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� Effects of strain rate and hydrogen on crack propagation from a notch are studied.

� Yield strength and elongation are degraded by hydrogen charging.

� Early crack initiation at the notch tip before apparent yielding is observed.

� Coexistence of several hydrogen embrittlement mechanisms are observed.
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Effects of strain rate and hydrogen on crack propagation from a notch were investigated

using a Fe-33Mn-1.1C steel by tension tests conducted at a cross head displacement speeds

of 10�2 and 10�4 mm/s. Decreasing cross head displacement speed reduced the elongation

by promoting intergranular crack initiation at the notch tip, whereas the crack propagation

path was unaffected by the strain rate. Intergranular cracking in the studied steel was

mainly caused by plasticity-driven mechanism of dynamic strain aging (DSA) and

plasticity-driven damage along grain boundaries. With the introduction of hydrogen,

decrease in yield strength due to cracking at the notch tip before yielding as well as

reduction in elongation were observed. Coexistence of several hydrogen embrittlement

mechanisms, such as hydrogen enhanced decohesion (HEDE) and hydrogen enhanced

localized plasticity (HELP) were observed at and further away from the notch tip resulting

in hydrogen assisted intergranular fracture and cracking which was the key reason behind

the ductility reduction.
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Table 1eChemical composition of the steel used (inmass
%).

C Si Mn P S Cu Fe

1.12 0.03 32.6 <0.01 0.01 <0.002 Balance
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Introduction

Among various austenitic steels, FeeMneC based austenitic

steels have received much attention over the past decade

owing to their high work hardening capability [1] and associ-

ated excellent combination of tensile strength and ductility.

These superior mechanical properties of FeeMneC austenitic

steels stem from a high strain-hardening rate associated with

the presence of deformation twins, microstructural in-

teractions during deformation [2,3] and the occurrence of

dynamic strain aging (DSA) [4e6]. In addition, the stable face-

centered cubic (FCC) structure at room temperature in the

FeeMneC austenitic steels has also been noted because of the

low hydrogen diffusion coefficient compared with that of

body-centered cubic structure in steels [7,8]. Since the low

hydrogen diffusivity has been recognized to be key to devel-

oping hydrogen-resistant steel [9,10], the FeeMneC austenitic

steels are also candidate materials for the usage in hydrogen-

related infrastructures [11,12]. However, they have been re-

ported to undergo hydrogen embrittlement (HE) after signifi-

cant plastic deformation with significant hydrogen content

[13,14].

Even though HE is well-acknowledged failure mechanism

especially in high strength steels the exact mechanisms of it is

still unclear. The HE susceptibility of FeeMneC steels has been

studied by many researchers across the globe under various

types of loading conditions [15e18]. Among several proposed

HE mechanisms, hydrogen enhanced decohesion (HEDE),

hydrogen induced localized plasticity (HELP) and adsorption

induced dislocation emission (AIDE) are the most widely

observed HE mechanisms in FeeMneC austenitic steels

[19e22]. A key point to understand the exact HE mechanism of

the FeeMneC austenitic steels is that the HE occurs after sig-

nificant plastic deformation unlike martensitic steels. During

the plastic deformation, various types of deformation micro-

structures evolve, e.g., increasing dislocation density, disloca-

tion cell formation, and deformation twinning. The plasticity-

induced microstructure evolution causes heterogeneities of

lattice defect and hydrogen distributions, which trigger

hydrogen-assisted cracking [23,24]. However, deformation

microstructure evolution in the FeeMneC steels is strongly

dependent on chemical composition, because of the variations

of dislocation-solute interaction [25e27] and stacking fault

energy (SFE) [2,3,28]. Therefore, the FeeMneC based austenitic

steels show variety in HE behavior, depending on alloying ele-

ments and their content [15]. The effect of alloying elements

such as nickel, aluminum and carbon on the HE susceptibility

of austenitic steels has also been studied [29e31]. Among the

alloying elements, carbon has been known to have a remark-

able effect on the HE resistance as it affects deformation

microstructure evolution associated with carbon-dislocation

interaction and a significant increase in SFE [32,33]. More spe-

cifically, even without hydrogen, solute carbon causes deteri-

oration in the ductility when the SFE and carbon content are

relatively high [33]. This negative carbon effect is associated

with DSA-induced localized plasticity, which appears remark-

ably when SFE-driven work hardening capability is low [33].

