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A B S T R A C T

We investigated the effects of electrochemical hydrogen charging on the mechanical properties of a Fe-33Mn-
1.1C austenitic steel with high carbon concentration and relatively high stacking fault energy. Hydrogen pre-
charging increased the yield strength and degraded the elongation and work-hardening capability. The increase
in yield strength is a result of the solution hardening of hydrogen. A reduction in the cross-sectional area by
subcrack formation is the primary factor causing reduction in work-hardening ability. Fracture modes were
detected to be both intergranular and transgranular regionally. Neither intergranular nor transgranular cracking
modes are related to deformation twinning or simple decohesion in contrast to conventional Fe-Mn-C twinning-
induced plasticity steels. The hydrogen-assisted crack initiation and subsequent propagation are attributed to
plasticity-dominated mechanisms associated with strain localization. The occurrence of dynamic strain aging by
the high carbon content and ease of cross slip owing to the high stacking fault energy can cause strain/damage
localization, which assists hydrogen embrittlement associated with the hydrogen-enhanced localized plasticity
mechanism.

1. Introduction

The stable austenitic phase has an advantage for hydrogen embrit-
tlement resistance in terms of low hydrogen diffusivity [1,2], compared
to BCC-based microstructures such as martensite and ferrite or me-
tastable austenite. To control austenite stability, austenitic steels con-
tain solute elements such as Ni [3], Cr [3], Mn [4], N [5], and C [6,7].
Since Cr, Ni, and N have been used as typical solute elements for aus-
tenitic stainless steels, their roles in electrochemical and mechanical
properties [3,5,8] have been well investigated. Accordingly, hydrogen
embrittlement resistance has also been examined with respect to
equivalent Ni content [9,10]. By contrast, Mn has a negative role in
corrosion resistance [11,12]; therefore, Mn has normally been avoided
in stainless steels. However, demands for investigation into Mn effect
on hydrogen embrittlement in austenitic steels have recently increased
because of the occurrence of delayed fractures or hydrogen embrittle-
ment of high-strength Mn steels such as twinning-induced plasticity
(TWIP) steels [13,14]. In terms of “high-strength” Mn steel, the si-
multaneous addition of carbon is also crucial because the work-

hardening capability is enhanced by Mn-C coupling [15,16], and even
causes negative strain rate sensitivity of flow stress [17]. In fact, the
presence of carbon also plays an important role in the hydrogen em-
brittlement resistance of high-Mn steels because carbon significantly
influences various factors that affect hydrogen embrittlement resistance
such as strain aging and martensitic transformation behaviors.

Specifically, factors affecting the hydrogen embrittlement resistance
in high-Mn steels are twin density [18,19], martensitic transformability
[20,21], strain aging hardenability [22,23], grain boundary character
[13], and hydrogen uptake behavior [24–26]. In particular, the effects
of twin and martensite become significant when the stacking fault en-
ergy (SFE) is low. Since Hadfield and TWIP steels with low SFE are
practically important for automobiles, the effects of twin and HCP
martensite on the behavior of hydrogen embrittlement has been eluci-
dated. However, even without hydrogen, carbon can deteriorate the
ductility when the SFE and carbon content are relatively high [27]. The
negative carbon effect is associated with dynamic strain aging (DSA),
which results in localized plasticity. The localized plasticity accelerates
the occurrence of ductile fracture [27]. It is speculated that the carbon
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effect on plasticity might affect hydrogen embrittlement behavior as-
sociated with hydrogen-enhanced localized plasticity (HELP) [28] be-
cause of the similarity of their natures. In spite of the predicted carbon
effect on the plasticity-driven hydrogen embrittlement of high-Mn
steels, a detailed investigation of the carbon effect on this is lacking so
far.

In this study, we focus on the hydrogen embrittlement behavior of a
Fe-33Mn-1.1C steel that has been reported to show ductility degrada-
tion by DSA even without a hydrogen uptake [27]. By comparison with
a result with hydrogen charging, we clarify the embrittlement behavior
stemming from the effect of co-working carbon and hydrogen. Speci-
fically, we found that the high-concentration solute carbon assists oc-
currence of plasticity-driven hydrogen embrittlement when stacking
fault energy is relatively high compared with other Fe-Mn-C austenitic
steels such as TWIP steels. In this paper, we therefore propose the new
effects of a high carbon concentration and high SFE on the hydrogen
embrittlement susceptibility of high-Mn steels.

