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Hydrogen-assisted crack growth of pre-strained twinning-induced plasticity (TWIP) steel was investigated
using artificial defects (micro-drilled holes), which acted as artificial crack initiation sites. Hydrogen was
introduced into the specimens by electrochemical hydrogen charging during slow strain rate tensile test.
The quasi-cleavage crack propagation observed was due to repeated crack initiation near the crack tip and
subsequent coalescence. Crack initiation near the crack tip occurred after plastic deformation of the crack
tip, and pre-straining facilitated plasticity-driven crack initiation. The early stage of plasticity-driven crack
growth was sensitive to the crack length and remote stress level. Accordingly, the crack growth rate in
the early stage increased with the increase in the initial defect size. In the following stage of the crack
growth, the crack growth rate exhibited a complicated trend with respect to the crack length, which is
possibly due to the plastic-wake-altered stress field around the crack tip, which depends on the initial

defect size.
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1. Introduction

A well-known property of stable austenitic steels is their
superior hydrogen embrittlement resistance.'™ Even when
hydrogen-induced mechanical degradation appears, failure
occurs after significant plastic deformation.*> More specifi-
cally, even if crack initiation occurs at an early deformation
stage, most of the cracks blunt and stop growing once, i.e.,
the microstructural damage, is arrested.®® Therefore, the
risk of hydrogen-induced fracture in solution-treated austen-
itic steels is rather small as compared to martensitic steels.

Nevertheless, hydrogen embrittlement in austenitic steels
is recognized as an important problem, which is probably
due to pre-strain effects. The effect of plastic pre-strains is
an important factor in failure of austenitic steels even with-
out hydrogen.”!” In particular, the formation and growth
of cracks and voids can result from the accumulation of
lattice defects, such as vacancies,'"'? dislocations,'>'¥
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and twins,'>'® which reduces the stress accommodation
capability and creates a microstructural crack growth path.
In addition, plasticity-induced damage can act together
with hydrogen effects.!” Especially at room temperature,
plasticity-induced damage will occur during forming pro-
cesses of structural components such as automobile parts.
Thus, it is practically important to note that a certain num-
ber of plastically deformed austenitic steel components
may exhibit a potential risk for failure associated with the
deterioration of small crack arrestability. Furthermore, cold/
warm pre-deformation is often used for austenitic steel
to increase the yield strength, which is another route that
introduces plasticity-induced damage. To better understand
the hydrogen embrittlement resistance of high strength and
ductile materials, such as austenitic steels and the variants
derived from these, the effect of plastic pre-deformation on
hydrogen-assisted crack propagation needs to be considered.

High-Mn twinning-induced plasticity (TWIP) steels are
typical examples of austenitic steels with high strength;
however, they also exhibit hydrogen embrittlement after
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significant plastic deformation.'®!? Moreover, these types
of steels show hydrogen-induced delayed failure when the
structural components are severely plastically deformed.?*?"
In the present study, hydrogen-assisted crack propagation
behavior of a plastically pre-deformed TWIP steel was
investigated with a focus on crack propagation rate and the
associated microstructural evolution. To shed light on the
influence of micro defects under hydrogen charging condi-
tions, artificial defects with different sizes were introduced
into the samples.

2. [Experimental Procedures

As an example of structural materials for automobile
parts, we received a warm-rolled Fe-15Mn-2.5Si-2.5A1-0.7C
(Wt.%) fully austenitic TWIP steel.”” The warm rolling was
performed to increase strength level. In this study, we evalu-
ate a pre-strain effect on crack propagation in the practically
designed steel. Figure 1(a) shows the microstructure in
the as-received condition in the form of a rolling direction
inverse pole figure (RD-IPF) map, which demonstrates the
presence of almost bimodal grain size distribution. In fact,
as can be seen in Fig. 1(b), the grain size can be classified
into two groups: fine grains below 20 yum (indicated by the
area fraction and number fraction curves shown in Fig. 1(b))
and coarse grains of approximately 100 um (indicated by
the area fraction curve shown in Fig. 1(b)). The mean grain
size, including coarse and fine grains and twin boundaries,
is = 25 um.

