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Abstract

We investigated the hydrogen embrittlement of a Fe–18Mn–1.2%C (wt.%) twinning-induced plasticity steel, focusing on the influence
of deformation twins on hydrogen-assisted cracking. A tensile test under ongoing hydrogen charging was performed at low strain rate
(1.7 � 10�6 s�1) to observe hydrogen-assisted cracking and crack propagation. Hydrogen-stimulated cracks and deformation twins were
observed by electron channeling contrast imaging. We made the surprising observation that hydrogen-assisted cracking was initiated
both at grain boundaries and also at deformation twins. Also, crack propagation occurred along both types of interfaces. Deformation
twins were shown to assist intergranular cracking and crack propagation. The stress concentration at the tip of the deformation twins is
suggested to play an important role in the hydrogen embrittlement of the Fe–Mn–C twining-induced plasticity steel.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Understanding the hydrogen-assisted embrittlement of
advanced structural materials is essential for enabling
future hydrogen-based energy industries. A crucially
important phenomenon in this context is the delayed frac-
ture in high-strength structural materials. Factors affecting
the hydrogen embrittlement have been reported to be the
hydrogen content [1–3], residual stress (as well as applied
stress) [3–5] and microstructure [5–8]. These factors can
all lead to a critical condition for hydrogen embrittlement
through specific mechanisms, e.g. hydrogen-induced deco-
hesion [9–11], hydrogen-enhanced strain-induced vacancy

formation [12] and hydrogen-enhanced localized plasticity
[13–16].

In this work we study the mechanisms of hydrogen
embrittlement in a new class of steels, namely Fe–Mn–C
twinning-induced plasticity (TWIP) steels. These materials
present a new group of advanced high-strength and form-
able austenitic steels with high potential for automotive
forming applications [17,18]. Moreover, energy-related
infrastructures and pipelines are envisaged as future appli-
cations of these steels [19]. Hydrogen embrittlement of
TWIP steels was observed in the form of delayed fracture
tests in cup-drawn specimens under air [18,20] and also in
tensile tests with cathodically hydrogen-charged specimens
[21–26]. Clarifying the mechanism of the respective hydro-
gen embrittlement of TWIP steels is an essential pending
problem. The effects of hydrogen content [23,25,26] and
residual stress (as well as of the applied stress) [20,23,25]
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have already been examined thoroughly. However, the
effect of the corresponding microstructures is still under
debate due to the complexity of the phenomena and
boundary conditions involved [27]. Microstructures affect-
ing the hydrogen embrittlement of TWIP steels have been
reported to be dislocation density [25], martensite content
[28], and deformation twins [29]. Chun et al. have clarified
the influences of the dislocation density [25] and of mar-
tensite [28]. In contrast, there have been only few reports
on the effect of deformation twins, which are indispensable
lattice defects governing the excellent formability of TWIP
steels [17,18,27].

Deformation twinning is a characteristic phenomenon in
face-centered cubic (fcc) materials with low stacking fault
energy, and is reported to cause embrittlement even in
non-hydrogen-charged steels [30,31]. In a previous study
[29], the hydrogen-assisted cracking of a Fe–18Mn–1.2C
TWIP steel (wt.%) was found to occur at deformation twin
boundaries as well as at grain boundaries, although the
precise mechanism was not revealed. Deformation twin
boundary cracking was observed by electron channeling
contrast imaging (ECCI) [29], which is an excellent method
for detecting fine twins [32–34]. Since ECCI enables the
visualization of deformation twins at a wide field of view
compared to transmission electron microscopy, it is a suit-
able technique for investigating the correlation between
deformation twinning and cracking on a mesoscopic scale.
In particular, crack propagation associated with the occur-
rence of deformation twinning is expected to be clarified by
the use of ECCI. For this purpose, we used a Fe–18Mn–
1.2C steel that is known to show high strength in conjunc-
tion with exceptional elongation [35,36]. This specific
TWIP steel does not contain any martensite even after it
fractures at ambient temperature (294 K) due to its high
carbon concentration [36]; however, hydrogen embrittle-
ment occurs when it is exposed to tensile testing under
hydrogen charging [29].

The aim of this study is to reveal how deformation twin-
ning contributes to hydrogen-assisted cracking along both
non-coherent grain boundaries and R3 coherent twin
boundaries in a stable austenitic TWIP steel using ECCI.
The main novelty of this approach lies in two fields: first,
we conduct the tensile test directly under permanent elec-
trochemical hydrogen charging; secondly, we use ECCI
to map microstructure changes that result from hydrogen
charging. This combined experimental approach enables
tracking the microstructure at a wide field of view under
minimum sample preparation requirements for imaging
dislocation, twin and interface structures. This approach
has advantages over the use of transmission electron
microscopy owing to the wide field of view that ECCI
offers.

