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We have investigated the influence of 101 mass ppm hydrogen content on the room temperature deformation
structure and mechanical behavior of an austenitic Fe30Mn6.5A10.3C (wt.%) low-density steel by several elec-
tron microscopy techniques, such as electron channeling contrast imaging (ECCI), electron backscatter diffrac-
tion (EBSD), and scanning transmission electron microscopy (STEM). The steel exhibits a high hydrogen
embrittlement resistance associated with a moderated increase in strength (yield stress increase of 10%) and
ductility (increase in the elongation to fracture of ~ 8%). Analysis of the deformation structure reveals that
hydrogen influences the deformation behavior by promoting deformation mechanisms associated with inho-
mogeneous plasticity (hydrogen-enhanced deformation banding (HEDB)) and strain localization (hydrogen-
enhanced microbanding (HEMB)). These deformation mechanisms are ascribed to hydrogen-induced effects on
dislocation plasticity, resulting in macroscopic kink bands, sub-micron localized strain gradients, and localized
shear at cell blocks. We find that HEMB plays a relevant role in the deformation behavior of sub-micron localized
strain gradients by promoting plastic relaxation and the enhanced storage of geometrically necessary dislocations
within them. These effects mitigate the activation of damage mechanisms and enhance the strain-hardening
capacity, contributing to the high HE resistance of the steel, comparable to that of high HE-resistant fcc alloys

and steels.

1. Introduction

FeMnAIC low-density steels are an attractive alloy class for structural
components in the automotive and aircraft industry [1-3]. The high Al
content (5 — 11 wt.%) offers substantial weight saving while keeping a
superior strength and ductility balance [1]. This effect allows for a mass
reduction of more than 30% when used in safety-critical vehicle parts
[2]. Interestingly, these steels offer a high tunability of the mechanical
properties due to the wide compositional range of the main structural
phases, namely, fcc (austenite), bcc (ferrite), and Ll,-type phase
(x-carbides). When exposed to hydrogen, FeMnAIC low-density steels
have a potential good hydrogen embrittlement (HE) resistance due to
the high aluminum content. This element in solid solution has the
following influence on these steels: reduces the strain aging caused by
carbon [2]; reduces the twinning activity due to the increased stacking
fault energy (SFE), limiting the activation of quasi-cleavage fracture
induced by twin-GB interactions [3-5]; reduces hydrogen diffusivity due
to the atomic trapping mechanism [6]; and limits the hydrogen
permeability due to the formation of a surface Al;03 layer [7]. Among
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the different classes of FeMnAIC low-density steels, mechanically stable
austenitic steels offer superior HE resistance due to the suppression of
the structural phases o’ (bcc)-martensite, € (hcp)-martensite, and or-
dered (Lla-type) «x-carbides that have detrimental effects on the
hydrogen-assisted fracture behavior [8-12].

So far, the underlying dislocation-based mechanisms controlling
hydrogen-induced effects on plasticity in austenitic FeMnAIC low-
density steels are unknown. In austenitic steels exhibiting a strong
planar slip, hydrogen-induced strain localization effects associated with
the formation of coarse slip bands and deformation bands (DBs) have
been reported [13-16]. These studies show that hydrogen-induced strain
localization tends to promote an early material failure and, hence,
ductility degradation, due to grain boundary cracking via slip
band-assisted void formation and coalescence along grain boundaries.
Our recent studies [17,18] have shown that austenitic FeMnAIC
low-density steels exhibit strain localization associated with intense
shear localization due to microbanding, which may lead to ductility
degradation when these steels are exposed to hydrogen. On the other
hand, recent studies have shown that hydrogen modifies several features
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Figure 1. Hydrogen desorption curve of the hydrogen-charged sample. The total measured hydrogen concentration was 101 mass ppm.

of the dislocation and twin structures in highly ductile fcc materials,
such as dislocation cell size, cell block size, dislocation density at cell
walls, and twinning stress [19-25]. These phenomena have been
ascribed to several hydrogen-induced effects, namely, the elastic
shielding of the strain field associated with dislocations [23,26-28],
reduction of the constriction energy of extended dislocations [29,30],
and reduction in stacking fault energy (SFE) [23-25,31]. Although the
influence of the above-described hydrogen-induced effects on the
deformation and mechanical behavior of fcc alloys is still under debate,
recent studies have demonstrated the potential use of the
hydrogen-induced reduction on SFE to design multicomponent fcc al-
loys, such as FeCrNiMnCo and CoCrFeMnNi high-entropy alloys, and
CoNiV medium-entropy alloys, with high HE resistance [32-35]. The
hydrogen-enhanced activation of nano-twins in these alloys (hydro-
gen-enhanced densified twinning effect [36]), enhances the
strain-hardening capacity, resulting in a high HE resistance. These
studies have demonstrated that implementing hydrogen-induced effects
on plasticity to alloy design approaches can lead to novel high
HE-resistant fcc alloys.