Tensile specimens, with gauge dimensions of 4 mm in
width, 0.3 mm in thickness, and 10 mm in length, were cut
by electrical discharge machining (EDM). Following EDM,
the thickness of the specimens was reduced by mechanical
grinding to remove any EDM-induced surface artefacts.

To investigate the effect of plastic pre-deformation on
crack propagation behavior, the specimens were first pre-
deformed in tension up to a 30% strain at an initial strain
rate of 107> s~'. Thereafter, the surface of the specimens
was mechanically polished to a mirror finish grade. Next,
two types of artificial small stress concentration sources
were introduced by micro-drilling technique in the central
section of the gauge part. In part of the specimens, one
micro-drill hole (1DH) with a diameter of 300 um was
introduced. The subsequent tests for them were conducted
in both the hydrogen-charged and uncharged conditions. In
addition, three drill holes (3DH) with diameters of 300 um,
which were placed next to each other on the centerline per-
pendicular to the tensile direction, were machined in another
set of samples. The final configuration of the specimens is
given in Fig. 2.

Tensile tests with the pre-strained samples with the
micro-drill holes were conducted with and without hydrogen
charging at a crosshead speed of 10 * mm/s at temperature
of 295 K. Crack propagation was observed by in-situ using
an optical microscope with a focal length of 10 cm. Opti-
cal images were taken every 30 s until the end of the test.
For part of the samples, hydrogen was introduced during
the tensile test by electrochemical charging in a 3% NaCl
aqueous solution containing 3 g/ NH4SCN at a current
density of 30 A/m?. A platinum wire was employed as the
counter electrode.
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Fig. 1. (a) Rolling direction inverse pole figure (RD-IPF) map
superimposed by image quality (IQ) contrast and (b) histo-
grams demonstrating the bimodal grain size distribution
of the initial microstructure. (Online version in color.)

30

Fig. 2. Tensile specimen geometry with illustration of the two
sets of artificial defects introduced (all dimensions are in
mm); the specimen thickness is 0.25 mm.

The fracture surfaces were observed by scanning electron
microscopy (SEM) at an accelerating voltage of 15 kV. In
addition, the SEM was used for secondary electron imaging
and electron backscatter diffraction (EBSD) measurements
to correlate cracks with the microstructure near the fracture
surfaces of the hydrogen-charged specimens. For the micro-
structure observations, the specimens were mechanically
polished using colloidal silica with a particle size of 60 nm.
All EBSD measurements were performed at an acceleration
voltage of 20 kV with a beam step size of 100 nm.

3. Results

3.1. Hydrogen Effects on Mechanical Response
Figure 3 shows the engineering stress—displacement dia-
grams for the 30% pre-strained specimens. The engineering
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stress was evaluated as

where P and A, are the applied load and initial net cross-
sectional area, respectively. The uncharged 1DH specimen
exhibited failure at a displacement of 0.47 mm (indicated by
the dashed line in Fig. 3). Hydrogen charging resulted in a
loss of = 15% of the overall displacement (1DH: black solid
line in Fig. 3). Accordingly, the ultimate tensile strength
(UTS) also decreased from 1 135 MPa to 1 015 MPa due to
the hydrogen charging. Furthermore, an increase in drill hole
number (3DH specimen) showed an additional reduction in
ductility compared with the case of the hydrogen-charged
1DH specimen (red line in Fig. 3).
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Fig. 3. Engineering stress—displacement curves demonstrating
the effect of hydrogen charging on mechanical behavior
upon straining in tension. (Online version in color.)

3.2. Crack Propagation Behavior in the Hydrogen-
charged Specimen

Figure 4 shows optical images taken by in-situ optical
microscopy during tensile testing in the hydrogen-charged
I1DH specimen. Following evolution of the plastic zone
near the drill hole, cracks initiated from both sides of the
micro-hole, as shown in Fig. 4(b), and gradually grew per-
pendicular to the tensile axis until fracture as shown in Figs.
4(c)-4(f). In Fig. 5, the crack length measured from the
in-situ images is plotted as a function of time and engineer-
ing stress. Here, the crack length is defined as the projected
crack length including the size of initial drill hole. The crack
propagation can be divided into two stages of low and high
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Fig. 5. Crack length as a function of test time (solid line) and
engineering net sectional stress (dashed line) for the
hydrogen-charged specimens; the black and red lines rep-
resent IDH and 3DH specimens, respectively. (Online
version in color.)