2. Experimental

The Fe–18.0Mn–1.15C (wt.%) steel was prepared by
induction melting. The ingot was forged and hot rolled at

1273 K. It was then solution treated at 1273 K for 3600 s
under an argon atmosphere and subsequently water
quenched to suppress carbide formation. The average grain
size was 46 lm including the annealing twin boundaries.
Tensile specimens with gauge dimensions of 4 mm
wide � 0.5 mm thick � 10 mm long and grip sections on
both ends were cut by spark erosion. The steel showed
80% uniform elongation and 1.2 GPa tensile strength due
to deformation twinning [36]. In this study, we performed
10% tensile pre-straining before the test for hydrogen
embrittlement to promote the effect of deformation twins
on hydrogen embrittlement. Therefore, a considerable den-
sity of deformation twins was already introduced before
the test. The details of the deformation microstructure of
the present steel after 10% straining have been reported
in a previous study [36].

The tensile test was conducted at ambient temperature
around 294 K at an initial strain rate of 1.7 � 10�6 s�1

along the rolling direction (RD) using an Instron machine.
Strain determination was done by dividing the displace-
ments by the initial gauge length. Hydrogen was continu-
ously introduced into the specimens during the tensile
tests by electrochemical charging in a 3% NaCl aqueous
solution containing 3 g l�1 of NH4SCN at a current density
of 9 A m�2 during the ongoing test. A platinum wire was
used as counter-electrode. The solution was added contin-
uously to cover the gauge part of the sample during the ten-
sile tests. The specimen was covered by a plastic container
containing the solution. The experimental set-up is shown
schematically in Fig. 1. The hydrogen charging started
along with the tensile test (in situ charging), and the hydro-
gen was introduced into the samples effectively via diffusion
as well as through the motion of hydrogen-decorated dislo-
cations [37,38]. The tensile tests under hydrogen charging
was able to show the hydrogen embrittlement in TWIP
steels successfully [21,23,29,39].

The hydrogen content introduced during the test was
measured by the means of thermal desorption analysis
(TDA) from room temperature to 550 K. TDA was

Fig. 1. A schematic of the set-up of in situ tensile test under ongoing
hydrogen charging.
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conducted immediately after the tensile test. The time that
elapsed between the end of the tensile test and the start of
the TDA analysis was below 20 min. The heating rate was
200 K h�1. The diffusible hydrogen content was determined
by measuring the cumulative desorbed hydrogen from
room temperature up to 523 K. Diffusible hydrogen is
defined as the amount of hydrogen that diffuses at room
temperature. The diffusible hydrogen is reported to play a
key role in hydrogen embrittlement [40].

Microstructure observations were performed by second-
ary electron imaging (SEI), electron back scattering diffrac-
tion (EBSD) and ECCI to observe hydrogen-assisted
cracks and deformation twins. The specimens for the
SEM observations were prepared by mechanical polishing
with colloidal silica long enough to remove the layers
affected by polishing with coarser particles. The SE and
ECC imaging were operated at 15 kV. The EBSD analysis
was operated at 20 kV with a beam step size of 300 nm or
1 lm. The microstructure observations were conducted
2 weeks after conducting the in situ hydrogen-charged ten-
sile test. Since diffusible hydrogen was reported to be com-
pletely desorbed after exposure in air for 10 days [23], the
diffusible hydrogen content of the present specimen was
negligibly low when the microstructure was observed.

3. Results

3.1. Tensile test under ongoing hydrogen charging and

observations of the main crack

Fig. 2 shows the engineering stress–strain curve
obtained from the tensile test conducted in situ under
hydrogen charging. The serrated flow on the stress–strain
curve is caused by dynamic strain aging [41–46]. A main
crack caused by the hydrogen uptake was observed at a
plastic strain with about 19% elongation. The tensile test
was stopped before the fracture. Fig. 3 shows a plot of

the hydrogen desorption rate against temperature as
obtained from the TDA. The peak corresponds to the
desorption of diffusible hydrogen [23]. The diffusible
hydrogen content was 5.22 wt. ppm after the tensile test
under hydrogen charging.

Fig. 4 shows a SE image around the main crack. The
main crack was initiated at the corners of the side edges
of the specimen and propagated to the other side of the
specimen. The direction of the macroscopic crack propaga-
tion was approximately perpendicular to the tensile axis.
Additionally, a considerable number of subcracks were
observed on the specimen surface as highlighted by the
square. We followed the main crack path in our micro-
structure analysis in order to understand its propagation
mechanism. The subcracks were also observed to investi-
gate further crack initiation sites and to better understand
the fine details of the crack propagation.

