. Alloy composition is given in weight %.
“Reproduced with permission from Int. J. Hydrogen Energy, 37, 9925 (2012). Copyright 2012 Elsevier.”
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and the environmental oxygen [109]. Fe and Mn ions are firstly
oxidized to (Fe0.8Mn0.2)O on the specimen surface (Stage 1in

Fig. 13b). Since the porous (Fe0.8Mn0.2)O layer cannot act as a Table 1 — Chemical compositions of the steel used in
sufficiently strong barrier to the permeation of O~ ions, 0%~ Fig. 14 [43] in weight %.

ions diffuse further through the oxide layer and accumulate Grade Fe @ Mn \% Cu P Al
underneath the (Fe0.8Mn0.2)0O layer, where the Mn was REF Base 06 181 02 0.032
depleted. Then, the O~ ions combine with Al, which forms REF-lowV  Base 0.6 184 0.032

the Al,O; layer (Stage 2 in Fig. 13b). The voids revealed in cu Base 06 179 02 17  0.031

Fig. 13a are initiated at the interface between (Fe0.8Mno0.2)O AL Base 06 169 02 0037 15

and an Al,O; layer by the one-way diffusion of 0>~ ions from Al-low P Base 06 171 02 0005 15
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the (Fe0.8Mn0.2)0 layer to the Al,03 layer. This void formation
provides effective pathways for the permeation of 0?~ ions to
form the Al,O5 layer (Stage 3 in Fig. 13b). In addition, consid-
ering the other factor mentioned above, Al addition has been
theoretically and experimentally shown to deteriorate
hydrogen diffusivity [107,108]. Therefore, the average
hydrogen content of an Al-added high Mn steel can be
decreased at a limited hydrogen charging time because of the
hydrogen-affected layer being thinner than that in the case of
a steel composition without Al addition. The combined effect
of the Al,0; layer and the diffusivity deterioration is the
reason why hydrogen uptake is prevented by Al addition.

In terms of the embrittlement sensitivity to diffusible
hydrogen shown in Eq. (2), Al plays also multiple roles in the
suppression of hydrogen embrittlement. As mentioned above,
martensitic transformation, deformation twinning, and strain
aging all assist in the occurrence of hydrogen-assisted
cracking. Al, when alloyed in sufficient quantity, suppresses
the o'-martensitic transformation [46,110]. An increase in the
stacking fault energy caused by the Al addition suppresses
e-martensitic transformation [46] and deformation twinning
[111,112] as well. In addition, the increase in the stacking fault
energy and an increase in the activation energy for carbon
diffusion strongly prevent the occurrence of strain aging
[96,100,113]. An additional effect of the increase in the stack-
ing fault energy is that cross slip occurs more easily, which
inhibits dislocation pile-ups and associated localized dislo-
cation transport of hydrogen. Furthermore, Al addition tends
to reduce the effect of hydrogen-enhanced elastic/plastic
deformability [114]. Hence, the Al addition counteracts most
of the above discussed negative microstructural factors
simultaneously, which drastically decreases the hydrogen
embrittlement susceptibility of high-Mn steels.

Effects of alloying elements Mn, Si, Cu, and P in
high-Mn steels

Most recent works on hydrogen embrittlement in high-Mn
austenitic steels have been carried out for typical TWIP steel
compositions such as Fe-Mn-C or Fe-Mn-Al-C systems. How-
ever, it is also interesting how other alloying elements affect

hydrogen embrittlement susceptibility in high-Mn austenitic
steels. In fact, in addition to the Al effect, the influencing ef-
fects of Mn [45], Si [115], Cu [43], and P [43] in solid solution
states have been investigated systematically also.

The Mn effect was examined by using binary Fe-Mn
austenitic alloys [45]. As is well known, Mn increases the
stability of the austenite phase, which decreases hydrogen
embrittlement susceptibility since both, the trend towards
twin and towards martensite formation are reduced. Howev-
er, when austenite is fully stable, excess Mn assists in the
intergranular cracking probably because of a reduction in the
cohesive energy of grain boundaries [116,117].