Fig. 4. Optical images of crack propagation in the hydrogen-charged 1DH specimen taken in-situ: (a) before the tensile
test (note drill hole with a diameter of 300 um), (b) crack length of 520 um at 3 000 s and a displacement of 0.3
mm, (c) crack length of 850 um at 3 400 s and a displacement of 0.34 mm, (d) crack length of 1 420 um at 3 550
s and a displacement of 0.355 mm, (e) crack length of 2 400 um at 3 650 s and a displacement of 0.365 mm, and
(f) facture point at a displacement of 0.4 mm. (Online version in color.)
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crack propagation rate. The first stage is defined from the
point of initiation up to the critical point where rapid propa-
gation is triggered. The following stage up to final failure is
defined as the second stage. Following crack initiation, the
rate of crack propagation sharply increased until failure in
the two stages (solid lines in Fig. 5). However, with respect
to net engineering stress (dashed lines), it progressed in a
more gradual way, which indicates that the fracture mode
was not completely brittle.

Figure 6 shows the true net sectional stress as a function
of the total crack length for the hydrogen-charged speci-
mens. The true net sectional stress was defined as

where P and Ay are the applied load and local cross-sectional
area, respectively. In Fig. 6, the black and red lines indicate
the results of 1DH and 3DH specimens, respectively. As can
be seen, the stress gradually reduces after the maximum for
the 3DH specimen, whereas it becomes nearly constant due
to the increase in the crack length in the 1DH specimen.
These results demonstrate that the apparent stress level in
the 1DH specimen is higher than that in the 3DH specimen

when compared at the same crack length. The difference in
the stress levels of the 1DH and 3DH specimens increases
after the maximum value of the 3DH specimen, which cor-
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Fig. 6. True net sectional stress as a function of the total crack
length in hydrogen-charged specimens. (Online version in
color.)

Fig.7. Overview and higher magnification details demonstrating the difference in microstructural evolution in the
hydrogen-charged 1DH specimen after failure: (a) yellow boxes marked areas with (b) low density of twining
further away from the micro-hole along the tensile direction and (c) high density of twins in the vicinity of the
fracture surface. The positions shown in panels (b) and (c) correspond to the locations indicated in Fig. 4(f).

(Online version in color.)
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responds to the second stage shown in Fig. 5.

Figure 7(a) shows the overall microstructure distribu- S ;:’l::'fm‘

tion of the hydrogen-charged 1DH specimen after failure.
Owing to the presence of the micro-hole (stress concentra-
tion source), a heterogeneous distribution of the deformation
microstructures, such as twins were observed, c.f. Figs.
7(b) and 7(c). Specifically, the twin density at the region Drill hole
further away from the micro-hole along the tensile direction
is lower than that in the vicinity of the fracture surface. It
should be noted that there were only a few micro cracks on
the specimen surface after fracture, which is different from
that in the case of a tested smooth TWIP steel plate, where
numerous secondary cracks were observed after fracture due

to hydrogen charging.?”

Figure 8 shows an SEM image and the corresponding Fig. 10. (a) SEM image showing a crack ahead of a secondary
RD-IPF map near the fracture surface of the 1DH specimen. crack tip near the fracture surface for a hydrogen-
As can be seen in Fig. 8(a), a secondary crack initiated from charged 3DH specimen. (b) RD-IPF map in the location

¢ . & o Yy . outlined by the red dashed line in (a). The RD-IPF map
the micro-hole. In addition, the RD-IPF map in Fig. 8(b) is superimposed on the TQ map. (Online version in
shows that the small secondary crack that had formed from color.)

Specimen surface

Fracture surface

Fig. 8. (a) SEM image and (b) corresponding RD-IPF map of the surface at one side of the micro-hole in the vicinity of
the fracture surface of the hydrogen-charged 1DH specimen after the tensile test; the RD-IPF map has been
superimposed with IQ contrast. (Online version in color.)