Fig. 5a shows an ECCI map of the region highlighted by
the square in Fig. 4. The plate-like products appearing in
white contrast are deformation twins [32], and the com-
pletely black contrast corresponds to the cracks. Deforma-
tion twins of fcc materials are generally accepted to have a
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plate-like shape, since they are formed by a displacive
transformation on an {1 11} slip plane [27,47,48]. The
crack propagation path is along the grain boundaries as
indicated by the arrows. In addition, transgranular crack-
ing is also observed around the tip of the main crack.
Fig. 5b shows the magnified image of the region high-
lighted by the square in Fig. 5a. The ECCI analysis demon-
strates that the crack propagates along the deformation
twin boundaries as well as along the non-coincident grain
boundaries and is also shown to intersect the deformation
twin.

Fig. 5c shows the RD-inverse pole figure (IPF) map per-
taining to Fig. 5b. The yellow lines indicate the R3 first-
order twin boundaries. According to the result of the
EBSD analysis, the normal direction (ND) and the RD
(// tensile axis) of the parent crystal in grain X are
½24�115� and ½�515 7�, respectively. The Schmid factors for
preferential twinning shears on each twinning plane are
summarized in Table 1. The deformation twins of grain
X shown in Fig. 5c were determined to be primary twins

from the viewpoint of the respective Schmid factor.
Fig. 5d shows an orientation-optimized ECCI analysis con-
ducted around the crack tip as highlighted by the square in
Fig. 5b. When the orientation of the parent crystal is
rotated to realize the optimized contrast under Bragg con-
ditions, the parent crystal appears dark because of the low
backscattering yield, while twins and dislocations are
imaged in bright contrast due to their out-of-Bragg orien-
tation [32]. The ECC image shows the primary and second-
ary twins clearly, and the dislocation substructure is
observed in the dark region as indicated by the dotted
arrows.

3.2. Observations of subcracks associated with grain

boundary and twin boundary cracking

Fig. 6 shows ECC images that exhibit intergranular
cracking. In Fig. 6a, the intergranular cracking was initi-
ated at grain boundary triple junctions. Fig. 6b reveals that
cracking was initiated from the grain boundary where the
deformation twins impinged. The intergranular cracking
was observed to propagate not only perpendicular but also
parallel to the tensile axis. Fig. 7 shows that the crack along
the grain boundaries between grains A and B and between
grains C and D propagated parallel to the tensile axis
rather than perpendicularly to the tensile axis. From the
viewpoint of the mode 1 fracture caused by uniaxial load-
ing, the tensile stress is effectively applied on the grain
boundary when the normal of the grain boundary is ori-
ented towards the tensile axis. Thus, the intergranular

Fig. 5. (a) ECC image corresponding to the part highlighted by the square in Fig. 4. (b) Enlarged ECC image of (a). (c) RD-IPF map corresponding to (b).
TA: Tensile axis. The yellow lines in (c) indicate R3 twin boundaries. (d) Orientation-optimized ECC image of the part highlighted in (b). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Preferential twinning systems and their Schmid factors in grain X (Fig. 5c)
with ND, RD orientations of [24 �1 15] and [�5 �15 7], respectively.

Twinning plane Preferential twinning direction Schmid factor

(1�11) [�2�11] 0.429
(�111) [1�12] 0.057
(11�1) [2�11] 0.255
(111) [�1�12] 0.348
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crack propagation proceeding nearly parallel to the tensile
axis indicates the presence of an additional factor deter-
mining the cracking behavior. This point will be discussed
in the next section.

Fig. 8 shows the crack propagation through some grains
with various morphologies of the associated deformation
twins. A number of these deformation twins were observed
to impinge on the grain boundaries around the crack. One
should note that only a small number of deformation twins
were formed in grains Y and Z, and the deformation twins
around the crack tip are nearly parallel to the grain bound-
ary between grains Y and Z. In contrast, the deformation
twins in grain W impinge on the grain boundary between
grains W and Z. The cracking stops on the grain boundary
between grains Y and Z. On the other hand, the propaga-
tion path associated with the grain boundary between
grains W and Z changed from the non-coherent grain

boundary onto the deformation twin boundaries in grain
W.

Fig. 9a shows transgranular cracking through a set of
grains. This transgranular defect propagated along primary
and secondary deformation twins. As a result, the crack
exhibits a zigzag-like morphology when following the
deformation twin boundaries. According to the ECCI
map that is shown exemplarily in Fig. 9, all of these brittle
cracks proceed along a grain boundary or along deforma-
tion twin boundaries. This observation represents a general
trend in the present study, namely, all of the transgranular
subcracks were aligned parallel to the deformation twins.
As shown in Fig. 9b, even the R3 coherent annealing twin
boundaries suffered from hydrogen-assisted cracking.
Fig. 10 shows a crack initiation event associated with
deformation twins. The crack clearly exists within the grain
and is caused by the interactions between blocked and
obstacle deformation twins.

Fig. 11 shows the RD-IPF and ND-IPF maps taken in
the subcracked part highlighted by the square in Fig. 4.
The interfaces marked by black in the IPF maps indicate
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Fig. 6. Crack initiation from (a) a triple junction of the grain boundaries and (b) a grain boundary intercepting deformation twinning. These are the
dominant crack initiation sites.
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Fig. 7. ECC image showing intergranular cracking. Since this crack
propagates only along the grain boundary, grain boundaries can be a
crack initiation site. The arrows indicate the preferential twinning
direction.