Due to the current technological interest in FeMnAIC low-density
steels as structural materials, the investigation of hydrogen-induced
effects on the deformation behavior and strain localization phenom-
ena of these steels can provide further insight into their mechanical
behavior when exposed to hydrogen. For this goal, we have investigated
the effect of hydrogen on the dislocation structure and its contribution to
the mechanical behavior of an austenitic Fe30Mn6.5A10.3C (wt.%) low-
density steel by several electron microscopy techniques, such as electron
channeling contrast imaging (ECCI), electron backscatter diffraction
(EBSD), and scanning transmission electron microscopy (STEM). We
selected this steel composition as an example of austenitic FeMnAIC
steel free of kappa-carbides with a high weight reduction (~8.5% den-
sity reduction) [1]. The influence of hydrogen on the main character-
istics of the different types of dislocation structures in the main texture
components, namely <1 1 1>//tensile axis directions, <0 0 1>//tensile
axis directions, and along the crystallographic line [1 1 2] - [1

0 1]//tensile axis was quantitatively analyzed. The contributions of the
hydrogen-induced dislocation structure to the deformation behavior and
mechanical properties were evaluated. Hydrogen-induced deformation
mechanisms that can potentially enhance the HE resistance of the steel
are discussed.

2. Materials and methods

The low-density steel investigated in the present study had the
chemical composition Fe30Mn6.5A10.3C (wt. %). Details of material
processing can be found in [17]. The annealed material contains a fully
austenitic structure with an average grain size of 175 pm, which
remained stable at room temperature. Cylindrically shaped specimens of
6 mm in diameter and 30 mm in gage length were machined from the
annealed plates along the rolling direction. The sample surface was
mirror-finished by polishing with 1 pm diamond suspension. Tensile
tests were performed at an initial strain rate of 5.0 x 10 s in labo-
ratory air at 295 K, using a screw-driven electromechanical test frame,
Shimadzu AGX-plus, with 100 kN load capacity. The elongation of the
gage part of the tensile specimen was measured by a contact-type strain
gage extensometer. Two tensile experiments per condition (uncharged
and hydrogen-charged) were performed to validate the mechanical
tests. Both sets of tensile tests exhibited the mechanical behavior shown
in Fig. 2. Central sections of the cylindrical-shaped samples cut along the
tensile axis were analyzed to avoid surface effects associated with
deformation constraints and hydrogen gradients on the deformation
structure. The deformation structure was characterized by several
electron microscopy techniques, such as electron channeling contrast
imaging (ECCI), electron backscatter diffraction (EBSD), and scanning
transmission electron microscopy (STEM). The SEM techniques (ECCI
and EBSD) were performed in a Sigma Zeiss FEG-SEM and an Auriga
Zeiss FI-SEM (Carl Zeiss SMT AG, Germany) equipped with Orientation
Imaging Microscopy (OIM) EBSD systems. EBSD measurements were
performed at 20 kV acceleration voltage, 15 - 20 mm working distance,
and a step size of 50 — 100 nm. ECCI was conducted at 15 - 20 kV using a
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Figure 2. (a) Engineering stress-strain, (b) true stress-strain, and corresponding strain-hardening (SH) curves of uncharged and hydrogen-charged (101 mass ppm)
Fe30Mn6.5A10.3C (wt.%) low-density steel. Tensile tests were carried out at an initial strain rate of 5.0 x 10" s in laboratory air at 295 K. Strain-hardening stages A,
B, C, and D are described in the text.

solid-state four-quadrant backscatter electron (BSE) detector at a 6 — 7
mm working distance. The microscope was run in the high-current
mode. ECC images were acquired by the EBSD-based ECCI approach
described in [37,38]. ECCI samples were mechanically polished with

Table 1

Effect of solute hydrogen (101 mass ppm) on the mechanical properties of a Fe-
30Mn-6.5A1-0.3C (wt.%) low-density steel tested at 295 K. YS: Yield strength;
UTS: Ultimate tensile strength; TFS: True fracture stress; UEL: Uniform elonga-

tion; ETF: Elongation-to-failure. 800 and 1200 SiC grit papers and subsequently polished with 9 and 3 ym
- UTs — OEL p— diamond suspensions. Final polishing was performed with 250 nm
(MPa) (MPa) (MPa) colloidal silica suspension (Struers, OP-S). Tilting experiments were

carried out on a 5-axis motorized eucentric stage (, y, z, tilt, rotation)

Uncharged %5 * 580+5 825 +15 g'gf = g'ii * with x/y/z step resolution of 1 pm and tilt/rotation step resolution of
Hydrogen- 302 + 505+ 10 845+ 15 0.46 + 0.55 + 0.1°. STEM was performed in a JEOL JEM 2800 TEM operating at 200
charged 10 0.02 0.01 kV. STEM samples were fabricated in areas of interest by the in-situ FIB

lift-out method in a Scios 2 ThermoFisher Scientific dual-beam SEM
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Figure 3. Inverse pole figures along the tensile axis direction of the grain orientations investigated in the uncharged sample (a) and hydrogen-charged sample (b).
Grain orientations are classified according to the dislocation structures shown in Figs. 4, 5.
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Figure 4. Classification of the dislocation structure in the uncharged sample. (a, b): Type la dislocation structure; (c, d): Type 1b dislocation structure. Grain
orientations forming Type 1a and Type 1b dislocation structures are shown in Fig. 3. GNB: geometrically necessary boundary; IDB: incidental dislocation boundary.