=

&

Fig. 9. (a) SEM image and (b) corresponding RD-IPF map of the surface crack in the vicinity of the fracture surface in
a hydrogen-charged 3DH specimen; the RD-IPF map has been superimposed with IQ contrast. (Online version
in color.)
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the micro-hole propagated in the grain interior, and finally
terminated at the grain boundary. Furthermore, the plate-like
microstructure with a different orientation from the matrix
and low image quality index shown in Fig. 8(b) indicates
the formation of deformation twins within the grain interior.
The hydrogen-charged 3DH specimen shown in Fig. 9 also
exhibited transgranular crack propagation and formation of
deformation twins.

Figure 10(a) shows another example of an SEM image
near the fracture surface of the hydrogen-charged 3DH
specimen. This image demonstrates the crack initiation in
front of the secondary crack tip. The corresponding RD-IPF
map taken near the secondary crack tip (Fig. 10(b)) shows
a considerable number of deformation twin plates. Specifi-
cally, both the secondary crack and associated small crack
propagated across the deformation twin plates. Figure

~Pang® ——
Crack prop agation
dizection™ =

11 shows a set of SEM and EBSD images taken around
the fracture surface in the 1DH and 3DH specimens. The
RD-IPF maps shown in Figs. 11(a;) and 11(b,) show a
considerable amount of lattice distortion associated with
plastic deformation including the effect of deformation
twins.?*?Y However, the lattice distortion distribution,
which can mainly be attributed to the presence of geo-
metrically necessary dislocations, did not show a significant
difference between the hydrogen-charged 1DH and 3DH
specimens, as demonstrated by the kernel average misorien-
tation (KAM)*2” and grain reference orientation deviation
(GROD) maps®®*” (Figs. 11(as) and 11(bs) and Figs. 11(as)
and 11(bs,) respectively). This is possibly due to the effect
of the large plastic pre-strain.

Fig. 11. SEM images and corresponding EBSD results obtained for the hydrogen-charged (a) 1DH and (b) 3DH speci-
mens at an identical distance of 700 um from the center of the micro-drill hole; indices 1, 2, 3, and 4 indicate
the SEM image, RD-IPF map, kernel average misorientation (KAM) map, and grain reference orientation
deviation (GROD) map, respectively. (Online version in color.)

Fig. 12. (a) Overview SEM image of the fracture surface of the uncharged 1DH specimen. High-magnification details
of the area highlighted in (a) are shown in (b) and (c) where arrows mark delamination events. (Online version

in color.)
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Fig. 13. (a) Overview SEM image of the fracture surface of the hydrogen-charged 1DH specimen. High-magnification
details of the areas highlighted in (a) are shown in (b) and (c). (Online version in color.)
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Fig. 14. (a) Overview SEM image of the fracture surface of the hydrogen-charged 3DH specimen. High-magnification
details of the areas highlighted in (a) are shown in (b) and (c). (Online version in color.)

3.3. Fractographic Analysis

Figure 12 shows the fracture surface of the 1DH speci-
men without hydrogen charging. The uncharged specimen
exhibits typical ductile fracture surface, which is covered
by fine dimples and a few coarse ones (Fig. 12(b)). In
addition, the fracture surface shows a certain amount of
secondary fracture along the rolling direction, as indicated
by arrows in the magnified image in Fig. 12(c). This split-
ting phenomenon, referred to as delamination, was observed
in hydrogen-charged smooth specimens of the same TWIP
steel.”? In the present case, the appearance of delamination
is possibly promoted by the presence of stress triaxiality at
the micro-drill hole.

Figures 13 and 14 display the fracture surfaces of the
hydrogen-charged 1DH and 3DH specimens. The over-
view and magnified images of the fracture surfaces locally
show a quasi-cleavage fracture containing several step-like
ridges®™*? (marked by white arrows in Figs. 13(b) and
14(b)). In addition, higher magnification SEM micrographs
(Figs. 13(c) and 14(c)) reveal that a number of dimples are
distributed along the quasi-cleavage feature.