2. Experimental procedure

An ingot of Fe-33Mn-1.1C steel (mass%) was prepared by a vacuum
induction melting furnace. The ingot was forged and rolled at 1273 K.
The rolled bar was solution-treated at 1273 K for 1 h, followed by water
quenching. An average grain size was measured to be 33 µm. The de-
tailed chemical composition is listed in Table 1. Tensile specimens were
cut from the bar by electric discharge machining (EDM) to the gauge
geometry with the dimensions of 4mm in width, 1 mm in thickness, and
30mm in length. The EDM layer was removed by chemical polishing
with a H2O2:HF = 10:1 solution.

Tensile tests were carried out at 303 K at an initial strain rate of
10−2 s−1 with and without hydrogen precharging. The deformation
temperature was controlled by a thermostatic chamber equipped with a
tensile machine. Hydrogen was introduced by electrochemical charging
before tensile tests at 353 K for 72 h in 3% (mass%) NaCl aqueous so-
lution including 3 g/L NH4SCN. The current density was fixed at 100 A/
m2 with a platinum wire counter electrode. In order to remove a thin
contamination layer on the specimen surface by friction, the specimen
was mechanically polished only with water on buff for 20min every
12 h. After this water-polishing process, the thickness of the specimen
did not change, but a shiny surface appeared. The diffusible hydrogen
content was 44.0 mass ppm, which was measured by thermal deso-
rption spectroscopy (TDS) from room temperature up to 660 K. The
heating rate was 400 K/h. The diffusible hydrogen was defined as that
corresponding to the first peak of the TDS profile, which appears in a
temperature range from room temperature to 573 K. The first peak in
high-Mn steels was reported to disappear after exposure to air at room
temperature [24].

Microstructural characterization was carried out by using scanning
electron microscopy. The fracture surface was observed by secondary
electron (SE) imaging. Crystallographic feature and dislocation patterns
were observed by electron backscatter diffraction (EBSD) measurement
and electron channelling contrast imaging (ECCI), respectively. The
specimen for EBSD and ECCI was prepared by mechanical polishing
using colloidal silica with a particle size of 60 nm. The EBSD and ECCI
were operated at acceleration voltages of 15 and 30 kV, respectively.

3. Results

3.1. Hydrogen effects on stress-strain response

Fig. 1 shows the engineering stress-strain (SS) curves of the speci-
mens with and without hydrogen charging. The serrated flow on the SS
curves results from DSA [15–17]. The total elongation was reduced by
the hydrogen charging from 87% to 43%. Additionally, the hydrogen
charging increased yield strength, and degraded the work-hardening
capability. For the sake of clarification, work-hardening rates with and
without hydrogen charging are plotted against the true strain in Fig. 2.
In particular, the introduction of hydrogen reduced the work-hardening
rate even at an early stage of deformation. In terms of fracture condi-
tion, as reported previously [27], the Fe-33Mn-1.1C steel without hy-
drogen pre-charging showed the failure before the plastic instability
condition (Considère criterion) [29], which was caused by localized
plasticity associated with DSA. On the other hand, the fracture of the
Fe-33Mn-1.1C steel with hydrogen pre-charging occurred after sa-
tisfying Considère criterion, because of the drastic reduction in work
hardening rates. Also note that the failure occurred immediately after
satisfying the Considère criterion in the specimen with hydrogen pre-
charging.

3.2. Characterization of the fracture surface and its vicinity

Fig. 3(a) shows the fracture surface of the specimen charged with
hydrogen. The darker region near the specimen surface indicates a
brittle-like fracture feature, and the central region is a completely
ductile feature consisting of dimples. The brittle fracture zone depth is

Table 1
Chemical composition of steel used (mass%).

C Si Mn P S Cu Fe

1.12 0.03 32.6 < 0.01 0.01 < 0.002 Bal.

Fig. 1. Engineering stress-strain curves with and without hydrogen charging.

Fig. 2. Work hardening rates plotted against true strain corresponding to Fig. 1.
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estimated to be over 150 µm in depth. For example, the brittle fracture
zone shown in Fig. 3(b) exhibits a 164-µm-hydrogen-affected zone. The
area fraction of the brittle fracture zone on the fracture surface is 45%.

Fig. 4(a) shows details of the brittle fracture region with the effect of
hydrogen. Intergranular features are dominant on the fracture surface;
however, a quasi-cleavage feature was also observed, as indicated by
yellow arrows. Even in the intergranular fracture region, slip traces

were observed, as shown in Fig. 4(b), which is an indication of the
contribution of plasticity to the intergranular cracking. Moreover, the
microstructure underneath the fracture surface is shown in Fig. 5. The
grains underneath the fracture surface shows a considerable amount of
deformation twins that appear as dark contrast in the image quality
map, while the grains in the second line from the fracture surface
(below the white dotted line) show a distinctly smaller number of de-
formation twins, which indicates that a degree of the plastic deforma-
tion is significantly localized near the fracture edge in the grain-size-
scale.