TA: tensile axis.

system. The observation plane of the STEM samples is the same as that
used in ECCI. The thinning of the FIB lamella was performed at an initial
acceleration voltage of 30kV and a milling current of ~1000 pA on both
sides of the sample followed by a final thinning procedure at 5 kV and
200 pA to avoid surface damage induced by FIB milling [39]. No radi-
ation damage (point defects or Ga-rich precipitates) was observed dur-
ing STEM observations.

The hydrogen charging process was performed before the tensile
tests by exposing the tensile specimens to a pressurized gaseous
hydrogen environment of 100 MPa and 543 K for 200 h in an autoclave.
This charging condition was determined so that the distribution of
hydrogen content in the gage part of tensile specimens becomes uni-
form. After the tensile testing, solute hydrogen concentration was
measured by gas chromatography thermal desorption analysis (TDA)
with a thermal conductivity detector at a heating rate of 100 K/h. A
cylindrical sample with a 5 mm height was cut from the uniformly
deformed part of the fractured specimen for TDA. Fig. 1 shows the TDA
curve of the hydrogen-charged specimen. The curve shows only one
peak corresponding to lattice diffusion. The measured hydrogen con-
centration was 101 mass ppm. Since the hydrogen charging was per-
formed before the tensile tests, we consider that the hydrogen content in

the specimen is nearly constant during the tensile test. The estimated
hydrogen concentration in the uncharged sample is < 5 mass ppm.

3. Results
3.1. Mechanical behavior

Fig. 2 shows the engineering (a) and true (b) stress-strain curves of
the uncharged and hydrogen-charged samples tested at 295 K. The
corresponding variation of the strain-hardening with true strain is
plotted in (b). The plots show that solute hydrogen increases the yield
stress (YS), flow stress (FS), ultimate tensile strength (UTS), uniform
elongation (UEL), and elongation-to-failure (ETF) of the steel. In
particular, the hydrogen-induced increase in YS is comparatively higher
than that on the flow stress. Specifically, the increase on YS is ~ 27 MPa,
and that on FS is between 14 MPa (¢ = 0.4) and 25 MPa (¢ = 0.1). These
results indicate that the hardening effect of hydrogen on YS is higher
than on FS. Interestingly, the present low-density steel exhibits a
moderated increase in ductility when exposed to hydrogen. UEL and ETF
increased from 0.43 & 0.01 to 0.46 + 0.02 and from 0.51 + 0.01 to 0.55
=+ 0.01, respectively. Table 1 summarizes the influence of hydrogen on
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Figure 5. Classification of the dislocation structure in the uncharged sample. (a, b): Type 2 dislocation structure; (c - €): Type 3 dislocation structure. Grain ori-
entations forming Type 2 and Type 3 dislocations structures are shown in Fig. 3. DCs: Dislocation cells; DTs: deformation twins; MBs: Microbands; DDWs: Dense

dislocation walls. TA: tensile axis.

the mechanical properties.

Fig. 2(b) shows that both uncharged and hydrogen-charged samples
exhibit similar strain-hardening behavior, with four hardening stages
(A-D). The first stage (Stage A) is close to the Stage III hardening regime
of fcc metals having a high SFE [40,41] and is characterized by a
continuous decrease in the strain-hardening rate. Stage B reveals a
constant hardening rate, which indicates the activation of a
strain-hardening  mechanism. = With  further straining, the
strain-hardening rate increases gradually, reaching a plateau at ¢ = 0.11
(Stage C), and subsequently decreases until rupture (Stage D). Our
former study [18] has shown that the strain-hardening of the uncharged
Fe30Mn6.5A10.3C steel is mainly associated with the evolution of the
dislocation structure, namely dislocation cells and cell blocks, with
straining. The relatively high SFE at 293K (SFE = 64 + 10 mJ/m? [18])

postpones the activation of deformation twinning to the later deforma-
tion stages, limiting its contribution to strain-hardening. Fig. 2(b) shows
that the strain-hardening curve of the hydrogen-charged sample is
similar to that of the uncharged sample. No extra hardening stage
associated with deformation twinning is observed.

3.2. Influence of hydrogen on the dislocation structure

The dislocation structures of the uncharged and hydrogen-charged
samples formed at the end of the uniform deformation stage (¢ = 0.4)
were evaluated on the main components of the tensile deformation
texture, namely <0 0 1>//TA, <1 1 1>//TA, and along the crystallo-
graphic line [1 1 2] — [1 0 1]//TA (TA: tensile axis). The grain orien-
tations evaluated in the uncharged and hydrogen-charged samples are
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Figure 6. Combined ECCI and EBSD analysis of GNB/IDB misorientations in Type 1a CBs. (a): ECC image; (b): Grain reference orientation deviation EBSD map
(reference point was set as the point in the map with the lowest kernel average misorientation); (c, d): Evaluation of IDB misorientations by EBSD misorientation

profile analysis along the interior of CB1.