© 2021 1S

4. Discussion

Previous work has demonstrated that in the smooth
specimens of the hydrogen-charged bimodal TWIP steel,
failure occured due to intergranular crack initiation on the
surface of the specimen and in the interior of the specimen,
followed by the coalescence of the cracks.”” As expected,
the present experiments demonstrated that the crack initi-
ated from the drill hole, and propagated perpendicular to the
tensile direction, as shown in Fig. 4. However, the fractures
surfaces did not contain the intergranular features as shown
in Figs. 13 and 14.

Considering crack propagation, the growth progressed
in a step-by-step manner with increasing displacement.
Crack extension occurred within the plastic zone next
to the notch and ahead of the advancing crack tip in the
hydrogen-charged specimen (Fig. 4), which is one of the pri-
mary factors resulting in the step-by-step crack growth with
increasing displacement in sufficiently ductile materials.*>*%

The results shown in Fig. 5 indicate that the cracks
experience different stages under displacement controlled
monotonic loading until failure: (1) a period without crack
growth, (2) a period of crack growth with low rate, and (3)
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crack growth with high rate. The effects of hydrogen on
crack growth and the effect of the different notch arrange-
ments in the two stages of cracking are explained in the
following sections.

4.1. First Stage of Crack Growth

In the early regime of crack growth, referred to as the
first stage, the cracks in the hydrogen-charged 3DH speci-
men grew more rapidly than that in the 1DH specimen with
hydrogen charging (0.5 um/s for 3DH and 0.4 um/s for
1DH). The dependence of the crack growth rates on initial
defect size is reasonable, because the crack with the longer
initial defect results in higher stress concentration at the
crack tip. The stress accommodation at the crack tip results
in large plastic straining, which results in crack initiation
in front of the main crack when the plastic strain reaches
a critical value for the cracking event. Actually, the crack
initiation in front of a crack tip was observed as seen in
Fig. 10(a). The cracking events preferentially occurred in
the grain interior, regardless of the drill hole arrangements,
as shown in Figs. 8(b), 9(b), and 10(b). More specifically,
transgranular cracking in TWIP steels has been reported to
occur along twin boundaries or result from coalescence of
cracks that had formed at twin-twin intersections.'®***%
Regarding the crack initiation mechanism, in Fig. 10(b),
thick deformation twin plates were observed in the deflec-
tion points of the crack (indicated by the white arrows)
and at the central part of the small crack (indicated by the
yellow arrow). These facts imply that the crack initiation
in front of the crack tip is caused by twin-twin or possibly
twin-slip interactions. On the other hand, according to Figs.
8(b) and 9(b), the crack propagation paths are not along
deformation twin plates. Furthermore, the small crack near
the secondary crack shown in Fig. 10(b) is also not aligned
along the deformation twin plates. Therefore, the crack
coalescence event does not occur along twin boundaries in
the present case. The crack growth due to the coalescence
of the cracks results in quasi-cleavage features on the frac-
ture surface as shown in Figs. 13 and 14. Furthermore, the
presence of step-like ridges and dimples on the fracture
surfaces (Figs. 13 and 14) indicate that the quasi-cleavage
crack propagated with a discontinuous mechanism. For
instance, the formation of step-like ridges has been reported
when twin—twin or twin-slip interactions occur.***> Spe-
cifically, crack growth with formation of step-like ridges
in TWIP steels can occur repeatedly: i.e. evolution of a
crack tip plastic zone, micro-crack/void formation in front
of the main crack tip, and subsequent crack coalescence.
In this context, the plastic strain is considered to have four
contributions to the crack growth: (1) work hardening,
which increases the local stress resulting in twin boundary
cracking, (2) the twin density to, which raises the density
of crack nucleation sites, (3) defect formation on twin
boundaries,***” and (4) hydrogen transport by dislocation
motion®**? to twin boundaries. The high twin density and
highly deformed twin plates can be actually seen in Figs.
7 and 8(b). In addition, a quasi-cleavage fracture surface
with step-like ridges, which had been attributed to twin
cracking, was observed as shown in Figs. 13(b) and 14(b).
These four factors demonstrate the importance of plastic
straining induced by stress accommodation at the crack tip

and explain the gradual crack propagation to failure in the
first stage. The increase in yield strength and in the initial
twin density by pre-straining accelerates the transgranular
crack growth; thus, it enhances the effect of the drill hole
arrangement in the first stage. After this apparently stress/
strain-controlled process, the dependence of the crack
growth behavior on the initial defect size changed signifi-
cantly in the second stage, which is discussed in the next
section.