3.3. Microstructural characterization of subcracks

Fig. 6 shows a specimen surface after 5% strain with hydrogen
precharging. Note that a considerable number of cracks appeared even
at the early stage of deformation. The 5%-strain-induced cracks dis-
appeared after 40 µm of mechanical polishing. Fig. 7 shows the spe-
cimen surface image after fracture with the hydrogen pre-charging. In
contrast to the 5%-strain-induced cracks, numerous subcracks were
observed in the fractured specimen even after 80 µm of mechanical
polishing, which indicates that the crack depth increased with in-
creasing strain.

Fig. 3. (a) Overview of fracture surface of specimen with hydrogen charging. (b)
Magnified image of region outlined in part (a).

Fig. 4. (a) SE image of brittle-like fracture region. The inset indicates a magnified image
showing quasi-cleavage feature. (b) Appearance of slip/twin traces on intergranular
fracture region. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

Fig. 5. Image quality map overlapped on an inverse pole figure map of loading direction
near the fracture surface.

Fig. 6. Optical micrograph showing subcracks on the specimen surface after 5% de-
formation with hydrogen pre-charging. The yellow arrows indicate surface cracks. The
inset indicates a magnified image of the region highlighted by the dashed square. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8 shows an ECC image that demonstrates a subcrack lying along
a grain boundary. The deformation twin plates in the left grain are
parallel to the subcrack. The right grain shows deformation twin plates
perpendicular to the grain boundary, but the region where the subcrack
exists does not show any deformation twin plates. Although a de-
formation twin bundle forms at a tip of the crack, the crack blunts,
which indicates the formation of the deformation twin bundle did not
contribute to the crack growth. As shown in an inset of Fig. 8(a), a high-
dislocation density region exists between the twin plates, but no na-
notwin was observed. Another crack initiation site was observed to be
intersections of the twin plates, as shown in Fig. 8(b). The correlation
between the crack and twin intersection is more clearly exhibited in
Fig. 8(c). Furthermore, some cracks were observed between twins, as
indicated by yellow arrows in Fig. 8(b). The cracks lie neither on the
primary slip plane nor the twin plates.

Fig. 9 shows cracks that propagated slightly to a length less than the
grain size. Assuming that the central position of the crack is a crack
initiation site, most of the cracks presented in Fig. 9(a) formed from the
grain boundary or twin-twin intersections, similarly to those in Fig. 8.

These cracks propagated to the grain interior (central part of the image)
or on the grain boundary (right part of the image). The transgranular
crack growth path is in a region between twin plates, not on the de-
formation twin boundary. Similarly to Fig. 8(a), a high-dislocation-
density region or cell walls formed between the twin plates, as shown in
Fig. 8(b).

Fig. 7. Optical micrograph showing surface subcracks of the fractured specimen pre-
charged with hydrogen.

Fig. 8. (a) ECC image showing a subcrack of the fractured specimen pre-charged with hydrogen. Yellow broken line indicates a grain boundary. Inset (a′) shows magnified image of region
outlined in part (a). (b) Crack initiation at intersections of deformation twins. (c) Magnified image of region outlined in part (b). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 9. (a) ECC image showing cracks that propagate into region between twin plates in
the fractured specimen pre-charged with hydrogen. (b) Dislocation cell formation be-
tween twin plates.
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The important characteristic of the transgranular crack growth is
that the propagation path is not along the twin and slip planes. Fig. 10
shows clear evidence of crack growth without crystallographic features.
The crack shown in Fig. 10 demonstrates a curved shape and propagates
across the primary and secondary twin plates. Therefore, the crack
growth mode cannot be directly correlated to any crystallographic
feature such as the twin boundary or slip plane.

4. Discussion

According to microstructure and fracture surface observations, the
characteristic hydrogen effects in the high-Mn steel with a relatively
high SFE and high carbon content are as follows:

(1) The hydrogen uptake increased the yield strength and decreased the
work-hardening rate, which caused the deterioration of elongation.

(2) The crack initiation sites are the grain boundary, twin-twin inter-
sections, and part of the grain interior.

(3) The macroscopic hydrogen-assisted failure is associated with a
plasticity-based mechanism, which might be associated with HELP.

(4) Intergranular cracking is associated with plastic deformation: clear
slip/twin traces are observed on the fracture surface.

(5) The transgranular crack propagation path does not have specific
crystallographic features.