plotted in Fig. 3. About 13 - 14 grain orientations per sample were
evaluated. Following our ECCI analysis on the dislocation structure
formed in the tensile deformed uncharged sample [18] and former
studies on the grain orientation dependence of the dislocation structure
formed under tensile deformation conditions in fcc metals [42-45], we
classify the dislocation structure with respect to the grain orientation as
follows (Figs. 4, 5). Type 1 dislocation structure consists of a cell block
(CB) structure delimited by geometrically necessary boundaries (GNBs)
and incidental dislocation boundaries (IDBs). This dislocation structure
is formed in grains oriented along the crystallographic line [1 1 2] - [1
0 1]//TA. Two main slip classes are active in the analyzed grain orien-
tations: single slip (primary slip system) and two-fold slip (two
non-coplanar slip systems). Accordingly, we subdivide the CB structure
into two classes, namely Type 1a and Type 1b, to account for the effect of
the slip class. Type 1a CBs are characterized by a primary GNB system
(GNB1 in Figs. 4(a, b)), a secondary GNB system (GNB2 in Figs. 4(a, b)),
and IDBs. Type 1b CBs are delimited by two GNB sets (GNB1 and GNB2
in Figs. 4(c, d)). Type 2 dislocation structure is formed by dislocation
cells (DCs) delimited by IDBs, Figs. 5(a, b). This dislocation structure is

formed in grains oriented close to [0 0 1]1//TA directions where the slip
type is octahedral, i.e. eight slip systems with similar Schmid factors.
Type 3 dislocation structure is a complex structure formed by a homo-
geneous distribution of DCs and an inhomogeneous distribution of
microbands (MBs) and dense dislocation walls (DDWs), Figs. 5(c - e).
MBs consist of plate-type structures with a width range of 150 - 200 nm
that are individually distributed along highly stressed slip planes, Fig. 5
(e). Type 3 dislocation structure is formed in grains oriented close to [1 1
11//TA directions where slip is dominated by three slip systems on two
non-coplanar slip planes. In the following, we quantitatively analyze the
influence of solute hydrogen content on the dislocation structure type
and boundary misorientation by combining ECCI and EBSD.

3.2.1. Type 1 dislocation structure

Combined ECCI/EBSD characterization of the dislocation structure
reveals that hydrogen does not modify the morphology of the Type 1la
and Type 1b cell block structures. To get a further understanding of the
influence of hydrogen on the CB structure, we have quantitatively
analyzed the average GNB misorientation, fgyg, of the primary GNB
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Figure 7. Quantitative analysis of the influence of hydrogen on GNB misorientation, gng , and IDB misorientation, 6;pp , in Type 1a cell blocks (a, b) and GNB1
misorientation, Ognyp1 , and GNB2 misorientation, Ogngz2 , in Type 1b cell blocks (¢, d). DDWs: Dense dislocation walls. MBs: microbands.

system in Type 1la CBs and the two GNB systems of Type 1b CBs, as well
as the average IDB misorientation, Ojpg, in Type 1a CBs in the uncharged
and hydrogen-charged samples. GNBs and IDBs were identified on both
ECC images and the corresponding grain reference orientation deviation
EBSD maps (the reference point was set as the point with the lowest
kernel average misorientation), as shown in Fig. 6. About 250 GNBs (30 -
50 boundaries per grain orientation) were analyzed in the uncharged
and hydrogen-charged samples. 5 — 10 measurements per GNB were
performed, resulting in a dataset of about 1500 GNB misorientations.
About 1000 IDBs were analyzed (~200 boundaries per grain orienta-
tion). One measurement per IDB was performed in a dataset of about
1000 misorientations. The IDB misorientation was estimated from line
misorientation profiles measured along the interior of the CB structure
defined by GNBs.

Figs. 7(a, b) plot the influence of hydrogen on the population of GNB
misorientations (a) and IDB misorientations (b) in Type la CBs. The

influence of hydrogen on the population of GNB1 and GNB2 mis-
orientations in the Type 1b CB structure is plotted in Figs. 7(c) and (d),
respectively. GNB1 and GNB2 were identified on ECC images and EBSD
maps through the boundary alignment. The plots reveal the following
features. Hydrogen increases the average IDB misorientation E;B and
average GNB misorientations 521N31 and égNBZ (the superscript H refers
to the misorientation values in the hydrogen-charged sample). However,
the effect on 9;,3 is comparatively smaller than that on EﬁNB, as éﬁ,’m -

BOps ~ 0.25° and Guyy, - fons ~ 1°. Interestingly, the plots reveal that
the influence of hydrogen on the 6, distribution is significantly
different from that on 6, and 6%, distributions. Hydrogen slightly
shifts the 0%, distribution to larger misorientation values. However, it
strongly modifies the 6, distributions by increasing the population of
misorientation values with 6%, > 2° and extending the 62, distribution
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Figure 8. (a—c): Analysis of the GNB structure in a Type 1a cell block (CB) structure formed by a single GNB system (GNB1); (a, b): ECC images of the CB structure;
(c): KAM-EBSD map of the CB structure shown in (b). (d): ECC image of the localized formation of microbands MBla and MB1b along GNB1 sections in a Type 1b CB

structure. DDW: Dense dislocation walls. TA: tensile axis.

to larger values (~ 7 - 8°). These results indicate that hydrogen modifies
the GNB structure by promoting localized GNBs with large 6%,.