The carbon effect can co-act with the detrimental hydrogen

effect [34].
The co-effect of hydrogen and carbon on the tensile

behavior of FeeMneC steels with a relatively high SFE, e.g., Fe-

33Mn-1.1C, has been investigated in terms of crack initiation

[33]. For instance, it has been reported that in hydrogen

charged specimens, three crack initiation sites were observed

in the Fe-33Mn-1.1C steel: grain boundary, twin boundary, and

cell wall [15,35]; particularly, the cell wall cracking is a char-

acteristic phenomenon, which has not been observed in low

SFE FeeMneC steels. Apart from the crack initiation, crack

propagation behavior in the presence of hydrogen has been

recently investigated [24,36]. Interestingly, a portion of the

crack propagation path is transgranular and not along {111}

twin/slip planes, which is also considered to arise from DSA-

induced plastic strain localization [37e39]. However, crack

propagation behavior from a notch of FeeMneC austenitic

steels in the presence of hydrogen at different strain rates has

not been investigated yet. The crack propagation mechanism

is practically important because crack propagation behavior

becomes a predominant process for failure when the steels

are applied to actual structural components that contain sig-

nificant stress concentration sources, where crack initiation

rather easily occurs.

In the present study, the effects of strain rate and hydrogen

on crack propagation path from a notch in Fe-33Mn-1.1C steel

have been investigated. For this purpose, tensile tests have

been carried out on notched specimens with and without

hydrogen at two different initial strain rates. Furthermore, the

corresponding microstructure has been characterized to un-

derstand the underlying mechanisms of the crack

propagation.
Experimental procedure

Material

An Fe-33Mn-1.1C (in mass%) ingot was prepared by vacuum

induction melting furnace. The ingot was forged and rolled

down to 20 mm at 1273 K. It was then solution treated at

1273 K for 1 h followed by water quenching to suppress the

formation of carbides. The detailed chemical composition of

the specimen is listed in Table 1. The average grain size was

measured to be 33 mm including the annealing twin

boundaries.

Tensile test specimens with the gauge length of 10 mm,

width of 10 mm, and thickness of 1 mmwere cut from the bar

by using electro-discharge machining (EDM). Chemical pol-

ishing was done on the specimen surface using a mixture of

2 ml 55% HF and 18 ml H2O2 to remove the EDM layer. A 1 mm

through-all drill holewas introduced at the center of the gauge

length bymicro drilling. A notch passing through the drill hole

was introduced perpendicular to the loading direction in the

https://doi.org/10.1016/j.ijhydene.2019.10.227
https://doi.org/10.1016/j.ijhydene.2019.10.227


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 1 1 2 5e1 1 3 9 1127
specimen using EDM with a total notch length of 3 mm and

notch thickness of 0.2 mm, which is the diameter of the EDM

wire. The detailed geometry of the specimen is shown in Fig. 1.

Crack propagation experiment

Tensile tests were conducted at 303 K in air and in hydrogen

environment. First, the tensile tests were carried out at cross

head displacement speeds of 10�2 and 10�4 mm/s in order to

investigate the effects of DSA due to carbon on the crack

propagation solely. Then, the hydrogen effect was examined

by conducting the tests at an identical cross head displace-

ment speed of 10�4mm/s under hydrogen charging. Before the

tensile tests, both sides of the specimen surface were me-

chanically polished to remove scratches and corrosion layers

that can form during the notching process. Hydrogen was

introduced into the specimen during the tensile test by in-situ

electrochemical charging in a 3% NaCl aqueous solution

containing 3 g/L NH4SCN at a current density of 10 A/m2. A

platinumwire was used as a counter electrode. The schematic

outline of the equipment used for the hydrogen charging is

shown in Fig. 2. During the tests carried out in air a video

camera was used to observe the crack initiation and propa-

gation from the notch. All the tensile tests were carried out

until fracture, and once for each condition.