Therefore, we mainly discuss how the work-hardening rate was
decreased by the hydrogen uptake. The degradation mechanism must
be correlated with the dislocation pattern, crack initiation, and its
propagation.

4.1. Mechanisms of the enhanced yield strength and reduced work-
hardening capability and ductility

Hydrogen-degraded elongation and strength in Fe-high-Mn auste-
nitic steels have been observed in previous studies [2,13]; however,
degradation of the work-hardening rate by hydrogen uptake is not a
common phenomenon in the steel series. In this section, we discuss the
macroscopic effect of hydrogen on mechanical properties, i.e., the in-
creased yield strength and decreased work-hardening rate.

The increased yield strength in austenitic steels has been reported to
arise from the solution hardening of hydrogen. For instance, Abraham
et al. reported an approximately 50-MPa increase in the yield strength
at 295 K in a type-301s austenitic stainless steel with a hydrogen con-
tent of 1 at% [30]. On the one hand, the hydrogen uptake in the present
steel provided a negative effect on work-hardening rates. The me-
tallurgical main factors affecting the work-hardening rate in the present

steel are dynamic strain aging and deformation twinning. In addition,
as seen in Figs. 6 and 7, a considerable number of cracks were induced
by the hydrogen effect. The cracks formed even at an early deformation
stage such as 5% strain (Fig. 6). Therefore, a reduction in the cross-
sectional area stemming from the crack formation is another factor in
reducing the apparent work-hardening rate.

Assuming a half-penny-shaped crack, the average area of a surface
crack at 5% strain is estimated to be 5500 µm2. The number of surface
cracks at 5% strain was approximately six per 1mm along the direction
perpendicular to the loading axis. Since the width and thickness of the
specimen were 4 and 1mm, respectively, 60 surface cracks with the
total crack area of 0.33mm2 can lie on an identical cross-sectional
plane of the specimen. That is, the crack formation can reduce the cross-
sectional area from 4.0mm2 to 3.7 mm2 at 5% strain. Accordingly, an
8% reduction in the 5% flow stress is caused by the crack formation. In
addition, assuming that the ductile fracture zone shown in Fig. 3(a)
corresponds to the remaining cross-sectional area immediately before
satisfying the Considère criterion, the true stress at 0.34 true strain is
reduced by 49% by the crack formation. The effect of crack formation
on the cross-sectional area is shown in Fig. 11(a). The reduction rate in
the cross-sectional area by the crack formation was defined as

=δ A A/Ac c 0 (1)

where A0 and Ac are the total cross-sectional area and brittle-like crack
area at an arbitrary strain, respectively. With the linearly approximated
relationship between the true strain and reduction in the cross-sectional
area, the true stress containing the effect of crack formation in the
hydrogen-charged specimen can be obtained by

= ∙ −
−σ σ ε(1 1.33 )t withc t t/

1 (2)

where σt and εt are the true stress and true strain, respectively. The true

Fig. 10. ECC image showing curved-crack cross deformation twin plates in the fractured
specimen pre-charged with hydrogen.

Fig. 11. (a) Relationship between true strain and reduction rate in cross-sectional area by
crack formation. (b) Estimated true stress-strain curve (red curve) containing the effect of
crack formation calculated based on (a) and Eq. (2). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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stress-strain curve estimated by Eq. (2) is shown in Fig. 11(b). The effect
of crack formation explains the reduction in the flow stress and work-
hardening rate. The calculated true stress is even larger than that
without hydrogen charging, which is attributed to an effect of stress
triaxiality arising from the presence of a crack, i.e., notch strengthening
[31].

4.2. Crack initiation mechanisms

Three types of crack initiation sites were observed in the hydrogen-
precharged steel. The first and second types of crack initiation sites are
the grain boundary and twin-twin intersection, which are the same as in
previous reports [2,19,32,33]. The crack initiation at the twin-twin
intersection can be interpreted by microstress concentration
[18,19,34,35]. In high-Mn steels with a low SFE such as TWIP steel,
intergranular cracking can be induced by the formation of a deforma-
tion twin that is impinged at the grain boundaries [19]. However, as
observed in Fig. 8(a), intergranular cracking is not attributed to the
impingement of deformation twin growth. Instead, high dislocation
density and cell walls were observed near the grain boundary where
cracking occurs. These observation results indicate that the inter-
granular crack formation arises from slip localization perhaps asso-
ciated with HELP [36,37]. Correspondingly, slip traces were observed
in the intergranular fracture region, as shown in Fig. 4(b), which sup-
ports the occurrence of plasticity-assisted intergranular cracking in the
hydrogen-charged steel. Here, note that the hydrogen increased yield
strength, that is, solution ‟hardening” occurred. This fact indicates that
the HELP effect does not stem from a softening effect of hydrogen on
single dislocation mobility. The hydrogen would contribute to localized
plasticity associated with interactions of multiple dislocations, e.g.
suppression of long range stress fields by reducing repulsive interaction
between dislocations [38].