Fig. 8. ECC image showing crack propagation along a grain boundary.
Interception of deformation twinning at the grain boundaries is often seen
when cracks propagate along a grain boundary.
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high-angle grain boundaries. Transgranular cracking high-
lighted by the solid white lines was observed dominantly in
near-h111i and h11 0i-aligned tensile oriented grains. Inter-
granular cracking was almost never observed in cases
where the tensile orientations of both grains involved were

close to the h10 0i crystallographic axis, although the grain
boundaries were typically high-angle grain boundaries, as
highlighted by the broken white lines in Fig. 11a and b.

The ratio of the total crack propagation length along
non-coherent grain boundaries relative to that along the
twin boundaries was measured to be 3:1 (the percentage
of twin boundary cracking was 25 ± 12%). The crack prop-
agation length was determined by measuring the length of
the subcracks as revealed in Fig. 4.

4. Discussion

4.1. Degradation of tensile properties

The Fe–18Mn–1.2C steel, when not exposed to hydro-
gen charging, is characterized by 80% uniform elongation
and ductile fracture behavior at ambient temperature
[29,35,36]. Therefore, we conclude that the drastic degrada-
tion in tensile elongation shown in Fig. 2 was caused by
hydrogen uptake. The drop in maximum elongation is
observed even more clearly when conducting the tensile test
under ongoing hydrogen charging than in a tensile test car-
ried out after hydrogen-precharging. For instance, Rone-
vich et al. reported [24] that the macroscopic tensile

(a) (b)

Fig. 9. ECC image showing crack propagation along (a) deformation twin boundaries and (b) an annealing twin boundary.
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Fig. 10. ECC image showing transgranular crack initiation associated
with deformation twins.
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Fig. 11. (a) RD-IPF and (b) ND-IPF maps of the fractured specimen corresponding to the part of the subcracked region highlighted by the square in
Fig. 4. The black grain boundaries indicate the high-angle grain boundaries (15� < h < 180�).
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properties of a TWIP steel were not strongly affected by
hydrogen-precharging even when exposed to extremely
severe loading conditions where the hydrogen was intro-
duced by cathodic charging at 100 A m�2 in a 1 N H2SO4

electrolyte with an addition of 10 mg l�1 As2O3 at room
temperature, although it showed some hydrogen-assisted
surface cracking. From the viewpoint of hydrogen uptake,
there are two factors affecting the embrittlement behavior,
namely the diffusible hydrogen content and the depth of the
hydrogen-affected zone. Even if a significant amount of
hydrogen is introduced, hydrogen-assisted cracking cannot
propagate to specimen regions reaching deeper than the
near-surface hydrogen-affected zone. The hydrogen-
affected zone of TWIP steels is determined by the diffusion
coefficient and the charging time [24]. Since the diffusion
coefficient of hydrogen in an austenitic TWIP steel at room
temperature is 1.29 � 10�13 m2 s�1 and is, hence, much
lower than that in conventional ferritic high-strength steels
[49], hydrogen charging requires considerable time to
obtain a sufficiently large hydrogen-affected zone in the
case of static pre-charging. On the one hand, hydrogen
charging under ongoing deformation provides a deeper
hydrogen-affected zone through the motion of hydrogen-
decorated dislocations. Additionally, the diffusible hydro-
gen content of 5.22 wt. ppm shown in Fig. 3 is significant
compared to conventionally reported diffusible hydrogen
contents where hydrogen embrittlement of TWIP steels
was observed as shown in Table 2 [22–26,29]. The reasons
why the diffusible hydrogen content in the present experi-
ment is higher than that observed in our previous study
[29] are due to two factors, namely (1) the effect of pre-
strain-induced dislocations and deformation twins which
are the trapping sites for diffusible hydrogen and (2) the
longer total time for hydrogen charging due to the lower
strain rate of 1.7 � 10�6 s�1 (the strain rate used in the pre-
vious study was 5.1 � 10�5 s�1). As a result, the tensile test-
ing conducted under ongoing hydrogen charging resulted
in a clear reduction of the maximum attainable elongation.

4.2. Contribution of deformation twinning to intergranular

fracture

The major sites of hydrogen-assisted cracking are the
grain boundaries as shown in Fig. 5a. Hydrogen-assisted
intergranular cracking is a generally reported feature of
TWIP steels [20,21]. The crack nucleation sites for the
intergranular fracture are the grain boundary triple junc-
tion and grain boundaries that are intercepted by progress-

ing deformation twins as shown in Fig. 6a and b. The crack
initiation at triple junctions is typical in stress corrosion
cracking [50] and hydrogen embrittlement [51] of fcc mate-
rials. Both high stress concentration and high accumula-
tion of hydrogen at grain-boundary triple junctions are
likely reasons for the hydrogen-assisted intergranular
cracking at these sites [51]. The stress concentration can
be caused by deformation bands that occur at triple junc-
tions [51]. However, even without the effect of plastic defor-
mation bands ending at these defects, the elastic mismatch
is also largest at triple junctions. When stress concentra-
tions occur at triple junctions of grain boundaries, diffus-
ible hydrogen moves spontaneously to the vicinity of the
stress concentration [51].