Microstructure characterization

The fracture surface of the specimen was observed by scan-

ning electron microscope (SEM). Crystallographic features,

dislocation pattern and crack propagation path was observed

by electron backscatter diffraction (EBSD) and electron chan-

neling contrast imaging (ECCI). The EBSD and ECCI were

operated at accelerating voltages of 20 and 30 kV, respectively.

The specimens for EBSD and ECCI weremechanically polished

using colloidal silica with a particle size of 60 nm. The thick-

ness reduction after mechanical polishing was less than 25%.

Finite element analysis

The hydrostatic stress with distance from the notch was

simulated using the commercial finite element analysis (FEA)

software ABAQUS. The tensile data for the smooth Fe-33Mn-

1.1C specimen tensile tested at cross head displacement

speed of 10�4 and 10�2 mm/s in air [34] was used for the hy-

drostatic stress simulation. A 3D deformable part was defined

in Abaqus with linear hexahedral mesh elements with type

C3D8R. Elasto-Plastic material model, that assumes isotropic

hardening, were used and a ductile damage criterionwas used
Fig. 1 e Specimen geometry used
as a failure mechanism. The initial stress triaxiality value was

taken as 0.33 which is known to be the standard value under

uniaxial tensile load [40]. Due to the symmetry of the spec-

imen, half of the specimen was simulated for reduced

computation time. One end of the specimen was fixed while

uniform velocity boundary condition was applied at the other

end. The uniform instantaneous velocities for the specimen

tensile tested at cross head displacement speeds 10�4 and

10�2 mm/s in air were taken as 10�4 and 10�2 mm/s, respec-

tively. Extremely fine meshing with minimum mesh volume

of 2.491 � 10�14 mm3 was generated near the notched region

in order to observe the variation of hydrostatic stress near the

notch tip. The tensile tests were simulated until yield. The

yield point was determined by the stress along the tensile

direction and corresponding plastic strain values at a partic-

ular nodal point in the center of the specimen. The values for

yield strength were found to be 388.5 and 378.6 MPa for

specimens tensile tested at cross head displacement speeds of

10�4 and 10�2 mm/s. The corresponding remote displacement

at yield for both the specimens was then found to be

0.0187 mm and 0.0156 mm, respectively. The variation of hy-

drostatic stress with distance from the notch for the speci-

menswas then plotted at the defined cross head displacement

speeds. The hydrostatic stresswas obtained from the pressure

distribution on the specimen at yield for different cross head

displacement speeds using the relationwhere pressure equals

the negative of the hydrostatic stress.
Results

Crack propagation: tensile test results

Fig. 3 shows engineering stress vs. displacement curves at

cross head displacement speeds of 10�2 and 10�4 mm/s in air

and at cross head displacement speed of 10�4 mm/s under

hydrogen charging. The serrated flow indicates occurrence of

DSA which was suppressed by hydrogen charging [30,36].

Decreasing cross head displacement reduced the elongation

by 11%. The hydrogen charging deteriorated the elongation by

32% aswell as thework hardening ability. A significant finding

was that hydrogen reduced the yield strength (determined by

0.2% proof stress method from the engineering stress and

calculated mean engineering strain) of the material by 40%

from 423 MPa to 253 MPa. This is in opposition to the previous

studies on TWIP steels where hydrogen either increases the

yield strength of the material or has no significant effect on it,

demonstrating that the presence of notch has a significant
for the present study (mm).
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Fig. 2 e Schematic outline of the equipment used for the hydrogen charging.