To gain a further understanding, the GNB structures of Type 1a and
Type 1b CBs were analyzed by a combined ECCI and EBSD approach, as
in [17,18]. Figs. 8(a—-c) show an example of the analysis of the GNB
structure in a Type 1la CB. The CB structure is formed by a single GNB
system (GNB1). GNBs are formed by DDWs with an average thickness
tppw = 90 &+ 10 nm aligned parallel to the plane trace of the primary slip
system (1 -1 1). The analyzed region of the CB structure reveals the
formation of two MBs (MB1la and MB1b) along localized GNB sections,
Fig. 8(b). MBs are imaged as thick lenticular-shaped structures with a
thickness typ = 150 — 200 nm and a length Iz = 1.5 - 2.0 pm. Analysis of
the boundary misorientations on the corresponding KAM-EBSD map
(Fig. 8(c)) yields 64, = 1.0 £ 0.1°, 6, = 1.9 + 0.1°, and 6}, =
2.0 £ 0.2°. These results indicate that GNB misorientations (Ogyg and
92NB) < 2° correspond to DDWs, and GNB misorientations (Ogng and
OHyg) > 2° are associated with MBs. Fig. 8(d) shows the localized for-
mation of MBs (MB1la and MB1b) along GNB1 sections in a Type 1b CB
structure. In this case, MBs are comparatively longer than those formed

in Type 1a (Iyg ~ 3 — 4 pm). Analysis of the boundary misorientation by
KAM-EBSD yields 6%, , = 5.0 £ 0.2° and ¢1;,, = 5.6 ° + 0.2°, which are
comparatively larger than those associated with MBs formed along GNB
sections in Type 1a CBs. These results suggest that MBs formed in Type
1b CBs are associated with a greater plastic accommodation. The present
analysis demonstrates that the hydrogen-enhanced population of GNBs
with 68, > 2° is associated with the localized nucleation of MBs along

GNBs, resulting in an increased EZNB. This finding was confirmed by
BF-STEM analysis. Fig. 9(a) shows a BF-STEM image of an MB nucleated
along the primary GNB system in a grain oriented close to [10 3 16]//TA
direction. The BF-STEM image was taken in a “two-beam” condition
using a (1 1 1)-type diffraction vector. The MB plate consists of a paired
dislocation sheet structure aligned parallel to the primary GNB system (1
-1 1). Fig. 9(b) shows the corresponding diffraction pattern along the [1
0 1] zone axis. The diffraction pattern did not reveal the formation of
extra diffraction spots along <2 0 0> and <2 2 0> directions, which
indicates that ordered kappa-carbides were not formed in the present
Fe30Mn6.5A10.3C low-density steel [1]. This result agrees with the
isothermal sections of the Fe30MnAIC system calculated by the
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Figure 9. (a): BF-STEM image of an MB nucleated along the primary GNB system in a Type 1 CB in a grain oriented close to [10 3 16]//TA direction. The BF-STEM
image was taken in a “two-beam” condition using a (1 1 1)-type diffraction vector. (b): Corresponding diffraction pattern along the [1 0 1] zone axis. GNB:

Geometrically necessary boundary. MB: Microband. TA: tensile axis.

PrecHiMn-4 database [46]. The analysis demonstrates that the enhanced
MB nucleation along GNBs is associated with a hydrogen-induced effect
on plasticity.

3.2.2. Type 2 dislocation structure

ECCI analysis of the dislocation structure reveals that hydrogen
strongly influences Type 2 dislocation structure through the promotion
of strain localization phenomena occurring at different microstructural
scales, namely, macroscopic and microscopic (Fig. 10). At the macro-
scale, hydrogen promotes the formation of macroscopic deformation
bands (DBs) with a thickness of 10 — 30 pm that subdivide the grain, as
shown in the IPF-EBSD map of Fig. 10(a). Trace analysis by EBSD con-
firms that DB boundaries are perpendicular to a primary slip direction, i.
e. kink bands associated with inhomogeneous plasticity [47,48]. These
deformation structures have been observed in the present Fe30M-
n6.5A10.3C low-density steel deformed at cryogenic temperatures [17].
On the other hand, the analysis of the interior of DBs reveals that
hydrogen promotes MB formation. Figs. 10 (b—e) show the combined
EBSD and ECCI analysis of the deformation structure of the interior of
the deformation band DB1 oriented close to the [2 1 15]//TA direction.
ECC images reveal that the deformation structure of the DB interior
consists of a combination of equiaxed DCs and one crystallographic MB
system corresponding to the highly stressed (1 -1 1) and (-1 1 1) slip
planes. Under the current channeling conditions, MBs are imaged as
bright plates with an average thickness of 150 - 200 nm that are spaced
~ 2 - 3 pm. These dislocation structures shear the interior of the
deformation band DB1, resulting in a localized deformation behavior.