The propagation direction of the main crack was per-
pendicular to the tensile axis as shown in Fig. 4. This indi-
cates that the macroscopic crack propagation direction is
determined by the relationship between the tensile axis
and the normal of the cracked boundary, since the tensile
stress is applied most effectively on the cracked boundary
when the normal of the boundary is parallel to the tensile
axis. However, in some cases, the intergranular cracking
propagates nearly parallel to the tensile axis (Fig. 7) and
correlates with the local arrangements of the deformation
twins (Fig. 8). These characteristics of intergranular crack-
ing must be correlated with the cracking observed at grain
boundaries that intercept the progressing deformation
twins as shown in Fig. 6b. An important effect in that con-
text is the stress concentration field at the tip of the expand-
ing deformation twin. The stress concentration can cause
intergranular cracking even without hydrogen charging,
specifically when the deformation twinning is intercepted
at a grain boundary [30,52,53]. The crack initiation at the
grain boundary intercepting deformation twins is also con-
sidered to be caused by this stress concentration effect. The
arrows in Fig. 7 indicate the preferential twinning direc-
tions in grains A, B, C and D. The deformation twinning
was intercepted at the cracked grain boundaries. The inter-
ception of deformation twins assisted the intergranular
cracking along the tensile axis. More specifically, the grain
boundaries intercepting deformation twins can act as pref-
erential crack initiation sites and as propagation paths.
Fig. 11 reveals that cracking did not occur at grain bound-
aries between grain-pairs with a near-h100i tensile orienta-
tion joint. This observation corresponds to the occurrence
of twinning-assisted intergranular cracking, since the initi-
ation of deformation twinning is difficult in h10 0i tensile
orientations of high-Mn austenitic steels [33,54,55].

Table 2
Diffusible hydrogen contents of Fe–Mn–C ternary TWIP steels that showed significant degradation of tensile properties from previous results.

Steel (wt.%) Diffusible hydrogen content (wt. ppm) Degree of the degradation in elongation Method of H-charging Ref.

Fe–22Mn–0.6C 4.2–12.0 – Changing after deformation [22]
Fe–18Mn–0.6C 1.0–1.7 70%! 40–60% In situ charging [23]
Fe–18Mn–0.6C 4.3 60%! 45% Pre-charging [26]
Fe–18Mn–1.2C 1.1 80%! 50% In situ charging [29]

M. Koyama et al. / Acta Materialia 61 (2013) 4607–4618 4613
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The crack initiation and propagation phenomena occur-
ring along the grain boundaries are summarized schemati-
cally in Fig. 12. As mentioned above, the preferential
initiation sites for intergranular cracking are grain bound-
aries intercepting progressing deformation twins (Fig. 12a)
and grain boundary triple junctions. The intergranular
crack propagation in both sites is assisted by deformation
twinning through the stress concentration at the tip of
the deformation twin.

4.3. Possible mechanisms of twin boundary cracking

All of the brittle cracks were aligned along non-coherent
grain boundaries or twin boundaries except for intersec-
tions between cracks and deformation twins. Thus, hydro-
gen-assisted cracking of TWIP steels can be classified into
grain-boundary-assisted and twin-boundary-assisted
cracking phenomena. Approximately 25% of all cracks
were deformation twin-boundary-assisted cracking events.
This fact indicates that although intergranular cracking is
the dominant effect, deformation twin boundary cracking
is essential for the hydrogen embrittlement mechanism of
TWIP steels. In this section, we hence discuss the mecha-
nism of twin boundary cracking in more detail.

Fig. 11 shows that twin boundary cracking occurred
only among grain pairs with tensile orientations near-
h111i or h110i. Since the deformation twin boundary
cracking path was oriented dominantly along the primary
and secondary deformation twin boundaries as shown in
Fig. 9, the crystallographic orientation dependence of the
observed cracking behavior is correlated with the deforma-
tion twinning behavior. More specifically, deformation
twinning occurs preferably when the tensile orientation is
close to h111i or h110i [33,54,55].