Fig. 3 e (a) Engineering stress vs displacement curve at cross head displacement speed of 10¡2 and 10¡4 mm/s in air, and

cross head displacement speed of 10¡4 mm/s under hydrogen charging. (b, c) Magnifications of the highlighted portion of (a).
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effect on the tensile behavior of the steel [14,33]. After the

ultimate tensile stress (UTS), a significant drop in the stress

level is seen in all three specimens. The video observation

indicated that the stress drop corresponded to unstable crack

propagation.
Fig. 4 shows the crack growth behavior captured by video

imaging for the tensile tests carried out in air at cross head

displacement speeds of 10�2 and 10�4 mm/s. From the video

images, crack length was measured as a projected crack

length. The crack length vs. displacement curves at cross head

https://doi.org/10.1016/j.ijhydene.2019.10.227
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Fig. 4 e (a, b, c) - Video images of the specimen taken at 10¡2 mm/s in air at stroke values of (a) 2.07, (b) 2.27, and (c) 2.32 mm

(d, e, f) Video images of the specimen taken at 10¡4 mm/s in air at stroke values of (d) 1.50, (e) 2.03, (f) 2.07 mm.
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displacement speeds of 10�2 and 10�4 mm/s in air are shown

in Fig. 5. Here the crack length is defined as the distance be-

tween two crack tips. From Fig. 5, it can be seen that a crack

initiated at smaller displacement at the lower cross head

displacement speed compared with at the higher cross head

displacement speed. Initially stable crack growth occurred in

both specimens followed by unstable crack growth whichwas

observed by the drastic increase in the crack length with

increasing cross head displacement. In Fig. 6, the crack length

is plotted against the engineering stress. The early stage of the

crack propagation at 10�4 mm/s in air (until the fifth data

point) shows peculiar behavior, namely, the stress level is
Fig. 5 e Crack length vs. Displacement curve at cross head

displacement speeds of 10¡2 mm/s, and 10¡4 mm/s in air.

Note that the initial crack (notch) length is 3 mm and the

specimen width is 10 mm.
higher than those at 10�2 mm/s and in the late stage at

10�4 mm/s. This is because, the early crack propagation stage

at 10�4 mm/s corresponds to the deformation stage before

reaching the UTS or immediately after the UTS, which in-

dicates that work hardening of the ligament still controls the

engineering stress in the early crack propagation stage. In

contrast, when the crack propagates after the UTS, a drastic

reduction in stress level was observed, namely, the primary

factor altering the engineering stress in the late stage is crack

propagation. The crack propagation behaviors at the two

displacement speeds in the late stage show almost the same
Fig. 6 e Engineering stress vs. Crack length curve at cross

head displacement speed of 10¡2, and 10¡4 mm/s in air.

Note that the initial crack length is 3 mm and the specimen

width is 10 mm.
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stress dependence. This fact indicates that crack propagation

is entirely stress dependent, irrespective displacement speed.

Fractrographic feature

The fracture surface of the specimen fractured at 10�4 mm/s

in air is shown in Fig. 7. From Fig. 7(b) and (c), intergranular

fracture near the notch can be seenwith significant amount of

slip traces indicating plasticity driven intergranular cracking.

Quasi-cleavage features were also observed as indicated by

the yellow arrows. Far from the notch in Fig. 7 (d) and (f) and

their magnified images, dimples were observed. Numerous

subcracks throughout the fracture surface were observed as

shown in Fig. 7. Fig. 8 shows the fracture surface of the

specimen obtained by the test at 10�2 mm/s in air. With

increasing cross head displacement speed, the fracture mode

near the notch, as shown in Fig. 8 (b) and (c), changed from

brittle intergranular to ductile dimple like that had been

formed by the coalescence of microvoids. Throughout the

fracture surface, the fracture mode remained continuous as

shown in Fig. 8 (d) and (f) and their magnified counterparts,

indicating that with increasing cross head displacement

speed, the presence of the notch had no significant effect on

the fracture mode of the specimen. This is similar to the case

for the smooth specimen where with increasing cross head

speed, the fracturemode changes from brittle intergranular to

ductile fracture surface with well-developed dimples

throughout the entire fracture surface of the specimen [34].