We have quantitatively analyzed the influence of hydrogen on the DC
structure to get a further understanding of the influence of hydrogen on

the Type 2 dislocation structure. At the current microscope settings and
pattern analysis, the estimation of the misorientation across IDBs
forming the DCs is unreliable due to the limited angular resolution of
EBSD (~ 0.5° [49]). Accordingly, we only evaluated the influence of
hydrogen on the average DC size, Dy , from ECC images on grain ori-
entations forming the Type 2 dislocation structure. The average value
was estimated as the median of the distribution. Fig. 11 plots the sta-
tistical distribution of cell sizes measured in the uncharged sample (red
line) and the hydrogen-charged sample (blue line). The analysis reveals
that hydrogen refines the average DC size from Dpc = 220 + 10 nm

(uncharged) to BZC = 192 + 10 nm (hydrogen-charged). This result
agrees with former studies in fcc metals [19-22].

3.2.3. Type 3 dislocation structure

ECCI and BF-STEM analysis of the dislocation structure reveals that
hydrogen also influences the Type 3 dislocation structure. Specifically,
we find that hydrogen promotes the formation of DDWs, DBs, and MBs
but has a negligible role in the DC structure. Fig. 12 shows ECC images of
the dislocation structure formed in a grain oriented close to the [5 4 6]1//
TA direction. The ECC images were taken under (2 0 2) channeling
conditions. The dislocation structure is formed by a well-developed
DDW structure that is aligned close to the primary slip system (1 -1 1)
[0 1 1] (Schmid factor = 0.37). Within the DDW structure, DCs with an

average size Eﬁc = 210 + 10 nm are formed. Interestingly, ECC images
reveal the propagation of DBs with thicknesses ~ 0.5 — 1.0 pm and
closely spaced arrays (~ 2 — 3 pm) of in-grain MB plates through
localized grain regions. The average thickness of the MB plates is similar
to that of the DC structure, about 200 nm. Plane trace analysis by
combined EBSD and ECCI confirms that DBs and MBs are aligned close to
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250 nm

Figure 10. Influence of hydrogen on the Type 2 dislocation structure of a grain oriented close to the [1 1 18]//TA direction. (a) IPF-EBSD map showing the for-
mation of macroscopic deformation bands (DBs). (b-e): Combined EBSD and ECCI analysis of the dislocation structure of DB1 showing microbands (MBs) and

dislocation cells (DCs). TA: tensile axis.

the (-1 1 1) plane traces. This result indicates that these structures are
associated with the activation of the secondary slip systems (-1 1 1) [1
0 1] (Schmid factor = 0.29) and (-1 1 1) [1 1 0] (Schmid factor = 0.24).
ECC images show that the channeling contrast along the interior of DBs
is not uniform, which indicates an internal orientation gradient. On the
other hand, the channeling contrast observed along the MB interior is
nearly uniform, which agrees with the low dislocation density observed
in former studies [17].

Type 3 dislocation structures were analyzed by BF-STEM to get a
further understanding of the influence of hydrogen on the dislocation-
based mechanisms controlling the formation of these structures.
Fig. 13 shows examples of the dislocation structure in a grain oriented
close to the [6 5 8]//TA direction of the uncharged sample (a) and in a
grain oriented close to the [9 7 12]//TA direction of the hydrogen-
charged sample (b). BF-STEM images were taken in a “two-beam” con-
dition using a (1 1 1)-type diffraction vector. DDWs are aligned close to
the primary slip plane (1 -1 1). DBs propagating through the DDW/DC
structure are visible in both grains. These structures shear DDW seg-
ments, indicated by arrows in Fig. 13. The magnitude of the shear offset
produced by the DB-DDW intersections in the hydrogen-charged sample
is comparatively larger. For instance, the propagation of DB2 in the
uncharged sample produces a negligible shear offset of GNB segments
(Fig. 13(a)). DB3 in the hydrogen-charged sample produces shear offsets
of ~75-100 nm (Fig. 13(b)). DBs in these grains are associated with the
activity of the secondary slip system (-1 1 1) [1 0 1]. These structures are
coarser in the hydrogen-charged sample (thickness ~ 0.5 — 1.0 pm) than
those formed in the uncharged sample (thickness ~ 0.3 — 0.5 pm). As
shown in Fig. 13(b), individual DBs tend to merge into coarse structures
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in the hydrogen-charged sample. This result agrees with the slip band
coarsening effect reported in austenitic steels, ascribed to hydrogen-
enhanced strain localization [15,50-52].

Figs. 14, 15 show BF-STEM images of the dislocation structure in the
interior of DBs formed in the region shown in Fig. 13(b). Fig. 14(a)
shows the shearing of a DDW/DC structure by a DB. Fig. 14(b) shows the
corresponding diffraction pattern along the [1 0 1] zone axis. Similar to
Fig. 9(b), the diffraction pattern did not reveal the formation of extra
diffraction spots along <2 0 0> and <2 2 0> directions. This finding
indicates that the strain localization within DBs is ascribed to a
hydrogen-induced effect on plasticity. STEM analysis indicates that the
dislocation structure consists of a high density of long screw and mixed
dislocations (~ 1 - 3 x 10'* m2). Examples of screw dislocations with
the line direction parallel to the [1 0 1] direction are indicated by arrows
in Figs. 15(a, b). Groups of closely spaced screw dislocations are
commonly observed (“A” in Figs. 15(a, b)). The massive glide of sec-
ondary dislocations and their interactions with primary dislocations
result in the formation of dislocation structures aligned along the sec-
ondary slip plane, such as DDWs (“B” in Fig. 15(b)) and paired screw
dislocation configurations (“C” in Fig. 15(b)). Interestingly, dissolved
DDW segments are visible (“D” in Figs. 15(a, b)). This effect is associated
with the trapping of screw dislocations by DDWs, which makes them
mechanically unstable [53]. Besides these configurations, the interac-
tion between (1 -1 1) [0 1 1] primary dislocations and (1 -1 -1) [-1 0 -1]
secondary dislocations promotes the formation of [-1 1 0] sessile
Lomer-Cottrell dislocations [54]. The screw and mixed dislocations
exhibit numerous small cusps associated with jogs (“J” in Fig. 15(c)).
These cusps play a key role in the dislocation multiplication process as
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Figure 11. Effect of hydrogen on the distribution of the dislocation cell size (Dp¢) in type 2 dislocation structures. Dpc was estimated from ECC images.