The deformation twin boundaries can act as crack initi-
ation sites as well as propagation paths as shown in Fig. 10.
Deformation twin boundary cracking has even been
reported in steels that were not exposed to any artificial
hydrogen charging [31,56,57]. Twin boundary cracking
requires a sufficient stress concentration to initiate failure

at the obstacle deformation twin boundary that is associ-
ated with the twin–twin interaction [31]. The possible inter-
actions are (1) the interception of deformation twinning at
an already existing obstacle deformation twin boundary,
and (2) the intersection of two simultaneously active defor-
mation twins proceeding on different twinning planes.
According to the Olson–Cohen mechanism [58], a’-mar-
tensite has been reported to form at such an intersection
of deformation twins in metastable austenitic steels
[59,60]. These small portions of a0-martensite can act as
hydrogen-assisted crack initiation sites [61]. However, the
austenite phase of the present steel is stabilized by the addi-
tion of a very high concentration of carbon, and hence, the
formation of a0-martensite is not plausible in this case.
Therefore, in the present study, the interception of defor-
mation twinning at an existing twin boundary that acts
as an obstacle appears to be a more reasonable explanation
than the intersection mechanism for crack initiation. More
specifically, the stress concentration at the tip of a blocked
deformation twin, when running into the obstacle deforma-
tion twin boundary, is very high. Such a high stress peak is
required to intersect the obstacle twin boundary [62,63]. To
quantify this situation we assume that proceeding deforma-
tion twins can be approximated as a moving disclination
dipole [31,57,64]. Then, the tensile stress field around the
tip of the deformation twins acting on an obstacle twin
boundary can be estimated by the following equation [31]:

rxxjx¼0 ¼ Dx ln
jy� aj
jyþ aj ð1Þ

where D = G/2p(1 � m), G is the shear modulus, m is the
Poisson’s ratio, x is the power of the disclinations, and
2a is the twin thickness. The geometrical relationship ex-
pressed in Eq. (1) is described in Fig. 13. The stress be-
comes extremely high for a spacing of y � �a, causing
cracking on the affected obstacle twin boundary. When
cracking occurs, an additional stress at the crack tip pro-
motes the propagation of the twin boundary cracking [31].

The deformation twin boundary cracking processes are
schematically described in Fig. 14. The hydrogen-assisted

(a) (b)

Fig. 12. A schematic describing the relationship between deformation twin and intergranular crack propagation. (a) Cracking is initiated by intercepting
deformation twinning. (b) Cracking occurs at the triplets of grain boundaries. In both cases, deformation twins assist the crack propagation.
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cracking starts at the deformation twin boundary
(Fig. 14a) or at a non-coherent grain boundary
(Fig. 14b). Even if cracking is initiated at a grain boundary,
e.g. at a grain boundary triple junction, the propagation
path can change from the non-coherent grain boundary
to a deformation twin boundary alignment. This type of
transition was indeed observed in Fig. 8. Thus, deforma-
tion twin boundaries can provide an important crack prop-
agation path even when the crack was originally initiated
on a non-coincident grain boundary.

We have to note here a certain contradiction of this
observation with respect to the common notion, namely
that coherent R3 twin boundaries are known to act as a
common crack arrest site for delayed fracture in Fe–Cr–
Ni austenitic steel. This is commonly attributed to the fact
that coherent R3 twin boundaries are highly ordered and
hence energetically stable [65,66]. Additionally, coherent
boundaries such as the fcc R3 twin boundary are not pre-
ferred hydrogen-trapping sites, implying that hydrogen
does not preferentially weaken the twin boundary strength
as compared to non-order grain boundaries which can be
highly affected and weakened. However, hydrogen was
reported to be trapped at the deformation twin boundaries

of Fe–Mn–C TWIP steels [67,68], and both annealing twin
boundary cracking and deformation twin boundary crack-
ing were observed as shown in Figs. 9 and 10. In order to
resolve this apparent contradiction we discuss the four fac-
tors that promote hydrogen-assisted deformation twin
boundary cracking in Fe–Mn–C TWIP steels.

First, very high stress concentration peaks exist at the
tip of moving deformation twins when interfering with an
obstacle deformation twin boundary as discussed in terms
of Eq. (1) and as schematically shown in Fig. 15a. When
coherent boundaries act as hydrogen-trapping sites, a local
strain field is required to trap hydrogen there. The stress
concentration at the tip of a moving deformation twin pro-
vides this local strain field, which attracts hydrogen to the
obstacle deformation twin boundary. Therefore, the stress
concentration field at the twin tip is essential for the local-
ization of hydrogen as well as crack initiation on grain and
twin boundaries.

The second factor is the dislocation–twin interaction.
Mahajan et al. [69] and Remy et al. [70] reported that dis-
locations intersect twin boundaries through a dislocation
dissociation mechanism. An example of the dislocation
reaction is as follows [69]:

1=2½�1 01�ð11 1Þ ! 1=6½�114�ð�5�1�1Þ þ 1=6½�2�1�1�ð�11 1Þ ð2Þ
where the ð�111Þ plane is the obstacle twin boundary. The
formation of 1=6½�2�1�1� dislocations creates slip steps on
the obstacle twin boundary [71], disturbing the coherency
of the twin boundary. As a result, a strain field is formed
at these deformation steps, promoting hydrogen trapping
on the twin boundaries as shown in Fig. 15b. In carbon-
containing TWIP steels, the dislocation multiplication rate
is much greater than in carbon-free alloys, probably due to
the carbon–manganese dipole [72]. This effect suggests that
the frequency of dislocation–twin interactions is signifi-
cantly greater in carbon-containing TWIP steels than in
carbon-free fcc alloys.