The fracture surface of the specimen obtained by the test at

10�4mm/s in hydrogen environment is shown in Fig. 9. In case

of hydrogen charged specimen, close to the notch, smooth

brittle intergranular fracturewas observed as shown in Fig. 9(b
Fig. 7 e (a) An overview of the fracture surface obtained by the

tip, (d, e) in themiddle part, and (f, g) near the final fracture regio

center of the specimen as seen in (a); however, the center of th

Therefore, the mechanical condition of this specimen is approx
and c). Existing probability of quasi-cleavage feature was

increased by hydrogen charging as seen in Fig. 9(c) and (e), but

the main fracture mode remained intergranular. However, at

the mid thickness of the specimen, some ductile dimple-like

fracture features were observed particularly when the crack

length increased as shown in Fig. 9 (d, f, g), whichmight be the

result of hydrogen diffusion problem. As hydrogen charging

was conducted during the tensile test, hydrogen did not have

enough time to diffuse through the center of the specimen

from the side surfaces and the crack surface at the large crack

length (the crack growth rate is high), which thereby could not

affect the deformation mode.

Microstructures beneath the fracture surface

The EBSD RD-IPF map and the reference grade orientation

deviation (GROD)map of the specimen fractured at 10�4 mm/s

in air are shown in Fig. 10. A considerable amount of defor-

mation twinning activity can be observed in the grains un-

derneath the fracture surface as shown by the RD-IPF map in

Fig. 10 (b). From the GROD map in Fig. 10(c), a significant

amount of plastic deformation can be observed resulting from

high amount of localized microscopic plastic strain distribu-

tion. Fig. 11 shows the EBSD RD-IPFmap and the GRODmap of

the specimen fractured at 10�2 mm/s in air. Similar to the

specimen fractured at 10�4 mm/s in air, significant amount of

plastic deformation and twinning activity was observed in the

specimen tensile tested at higher cross head displacement

speed as shown in Fig. 11(b and c).

Fig. 12 shows the EBSD RD-IPF and GROD map for the

specimen fractured at 10�4 mm/s under hydrogen charging.

With the introduction of hydrogen, significant reduction in
test at 10¡4 mm/s in air. Magnified images (b, c) near notch

n. Note that the position of the drill hole is not located in the

e notch is located at the center of the specimen width.

imately equivalent to the other specimens.
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Fig. 8 e (a) An overview of the fracture surface obtained by the test at 10¡2 mm/s in air. Magnified images (b, c) near notch

tip, (d, e) in the middle part, and (f, g) near the final fracture region.

Fig. 9 e (a) An overview of the fracture surface obtained by the test at 10¡4 mm/s in hydrogen environment. Magnified

images (b, c) near notch tip, (d, e) in the middle part, and (f, g) near the final fracture region. The yellow arrows in (c) indicate

quasi-cleavage fracture region. (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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the amount of twinning activity can be observed in the grains

underneath the fracture surface as shown by the EBSD RD-IPF

map in Fig. 12 (b). This is unlike the case for the smooth

specimenwhere considerable amount of twinning activity has

known to be observed in the grains underneath the fracture
surface but far below the fracture surface, the twinning ac-

tivity has known to reduce contributing to localized plasticity

near the fracture edge for the hydrogen charged specimen

[33]. Most of the grains in our present study show considerably

less plastic strain distribution as indicated by the GROD map

https://doi.org/10.1016/j.ijhydene.2019.10.227
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Fig. 10 e (a) SE image, (b) RD-IPF map, and (c) GROD map of the specimen fractured at 10¡4 mm/s in air.

Fig. 11 e (a) SE image, (b) RD-IPF map, and (c) GROD map of the specimen fractured at 10¡2 mm/s in air.
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Fig. 12 e (a) SE image, (b) RD-IPF map, and (c) GROD map of the specimen fractured at 10¡4 mm/s under hydrogen charging.
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in Fig. 12 (c). However, a significant amount of strain locali-

zation is observed in the grains underneath the fracture sur-

face in hydrogen charged specimen as seen by the lower GROD

value in Fig. 12 (c) compared with Fig. 10 (c). This result is

similar to the uncharged specimen contributing to localized

plasticity.

The ECC image close to the fracture surface obtained by the

test at 10�4 mm/s in air is shown in Fig. 13 (a). Numerous

subcracks were observed near the specimen fracture surface.