they act as pinning points for single-ended sources of dislocations.
Analysis of the alignment of the dislocation lines reveals cross-slipping
and double-cross slipping dislocations (“CS” in Figs. 15(c, d)). As an
example, the analysis of a double-cross slipped dislocation is shown in
Fig. 15(d). The (-1 1 1) [1 0 1] screw dislocation cross-slips onto the (-1
-1 1) plane and then cross-slips back onto another (-1 1 1) plane. These
observations indicate that dislocation cross-slip is activated within DBs,
enabling the propagation of screw dislocation through the DDW/DC
structure.

Fig. 16 shows the effect of hydrogen on the cell boundary misori-
entation (fpc) distribution (a) and the cell size (Dpc¢) distribution (b).
Dpc was estimated from ECC images and 6pc was measured from KAM-
EBSD maps where cell boundaries were identified by combined ECCI
and EBSD. Cell boundaries with 6pc < 0.5° are not considered due to the
limited angular resolution of the EBSD approach used in this study (~
0.5°). We find that hydrogen refines the average DC size from Dpc = 236

+ 10 nm (uncharged) to Egc = 212 + 10 nm (hydrogen-charged). This
result is in line with the measured influence of hydrogen on the Type 2
dislocation structure. However, our EBSD data indicates that hydrogen
plays a small effect on @ﬁc, as both misorientation populations are
similar with fpc = 0.87° + 0.05° (uncharged sample) and ?J;’C =0.90° +
0.05° (hydrogen-charged sample).

3.3. Fractography

Fig. 17 shows typical fracture surfaces of the Fe30Mn6.5A10.3C low-
density steel in the uncharged state (a - ¢) and hydrogen-charged state (d
- f). Both samples exhibit a fully ductile fracture characterized by the
growth and coalescence of microvoids. This observation indicates that
hydrogen does not significantly modify the fracture behavior of the
present FeMnAIC low-density steel. The analysis of the fracture surfaces
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reveals that the size distribution of the dimples in the uncharged sample
is heterogeneous, with areas containing small-sized dimples (2 - 3 pm),
Fig. 17(b), and regions containing large-sized dimples (4 - 8 pm), Fig. 17
(c). Comparatively, the dimple size distribution in the hydrogen-charged
sample is finer (Figs. 17(e, f)), namely, it is in the size range of 1.5 to 3.0
pm. This effect is associated with void sheets, i.e. aggregation of small
voids due to the increased number of void nucleation events produced
by hydrogen-enhanced strain localization phenomena [55-57]. The
micron size of the dimples observed in the fracture surfaces is related to
the large grain size (~ 150 pm). This finding is similar to that reported in
hydrogen-charged samples of austenitic stainless steels 316L and HP160
tested at similar conditions to those used in the present work [55].

4. Discussion
4.1. Influence of hydrogen on the mechanical behavior

The present study shows that at the current deformation conditions
(initial strain rate of 5.0 x 10" s™! in laboratory air at 295 K), a hydrogen
content of 101 mass ppm increases the yield stress, flow stress, and
ductility of the present Fe30Mn6.5A10.3C low-density steel. Solid-
solution hardening by hydrogen has been reported in austenitic stain-
less steels [14,58,59], Ni-based alloys [60-62], and fcc high-entropy
alloys [63]. The hardening effect strongly depends on the hydrogen
content, material, and testing conditions and may lead to an increase in
the yield stress of up to a few hundred MPa. Comparatively, the
strengthening associated with solute hydrogen observed in the present
steel (27 MPa) is smaller than that typically observed in austenitic
stainless steels. For instance, in our recent study [64], we obtained a
hydrogen-induced increase of the yield stress of ~ 60 MPa in a 310S
stainless steel hydrogen-charged and tested at similar conditions to
those used in this study. Interestingly, the influence of hydrogen on
ductility observed in this study is unusual, as hydrogen commonly
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Figure 12. Influence of hydrogen on the Type 3 dislocation structure of grains oriented close to the [5 4 6]//TA direction. (a): ECC image of the dislocation structure
consisting of dense dislocation walls (DDWs) and dislocation cells (DCs). (b): ECC image of an area containing DBs propagating through the DDW/DC structure. (c):
ECC image of an area containing DBs and microbands (MBs) propagating through the DDW/DC structure. (d): Detail of an MB imaged as a bright plate under the

current (2 0 2) channeling conditions. TA: tensile axis.

promotes the degradation of the ductility in fcc alloys (hydrogen
embrittlement) owing to the premature failure accompanying inter-
granular or cleavage-like fracture features [15,22,52,61-63]. The in-
fluence of the deformation structure on the HE resistance is analyzed in
Section 4.3.