4.2. Second Stage of Crack Growth

In contrast to the first stage, crack growth in the 1DH
specimen in the second stage was similar to that in the
3DH case. Here, two observations should be noted for the
second stage. First, the fractographic features did not change
significantly with the increase in the crack length, as shown
in Figs. 13(c) and 14(c). Thus, the cracking mechanism did
not change for increasing crack length. Second, the appar-
ent stress level in the 1DH case is always significantly
higher than that in the 3DH specimens when compared at
an identical crack length, c.f. Fig. 6. For instance, the true
net sectional stress of the IDH specimen was approximately
1.5 times higher than that of the 3DH specimen at the total
crack length of 1.4 mm. These indicate that unlike in the
case of the first stage crack growth, the dependence of the
crack growth rate on the initial defect arrangement cannot
be explained by considering only the apparent stress level
at the crack tip.

To explain the crack growth behavior in the second stage,
an additional extrinsic factor needs to be considered. In fact,
ductile crack growth has been studied by considering mul-
tiple factors that can be classified into two groups: intrinsic
and extrinsic factors.***" The intrinsic factors account for
the resistance to crack tip deformation, which were already
discussed for the first stage. The extrinsic factors represent
crack tip shielding mechanisms, which primarily act behind
the crack tip to retard crack growth. With increasing crack
length, the effects of the extrinsic factors become stronger.
The difference between the apparent stress values for iden-
tical crack lengths with the same crack growth rate can be
explained by considering the intrinsic and extrinsic factors
simultaneously. The plastic zones present on crack flanks
act behind the crack tip to effectively reduce the driving
force for the crack growth. The trace of this effect must
appear in the dislocation arrangement in the matrix directly
underneath the fracture surface. However, no significant
difference in the microstructural features was observed
between the hydrogen-charged IDH and 3DH specimens
after failure, c.f. in Fig. 11, because the large amount of
pre-strain smeared out any trace of the extrinsic factor.
Therefore, in the future, the development of a method based
on microstructure characterization is required, to clarify the
importance of the extrinsic factor in highly pre-strained
materials.

It should also be noted that the factors affecting hydrogen-
assisted cracking are not specific features of the bimodal
microstructure. The transgranular crack growth path in the
first stage occurs in grains that are featured by an internal
microstructure such as twins, which has been observed
in various solution-treated TWIP steels charged with
hydrogen.*'®4? The extrinsic factor, which is assumed to

© 2021 1S
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occur in the second stage, depends on the macroscopic
mechanical parameters such as yield strength and work
hardening rate. Furthermore, hydrogen kinetic effects can
also affect both the first and second stages. However,
these factors can be analyzed even without resorting to the
peculiarities of the bimodal microstructure. Thus, the pres-
ent results are regarded as demonstrating general features
of hydrogen-assisted crack propagation in highly ductile,
slightly hydrogen susceptible steels such as TWIP steels.

5. Summary and Conclusions

In the present study, the crack propagation behavior of a
pre-deformed TWIP steel under electrochemical hydrogen
charging was investigated. The hydrogen-assisted crack
growth occurred via a quasi-cleavage process, and the crack
growth rate increased upon increasing the effective size
of the artificial micro defects when the crack length was
small. The stress accommodation at the crack tip resulted
in large plastic straining, resulting in work hardening and
an increase in twin density. These plasticity-related factors
result in a crack formation ahead of the main crack tip.
The crack initiation and subsequent coalescence are crack
growth processes, and accordingly, the hydrogen-assisted
crack growth mechanism is discontinuous, which involves
step-like ridges and local formation of dimples on the frac-
ture surface. A strong plastic pre-deformation accelerates
the formation of the plasticity-induced precursor of the
crack, which is considered to facilitate the transgranular
crack propagation mode.
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