Close to the notch, crack tip blunting was observed as shown

in Fig. 13 (b). A significant amount of deformation twinning

activity can be observed near the fracture surface with a

dislocation-cell-like pattern formed between the twins indi-

cated by Fig. 13(beg). Fig. 14 shows the ECC image close to the

fracture surface obtained by the test at 10�2mm/s in air. In the

case of higher cross head displacement speed, reduced

amount of subcracks can be observed close to the specimen

fracture surface as shown in Fig. 14 (a). Similar to lower cross

head displacement speed, at higher cross head displacement

speed, a significant amount of deformation twinning activity

can be observed with some dislocation pattern in between the

twins as indicated by Fig. 14(beg). Main failure occurred by

ductile dimples (Fig. 8) but subcracks propagated along the

grain boundaries in both specimens.

The ECC image close to the fracture surface obtained by the

test at 10�4mm/s under hydrogen charging is shown in Fig. 15.

In the case of hydrogen charged specimen, intergranular

cracking was observed near the notch as indicated by the ECC

image in Fig. 15 (b). Numerous subcracks were observed close

to the specimen fracture surface some of which are parallel to

the fracture surface while some are orientated at an angle

unlike the case for the uncharged specimen where subcracks
parallel to the fracture surface were not observed. The prop-

agation of the subcracks for the hydrogen-charged specimen

was mainly along the grain boundary with sharp crack tips.

Close to the fracture surface reduced amount of twinning

activity was observed as shown in Fig. 15(beg).

Stress distribution

The hydrostatic stress gradient with distance from the notch

at yield for specimens tensile tested at 10�4 mm/s and

10�2 mm/s is shown in Fig. 16. Fig. 17 shows the pressure

distribution at yield from where the hydrostatic stress for the

specimens was obtained. From Fig. 16, it can be observed that

the hydrostatic stress decreases with distance from the notch.

For the specimen tensile tested at 10�4 mm/s, the hydrostatic

stress at the notch tip is the highest compared to the one

tensile tested at 10�2mm/s.With increasing distance from the

notch tip, the same drop in hydrostatic stress was observed in

both specimens.
Discussion

Carbon-affected strain rate dependence

The first fact we note is the deterioration of elongation by

decreasing the cross head displacement speed from 10�2 to

10�4 mm/s without hydrogen charging (Fig. 3). In this context,

we found occurrence of intergranular crack initiation and

small crack growth near the notch tip at 10�4 mm/s (observed

as intergranular fracture surface in Fig. 7(b)), whereas the

crack propagation path did not change with strain rate.
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Fig. 13 e (a) ECC image close to the fracture surface obtained by the test at 10¡4 mm/s in air. Magnified images (b, c) near

notch tip, (d, e) in the middle part, and (f, g) near the end of specimen.

Fig. 14 e (a) ECC image close to the fracture surface obtained by the test at 10¡2 mm/s in air. Magnified images (b, c) near

notch tip, (d, e) in the middle part, and (f, g) near the end of specimen.
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Fig. 15 e (a) ECC image close to the fracture surface obtained by the test at 10¡4 mm/s under hydrogen charging. Magnified

images (b, c) near notch tip, (d, e) in the middle part, and (f, g) a little away from the middle part.
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Therefore, in order to explain the degradation in elongation by

decreasing the cross head displacement speed, we note the

occurrence of the intergranular cracking near the notch tip at

10�4 mm/s.

It is noteworthy that the cracking event on grain bound-

aries was suppressed with increasing crack length and strain

rate (Figs. 7 and 8). If the intergranular cracking is a fully brittle

event, which is controlled by only crack tip stress field, the
Fig. 16 e Hydrostatic stress vs distance from notch curves

for specimens tensile tested at cross head displacement

speed of 10¡4 mm/s and 10¡2 mm/s in air.
intergranular cracking remains to occur with increasing crack