The third type of crack initiation sites is a significant finding: the
crack was initiated within a grain interior that is not associated with
twins, as observed in Fig. 8(b). Since there is no specific crystal-
lographic feature in the transgranular cracks, a possible crack initiation
site is the cell wall observed in Figs. 8(a′) and 9(b). In fact, the cell wall
has been recognized as a preferential hydrogen-assisted damage in-
itiation site in steels [39]. Since cell wall is an aggregate of lattice de-
fects, microdamage initiation, coalescence, and growth may pre-
ferentially occur in the cell walls. In the present steel, the occurrence of
DSA assists plastic strain localization, and the high SFE enables cross
slip easily. The special characteristics cause hydrogen-related damage
localization, which can induce cell-wall cracking and plasticity-assisted
intergranular cracking.

4.3. Crack propagation mechanism

According to the fracture surface observations (Figs. 3 and 4), the
hydrogen-assisted crack propagation occurred via quasi-cleavage and
intergranular cracking. In terms of intergranular cracking, the crack
growth is discontinuous because crack blunting was observed in
Fig. 8(a). Furthermore, the slip trace in the intergranular fracture re-
gion, e.g., in Fig. 4(b), was generally observed on the fracture surface,
which indicates the occurrence of plastic deformation during crack
growth. In other words, the hydrogen-assisted intergranular crack
propagation progresses via the repetition of crack blunting, plastic
damage/diffusible hydrogen accumulations at a crack tip, and sub-
sequent crack growth.

From the viewpoint of transgranular cracking, the crack growth
path did not show crystallographic features, as observed in Figs. 9 and
10, unlike Fe-Mn-C TWIP steels where crack growth was observed along
the primary and secondary deformation twins [19]. In the same context
as the transgranular crack initiation mechanism, the curved crack
propagation path can be interpreted by a plasticity-based mechanism,
that is, the dislocation accumulation that forms cell walls can cause the

transgranular crack propagation. Consequently, both the intergranular
and transgranular crack propagation are mainly attributed to plasticity-
based mechanisms, which are not related to deformation twinning or
simple decohesion. As mentioned in the introduction, the present steel
with high SFE and carbon content causes plasticity-induced premature
fractures even without hydrogen, which is associated with the occur-
rence of DSA [27]. The combined effect of HELP and DSA-assisted
plasticity localization causes the remarkable degradation of elongation
and strength, which is different hydrogen embrittlement behavior from
low-SFE high-Mn steels where martensitic transformation or deforma-
tion twinning occurs. Accordingly, the plastic deformation degree near
intergranular or transgranular fracture surface was entirely higher than
that in a region slightly far from the fracture edge as shown in Fig. 5.

Consequently, we presented that the high carbon concentration
assists plasticity-driven hydrogen embrittlement in the Fe-Mn-C auste-
nitic steel with the high SFE. Note that we do not exclude other factors
that trigger hydrogen embrittlement, e.g., vacancy accumulation
[40,41] and reduction in cohesive energy [42]. As we claimed pre-
viously for a precipitation-strengthened austenitic steel [43], the micro-
plasticity evolution causes hydrogen and vacancy localization, which
may assist occurrence of decohesion or vacancy-induced failure.

5. Conclusions

The hydrogen embrittlement behavior of a Fe-33Mn-1.1C steel was
investigated in this study. Characteristics of the steel used are (1) high
stacking fault energy and (2) high carbon concentration.
Electrochemical hydrogen charging resulted in an increase in yield
strength. Contrary to improvements in yield strength, the work-hard-
ening rate and elongation were affected negatively by hydrogen uptake.
Conclusions of this study are as follows:

1. Yield strength of the Fe-Mn-C steel increased owing to the solution
hardening of hydrogen.

2. Subcrack formation is the major reason for decreases in the apparent
work-hardening rate, which accordingly results in reduced elonga-
tion.

3. Intergranular cracks were initiated owing to slip localization stem-
ming from a HELP mechanism, and subsequently propagated via
crack blunting and strain localization.

4. Quasi-cleavage cracking was caused by DSA and HELP-driven
plastic strain localization, not by twin boundary cracking. The high
stacking fault energy of the steel would assist the strain localization
because of ease of cross slip. Furthermore, transgranular crack
propagation results from dislocation accumulation that formed cell
walls.
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