Fig. 14 shows the effect of Si on the hydrogen embrittlement
susceptibility in an Fe-18Mn-0.6C TWIP steel. The addition of
1.6%Si increases the hydrogen embrittlement susceptibility as
revealed when comparing Fig. 14a and b [115]. Further addition
of Siresults in a considerable amount of deformation-induced

1200

—— Uncharged

1000 - -~ -~ H-charged

800
| \

600

400

Nominal stress, s / MPa

200

- - o

0 'l 'l 1 1 1
40 60 80 100

Nominal strain, e (%)

120 140

Fig. 17 — Impact of grain refinement on hydrogen
embrittlement in an Fe-31Mn-3Al-3Si TWIP steel
hydrogen-pre-charged at 100 A/m? in a 3% NaCl aqueous
solution containing 3 g/L of NH4SCN [121]. The initial strain
rate is 8.3 x 10~¢ s, Alloy composition is given in weight
%. “Reproduced with permission from Mater. Sci. Eng. A,
651, 935 (2016). Copyright 2015 Elsevier.”


http://dx.doi.org/10.1016/j.ijhydene.2017.02.214
http://dx.doi.org/10.1016/j.ijhydene.2017.02.214

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 12706—12723

12717

Engineering stress (MPa)

1200

1000 -

HDGTWIP  ryip,

800 -

HDG_TWIP, THIE

600

400

Engineering strain (%)
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permission from Corros Sci., 111, 267 (2016). Copyright 2016 Elsevier.”

e-martensite, which causes distinct hydrogen-induced dete-
rioration of the elongation to fracture pertaining to the occur-
rence of brittle fracture as shown in Fig. 14c.

Fig. 15 demonstrates the effects of Cu and P on the
hydrogen embrittlement susceptibility in an Fe-18Mn-0.6C
TWIP steel. Cu addition suppresses the hydrogen effect on
the elongation to fracture. Similar to the Al effect, Cu also
increases the stacking fault energy, which contributes to the
decrease in hydrogen embrittlement susceptibility [43]. On the
other hand, the P effect in the Al-added TWIP steels critically
increases the hydrogen embrittlement susceptibility. In fact,
the elongation to fracture of a TWIP steel without Al does not
drop by the presence of P [43]. Thus, the presence of P coun-
teracts the positive effect of Al on the hydrogen embrittlement
resistance, resulting in higher embrittlement susceptibility of
the Fe-Mn-Al-C TWIP steel. The underlying mechanism of the
impurity effect of P on hydrogen embrittlement still needs to
be further investigated in future.

Embrittlement behavior in hydrogen gas
atmospheres

Understanding embrittlement susceptibility in high-pressure
hydrogen gas atmospheres is crucial for application to
hydrogen-energy-related infrastructures. As shown in Fig. 16,
a systematic study in a 10 MPa high-pressure hydrogen gas
atmosphere has been conducted for metastable and stable
austenitic steels. As seen in Fig. 16a, high-Mn stable austenitic
steels show high hydrogen embrittlement susceptibility, even
compared to metastable Fe-Cr-Ni stainless steels. This is due
to the combined effect of multiple factors mentioned above
(formation of deformation twins, grain boundary cohesive
energy with high Mn content, strain age hardening). However,
note that the high-Mn steels presented here exhibit markedly
high tensile strength even in a hydrogen atmosphere, as
shown in Fig. 16b. Fig. 16c shows the relationship between the
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Fig. 19 — Damage arrest associated with hydrogen-assisted cracking in an Fe-32Mn binary alloy [45]. (a) Micro-damage
arrest at thin e-martensite plates. (b) A considerable number of cracks are arrested through crack blunting. (c) Mn-content
dependence of hydrogen-induced ductility reduction in Fe-Mn binary alloys. Alloy compositions are given in weight %.
“Reproduced with permission from Metall. Mater. Trans. A, 54, 2656 (2016). Copyright 2016, The Minerals, Metals & Materials
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degradation magnitudes of elongation and the tensile
strength under the effect of hydrogen. The relationship can be
approximated by a linear function, except in the case of the
Fe-Cr-Ni steel with the lowest austenite stability. This implies
that the increased strength is the primary factor responsible
for the distinct degradation of elongation in high-Mn steels
under a high-pressure hydrogen gas atmosphere. In other
words, high-Mn steels are potential next-generation materials
for application to hydrogen-energy-related infrastructures
when a strength level exceeding that of Fe-Cr-Ni austenitic
steels is required. For realizing this application, the micro-
structure and chemical composition must be further opti-
mized on the basis of the factors introduced in this paper.

Ways to enhance hydrogen degradation
resistance

As mentioned above, Al addition is the most effective solution
to improve the hydrogen embrittlement resistance of high-Mn
austenitic steels. As alternative solutions, the hydrogen
embrittlement susceptibility of high-Mn austenitic steels can
be reduced by grain refinement [119—121], optimal Zn surface
coating [122], enhancement of the damage arrest property
[45], and optimal utilization of ductile e-martensite formation
for the case of fatigue loading [123].

Fig. 17 shows an example of the grain size dependence of
the tensile behavior of specimens with and without hydrogen
charging. The tensile strength increases with decreasing grain
size and the grain refinement also suppresses hydrogen-
induced degradation of the tensile mechanical properties.
The positive effect of grain refinement can be explained in
terms of three factors. First, the grain refinement suppresses
deformation twinning [119,120,124]. Second, it reduces the
diffusible hydrogen content per grain boundary area [119].
Third, the frequency of local stress concentration spots at
grain boundaries decreases with decreasing grain size, which
may also affect the local hydrogen content at grain boundaries
[121].