The third factor is associated with the position of
interstitial carbon atoms. The carbon position is on the

O
bstacle tw

in

y

x
Blocked twin

2a

Fig. 13. Schematic describing the parameters in Eq. (1).

Grain 1

Grain 2

Grain 3

Tensile axis

(a) (b)

Fig. 14. Schematics expressing twin boundary cracking and its propagation. (a) Cracking associated with twin–twin interactions. (b) Change in crack
propagation path from the grain boundary to the deformation twin boundary.
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octahedral interstitial site in austenitic steels. Adler et al.
suggested [73] that this position of carbon may change
from an octahedral to a tetrahedral site when a leading par-
tial dislocation passes through a position where interstitial
carbon is located. Since deformation twinning propagates
by the motion of leading partials, the structure of the
deformation twin boundary of carbon-containing fcc alloys
is affected by the change in the carbon position. The carbon
position in a carbon-containing deformation twin is sche-
matically shown in Fig. 15c. The change in the carbon posi-
tion from an octahedral to a tetrahedral site leads to lattice
distortions in the deformation twin. In contrast, the
untwinned matrix does not experience any significant lat-
tice distortion, since the carbon remains on the octahedral
site. A deformation twin involving the deviating carbon
positions is referred to as a pseudo-twin owing to the loss
of its full mirror symmetry [73]. The lattice mismatch aris-
ing from the difference in the lattice distortion produces a
local elastic strain on the pseudo-twin boundary. The
appearance of such an elastic strain may promote hydrogen
trapping on the deformation twin boundaries. However,
this factor only applies to carbon-containing alloys with
low stacking fault energy, such as the TWIP steel studied
here.

The fourth reason is the considerable number of lattice
defects that exits in and around deformation twins
[25,31,32,74–79]. Deformation twins in Fe–Mn–C austenit-
ic steels actually form twin bundles, which are composed of
numerous dislocations and nanotwins [25,80] as schemati-
cally shown in Fig. 15d, rather than isolated twins. Such
a feature was also observed in Fig. 5d. Dislocations are
prominent reversible hydrogen trapping sites [25,65], and
nanotwin boundaries can also act as hydrogen trapping
sites due to the three above-mentioned factors. Thus, it is
plausible that diffusible hydrogen can indeed localize at
deformation twins. The first and second factors apply both
to deformation twin boundaries and also to annealing twin
boundaries while the third and fourth factors apply specif-
ically to deformation twins.

4.4. Further hydrogen effects on embrittlement

The contribution of deformation twins to the hydrogen
embrittlement was discussed in the previous section. How-
ever, we cannot rule out further interactions of hydrogen
with other lattice defects such as vacancies [12] and disloca-
tions [13–16] as well as its effects on the cohesive energy of
grain boundaries [9–11]. Since these interactions essentially
cause hydrogen embrittlement of steels even without the
presence of deformation twins, deformation twinning is
considered to essentially assist these other possible embrit-
tlement effects that are associated with one or more of these
interactions. In particular, hydrogen–dislocation interac-
tions affecting dislocation motion [13–16,81–86] and twin-
ning behavior [87,88] have been reported to be relevant in
fcc alloys including specifically austenitic steels. In this sec-
tion, we, therefore, introduce some facts that could be
related to the present results.

First, we note that previous investigations that used the
same experimental set-up as this work have revealed that
hydrogen charging did not affect the work-hardening
behavior of TWIP steels, even though clear hydrogen
embrittlement was detected [21,23,29]. This is an essential
point since it reveals that if the hydrogen–dislocation inter-
action would be the dominant embrittlement reason in the
current case of austenitic TWIP steels, the stress–strain
response, specifically the strain-hardening characteristics
should have been changed accordingly [81–83]. Moreover,
the work-hardening rate changes most profoundly when
the twinning behavior changes [27,34,36,89,90]. Therefore,
an observation of no significant change in the work-
hardening behavior indicates that hydrogen–dislocation
interactions are not the major cause of the hydrogen
embrittlement in the present case. Instead, the occurrence
of embrittlement is considered here to require a reduction
in the cohesive energy of each boundary arising from
hydrogen, since the reduction in cohesive energy can lead
to hydrogen-assisted cracking without any changes in the
stress–strain responses of the material.