length as long as the stress triaxiality at the crack tip is

maintained. Also, the strain rate sensitivity of the intergran-

ular cracking cannot be explained by simple dislocation me-

chanics, because local stress level, which increases with yield

strength, increases with increasing strain rate owing to ther-

mally activation process of dislocation motion. Therefore, we

must consider another kinetic problem of plasticity-driven

phenomenon to understand the intergranular cracking

mechanism. In this regard, DSA, which has been confirmed to

occur in the Fe-33Mn-1.1C steel [33,34], can be key to inter-

preting the cracking behavior. In general, the DSA in

FeeMneC austenitic steel is associated with solute carbon

motion, which causes negative strain rate sensitivity of flow

stress [41,42]. Specifically, lowering strain rate provides time

for carbon motion, causing dislocation pinning and an asso-

ciated increase in dislocation density [15,43]. The increase in

dislocation density increases flow stress. Even before yielding,

carbon interacts with pre-existing dislocation particularly

under stress [44], which causes an increase in yield strength

with decreasing strain rate. Accordingly, crack tip stress ap-

pears to be high at the yield stress when the deformation

speed is low as shown in Figs. 16 and 17. After yielding, the

difference in crack tip stress between the two deformation

speed conditions further increases with decreasing strain rate

because of the negative strain rate sensitivity of flow stress

[45,46]. The high crack tip stress level associated with stress

triaxiality and DSA-driven strengthening at the low strain rate

assist to reach a critical strain energy for decohesion after

https://doi.org/10.1016/j.ijhydene.2019.10.227
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Fig. 17 e Pressure distribution at yield for specimen tensile tested at (a) 10¡4 mm/s in air, and (b) 10¡2 mm/s in air (Inset:

Magnified images near the notched region).
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yielding. Furthermore, the plasticity-driven damage causes

microstructural boundary cracking such as grain boundary in

FeeMneC TWIP steels [37,47,48], which also occurred in the

present case as indicated by the formation of slip traces on the

intergranular fracture surface (Fig. 7). Therefore, the inter-

granular cracking at the notch tip can occur via the following

process. (1) The dislocation-carbon interaction is enhanced by

lowering deformation speed, which assists an increase in

dislocation density and dislocation cell wall formation at the

notch tip (Fig. 13(b and c)). (2) The dislocation microstructure

evolution increases notch/crack tip stress, and the maximum

stress is placed at a location slightly far from the notch tip as

shown in Figs. 16 and 17. (3) Combined with plasticity-

triggered damage along grain boundaries, intergranular

cracking occurs at the location where stress is maximum.

In the process (1), hydrostatic stress gradient assists carbon

diffusion, therefore, the carbon-dislocation effect appears to

be significant particularly near the notch tip. Furthermore, in

terms of mechanics, the stress triaxiality realize a high stress

level that cannot appear in smooth specimen. Because of the

two reasons, the intergranular cracking has not been observed

as a primary phenomenon in smooth specimens [49]. Corre-

sponding to the process (2), numerous subcracks were

observed near the fracture surface at the cross-head speed of

10�4 mm/s (Fig. 13(a)), and its existing probability was

decreased by increasing the cross-head speed to 10�2 mm/s

(Fig. 14(a)). After the process (3), crack length increases, which

increases local strain rate. The increase in local strain rate

suppresses dislocation-carbon interaction such as DSA.

Therefore, intergranular cracking was not observed in the

long crack region as shown in Fig. 7(deg). Since DSA effect
does not occur at the long crack regime, a significant differ-

ence in dislocation microstructure between the specimens

fractured at 10�2 and 10�4 mm/s was not observed in the

middle and long crack length regions as shown in Figs. 13(deg)

and 14(deg). Correspondingly, after the crack initiation

regime, no significant change by varying deformation speed

was observed (Fig. 5), and the growth behavior was controlled

by mechanical condition, i.e. remote stress and crack length

(Fig. 6).

Hydrogen effect

From a viewpoint of mechanical response, the hydrogen

charging decreased yield strength and reduced the elongation

(Fig. 3). The decrease in yield strength can be attributed to

crack initiation at the notch tip before apparent yielding. As

reported previously, cracking in the present steel charged

with hydrogen easily occurs along grain boundaries, which

causes a significant reduction in nominal flow stress even in

smooth specimens via decreasing the cross sectional area

[33,50]. Particularly in the specimen interior, similar to the

case of carbon, the hydrostatic stress gradient in the plain

strain condition causes hydrogen segregation at the notch tip,

which accelerates occurrence of hydrogen-assisted cracking.