The next improvement strategy lies in adding a Zn surface
coating onto the steel. Zn surface coatings cause liquid metal
embrittlement, which deteriorates ductility [125,126]. How-
ever, when the coating condition is optimal, it suppresses
hydrogen embrittlement. An example of a hot-galvanized
TWIP steel is shown in Fig. 18a. The Zn coating layer con-
sists of n-Zn and Fe-Mn intermetallic layers. Although hot
galvanization reduces ductility by 10% strain in Fig. 18b,
hydrogen is trapped at the n-Zn and the Fe-Zn intermetallic
layers, preventing the occurrence of hydrogen embrittlement.

The third strategy is based on damage arrest. In general,
even if hydrogen-assisted damage initiates, it can be arrested
through damage tip blunting at specific microstructures in
multi-phase steels [127,128]. Although numerous or brittle
e-martensite plates deteriorate resistance against hydrogen
embrittlement as mentioned above, a small amount of ductile
e-martensite in high-Mn steels act as a microstructure feature
which is capable of arresting damage incidents as shown in
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Fig. 21 — Positive utilization of solute hydrogen (a) in a single-crystalline Fe-13Mn-1.0C Hadfield steel with initial tensile
orientation <001> [135] and (b) in a polycrystalline Fe-30Mn-6Al austenitic alloy [136]. Alloy compositions are given in
weight %. “Reproduced with permission from Scripta Mater., 63, 1189 (2010). Copyright 2010 Elsevier.”
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Fig. 19a and b [45]. As a result, despite the occurrence of a
considerable amount of hydrogen-assisted damage, the
hydrogen embrittlement susceptibility of an Fe-32Mn alloy is
lower than that of Fe-Mn-C TWIP steels and other binary Fe-
Mn alloys as shown in Fig. 19c.

Furthermore, e-martensite has a certain robustness against
fatigue crack growth under hydrogen environment. Ithas been
reported that the diffusivity of hydrogen is a primary factor
affecting fatigue crack growth resistance under hydrogen
environment. Thus, «'-martensite that offers faster diffusivity
for hydrogen compared to its diffusivity in austenite plays a
critical role in accelerating the fatigue crack growth in a
hydrogen atmosphere. An example of type 304 metastable
austenitic steel is shown in Fig. 20. In contrast, e-martensite is
considered to show hydrogen diffusivity similar to that in
austenite, because e-martensite also has a closed-packed lat-
tice structure. This low diffusivity of hydrogen in e-martensite
renders a high-Mn austenitic steel fatigue-resistant in
hydrogen environment as shown in Fig. 20.

In the previous paragraphs, we introduced methods for the
suppression of negative hydrogen effects on ductility. How-
ever, hydrogen can have a positive effect too as it has been
shown to actually enhance ductility under certain optimal
conditions. For example hydrogen has been reported to
decrease the stacking fault energy of austenite [129-132],
leading to deformation twinning [132-134] in austenitic
steels. Some high-Mn austenitic steels also show hydrogen-
enhanced deformation twinning [135,136]. The enhanced
twinning leads to a high work hardening capacity, improving
uniform elongation in case the twinning does not cause twin
and grain boundary cracking, as shown in Fig. 21. A successful
example of the positive effect of hydrogen was first reported in
a single-crystalline Hadfield steel (Fig. 21a) [135]. After that, a
polycrystalline high-Mn austenitic steel was also found to
show an improvement in elongation by hydrogen charging
(Fig. 21b) [136]. Such positive utilization of solute hydrogen
can be expected to be studied and exploited more extensively
in future austenitic alloy concepts.

Summary

In this review, we introduced the microstructural and
compositional factors affecting the hydrogen embrittlement
susceptibility of high-Mn austenitic steels. The primary fac-
tors contributing to the embrittlement are stacking fault en-
ergy, austenite phase stability, and associated hydrogen
segregation on the phase, grain, and twin boundaries. These
factors affect micro-stress concentrations and the local
diffusible hydrogen content, which acts on the HELP effect, on
hydrogen-enhanced decohesion, as well as on hydrogen-
enhanced strain-induced vacancy formation. Although high-
Mn austenitic steels are more susceptible to hydrogen
embrittlement compared to stable austenitic stainless steels,
various methods to improve the resistance to hydrogen
embrittlement have been reported, such as Al addition, grain
refinement, and positive utilization of ductile e-martensite.
Better understanding of the various hydrogen embrittlement
mechanisms and their interactions in high-Mn austenitic
steels would help in expanding the range of applications of

these steels as a new class of hydrogen-resistant high-
strength materials.
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