TB

(a) (b) (c)
Carbon in a tetrahedral site

Substitutional atom of 1st layer

Substitutional atom of 2nd layer

(d)

Boundaries of twin lamella

Dislocation

Fig. 15. Schematics describing the factors affecting hydrogen trapping at the deformation twin boundaries. TB: Twin boundary. (a) Stress concentration
at a tip of a deformation twin. (b) Strain field at the steps formed by the dislocation–twin intersection. (c) Lattice distortion due to pseudo-twin formation.
In (c), the interstitial carbons exist at the tetrahedral sites in a twin, and the grey arrows indicate octahedral sites that are the carbon positions in the parent
crystals. (d) Nanoscale structure of deformation twins that includes dislocations and nanotwin plates.
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However, we also have to note that the dominant trap
site of diffusible hydrogen in TWIP steels are the disloca-
tions [25,65], and the diffusible hydrogen content is the con-
trolling factor of hydrogen embrittlement [23,25]. These
facts indicate that hydrogen–dislocation interactions will
also to some extent assist the embrittlement in the current
case. In terms of hydrogen–dislocation interactions, some
phenomena affecting dislocation motion have been
reported in the literature: (i) a decrease in the activation
barriers of dislocation motion [83]; (ii) enhancement of dis-
location planarity arising from stabilization of the edge
components [84]; (iii) a reduction in the staking fault
energy [91,92]; (iv) the reduction in the elastic interactions
among the dislocations [85]; and (v) the reduction in shear
modulus [86].

All these phenomena were examined in fcc materials
such as pure Ni and austenitic stainless steels. Hence, the
enhanced dislocation mobility may cause strain localiza-
tion on non-coherent grain boundaries and coherent R3
twin boundaries in TWIP steels, which can assist hydrogen
embrittlement.

4.5. Al effect on hydrogen embrittlement in terms of

deformation twinning

Al addition has been reported to improve the hydro-
gen embrittlement properties of Fe–Mn–C high-strength
TWIP steels [18,25,26,39,68]. The hydrogen embrittle-
ment properties of such Al-containing TWIP steels were
examined in terms of delayed fracture tests that were
conducted on cup-drawn specimens [18]; tensile tests con-
ducted after hydrogen precharging [25,26]; and tensile
tests under ongoing hydrogen charging [39,68]. All the
results obtained from these experiments revealed that
Al plays a key role in preventing hydrogen embrittle-
ment. Two important possible reasons were suggested
for the effect of Al on the hydrogen embrittlement. First,
the Al addition provides an Al2O3 layer on the sample
surface, preventing hydrogen entry [26]. The reduction
in the total hydrogen uptake consequently suppresses
hydrogen embrittlement. A second line of thought is that
the Al addition suppresses deformation twinning due to
the decrease in the stacking fault energy, preventing twin
boundary cracking [68]. The present work supports the
second line of argumentation, i.e. the effect of Al on
deformation twinning, since the contribution of deforma-
tion twins on hydrogen-assisted cracking was indeed
revealed in our current experiments. Additionally, the
Al addition is considered to suppress intergranular crack-
ing as well as the twin boundary cracking in terms of
twinning-assisted intergranular cracking as also observed
in the present work.

5. Conclusions

We observed hydrogen-assisted cracking and crack
propagation in a Fe–18Mn–1.2C TWIP steel using a

slow-strain-rate tensile test under ongoing hydrogen charg-
ing and ECCI. We show that deformation twinning plays
an important role in the hydrogen embrittlement of TWIP
steels. The main conclusions are:

(1) Hydrogen embrittlement occurred during tensile
testing under ongoing hydrogen charging, produc-
ing clear intergranular and transgranular cracking
with a considerable amount of associated sub-
cracks. The hydrogen-assisted intergranular crack-
ing was even observed on R3 coherent annealing
twin boundaries. The crack initiation sites were
deformation twin boundaries as well as non-coher-
ent grain boundaries. The cracks were observed to
propagate along both non-coherent grain bound-
aries and deformation twin boundaries depending
on the deformation twin morphology relative to
the loading axis.

(2) Preferred crack nucleation sites for intergranular
cracking were a grain boundary triple junction and
a grain boundary impinging on a deformation twin.
In cases when the deformation twin density was low
or the major twinning direction was nearly parallel
to the grain boundary, either the intergranular crack-
ing stopped or the propagation path changed from a
non-coherent grain boundary to a deformation twin
boundary. Even when intergranular cracking
occurred, deformation twinning played an important
role in assisting its propagation owing to the very
high stress concentration at the twin tip.

(3) In contrast, deformation twin boundary cracking was
caused by twin–twin interaction, e.g. by the intercep-
tion of deformation twinning at an already existing
deformation twin. Deformation twin boundary
cracking propagated along both primary and second-
ary deformation twin boundaries with a zigzag-type
path. Deformation twin boundary cracking was
observed particularly along grain boundaries pertain-
ing to grain pairs with near-h111i and h110i tensile
orientations, since h111i and h110i are preferential
tensile orientations for deformation twinning in
austenitic steels.
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