Correspondingly, numerous subcracks were found around the

notch tip as shown in Fig. 15(a), which indirectly indicates that

easiness of cracking around the notch tip. Here note that the

strain rate effect discussed in the previous section implies the

importance of cohesive energy and plasticity-induced damage

at grain boundaries. In this regard, hydrogen has been re-

ported to assist decohesion [51,52] and plasticity-induced

https://doi.org/10.1016/j.ijhydene.2019.10.227
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damage localization [24,33,53] at grain boundaries. In Fig. 15,

both brittle-like sharp crack tip and plasticity-driven disloca-

tionmicrostructure evolution were observed near the fracture

surface. Furthermore, localization of plastic strain near grain

boundaries was also observed in the hydrogen-charged

specimen (Fig. 12) similar to the case without hydrogen

charging (Figs. 10 and 11); however, the absolute amounts of

dislocation and twin were observed to be lower than the cases

without hydrogen charging (Figs. 13e15). To these ends,

macroscopic strain for failure is different but local strain for

failure is similar for hydrogen-charged and uncharged speci-

mens as fracture displacement for hydrogen-charged spec-

imen is smaller than uncharged specimen whereas strain

localization near the fracture surface is similar. These facts

indicate that the primary effect of hydrogen is a reduction in

cohesive energy for intergranular fracture, and hydrogen-

related localized plasticity effect is the second factor. On the

other hand, for the quasi-cleavage fracture that was only

rarely observed in the uncharged specimen, hydrogen-

assisted plasticity-induced damage evolution would play an

important role. In general, brittle-like transgranular crack

growth in austenitic steels requires plasticity-induced pre-

cursor such as defected incoherent twin boundary [54], planar

dislocation array [55,56], and cell wall [57], otherwise, there is

no reason for the brittle-like cracking in grain interior.

Therefore, in case of the quasi-cleavage cracking observed in

Fig. 9(c, e) must be caused by hydrogen-related plastic damage

evolution primarily. Then, hydrogen localization at the plas-

tically damaged region (e.g, dislocation arrays) can cause the

brittle-like quasi-cleavage fracture.
Conclusions

The effects of strain rate and hydrogen on crack growth from a

notch in Fe-33Mn-1.1C steel subjected to cross head

displacement speeds of 10�2 and 10�4mm/s during tensile test

were investigated. On the basis of the obtained results, the

following conclusions were drawn:

1 Decreasing cross head displacement speed degraded the

elongation evenwithout hydrogen charging. The reduction

in elongation was mainly due to the occurrence of inter-

granular crack initiation at low cross head displacement

speed. The driving forces for intergranular cracking in the

studied steel were dislocation-carbon interactions and

corresponding dynamic strain aging (DSA) and plasticity-

driven damage along grain boundaries. The increase in

crack tip stress level associated with stress triaxiality also

led to early crack initiation from notch at the lower cross

head displacement speed. The fracture mode changed

fromductile dimple like to brittle intergranular at low cross

head speed. However, the crack propagation path was not

affected by the cross head speed and found to occurmainly

along the grain boundary.

2 With the introduction of hydrogen, the yield strength as

well as the elongation degraded significantly. The decrease

in yield was attributed to crack initiation at the notch tip

before apparent yielding. The crack propagation path,

along the grain boundary, was not affected by the
hydrogen charging. However, brittle-like sharp crack tips

were observed in hydrogen charged specimen.

3 Transportation of hydrogen to the grain boundaries during

deformation resulted in the lowering of the cohesive en-

ergy for intergranular fracture by HEDE mechanism. The

lowering of the cohesive energy together with the

hydrogen-related localized plasticity effect resulted in

intergranular fracture and lead to deterioration in the

elongation for the hydrogen charged specimen.
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