4.2. Influence of hydrogen on the dislocation structure

Our former work has shown that the room-temperature deformation
structure of the austenitic Fe30Mn6.5A10.3C low-density steel mainly
consists of dislocation structures associated with homogeneous plas-
ticity, such as DCs, DDWs, and CBs [18]. The present study shows that at
the current deformation conditions (295 K and initial strain rate of 5.0 x
10 s'l), hydrogen has a small influence on DCs (cell size refinement of
~ 10%) while enhancing the formation of DDWs. These findings suggest
that hydrogen has a greater influence on GNBs than on IDBs, which
agrees with former studies in fcc metals [19,21,23]. The
hydrogen-induced stabilization of GNBs has been attributed to the
hydrogen-induced shielding of the dislocation elastic field, leading to a
reduced Peach-Kohler force and, hence, the stabilization of primary
dislocation configurations with reduced dislocation spacing. The dislo-
cation cell size refinement reported in hydrogen-charged fcc metals has
been ascribed to dislocation trapping by incidental boundaries due to
Cottrell atmospheres of hydrogen [19]. In Ni and a Nil6Cr alloy, a
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hydrogen-induced cell size refinement of ~ 25 - 75 % was reported at
similar deformation conditions to those used in the present study
[19-22]. The small influence of solute hydrogen in the DC structure of
the present steel suggests that dislocation trapping by incidental
boundaries induced by hydrogen is limited in the present steel. Inter-
estingly, hydrogen significantly enhances the formation of dislocation
structures associated with inhomogeneous plasticity (DBs) and strain
localization (MBs). We refer to these effects as hydrogen-enhanced
deformation banding (HEDB) and hydrogen-enhanced microbanding
(HEMB), respectively. SAD analysis (Figs. 9, 14) confirms that these
deformation mechanisms are ascribed to hydrogen-induced effects on
plasticity. In the following sections, we analyze the dislocation-based
processes controlling the hydrogen-induced formation of DBs and MBs.

4.2.1. Hydrogen-enhanced deformation banding (HEDB)

ECC and BF-STEM observations show that HEDB is associated with
the formation of two types of DBs, namely, macroscopic (thickness of 10
— 30 pm) kink-bands in grains oriented close to <0 0 1>//TA directions
(Figs. 10(a, b)) and submicron DBs in grains oriented close to <11 1>//
TA directions (Figs. 12 - 14). These DBs are associated with two different
types of inhomogeneous plasticity. The formation of kink bands in fcc
metals is commonly associated with localized lattice sliding and lattice
rotations induced by macroscopic constraints imposed on the specimen
geometry [48] and strain localization assisted by slip band intersections
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Figure 13. BF-STEM images of the dislocation structure showing deformation bands (DBs) in a grain oriented close to the [6 5 8]//TA direction of the uncharged
sample (a) and in a grain oriented close to the [9 7 12]//TA direction of the hydrogen-charged sample (b). BF-STEM images were taken in a “two-beam” condition
using a (1 1 1)-type diffraction vector. DDWs: Dense dislocation walls. TA: tensile axis.

[65,66]. Kink bands are aligned parallel to the trace of the slip system
associated with the stronger strain field, which is determined by the
grain orientation and constraints imposed by neighboring grains [66].
The formation of kink bands in the hydrogen-charged sample suggests
that the generation of lattice rotations by slip band intersections is
enhanced by hydrogen. Although the details are still unclear, this effect
is likely associated with the large strain field of hydrogen-induced slip
bands, as reported in austenitic steels [51,52,67].

BF-STEM images (Fig. 15) reveal a high plastic activity in the interior
of submicron DBs formed in the grain oriented close to <1 1 1>//TA
directions of the hydrogen-charged sample. The intense plastic activity
is associated with the glide of secondary dislocations (dislocation den-
sity ~ 1 - 3 x 10" m™), resulting in the localization of plasticity. Fig. 13
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shows that DBs were formed in grains oriented close to <111>//TA
directions of both samples, namely, uncharged and hydrogen-charged,
which indicates that the intense plastic activity observed in the
hydrogen-induced DBs is not associated with the deformation con-
straints but with the influence of hydrogen on plasticity. Hydrogen-
enhanced strain localization has been reported in several austenitic
steels, resulting in the coarsening of slip bands [13-15]. Although the
details of the underlying dislocation-based mechanisms are still unclear,
this effect has been ascribed to the locking of dislocations by hydrogen
atmospheres [15] and the hydrogen-induced reduction of dislocation
cross-slip [25,26]. Interestingly, former studies have revealed that solute
hydrogen enhances the dislocation mobility in austenitic steels due to
the elastic shielding of the strain field associated with dislocations [25,
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Figure 14. (a) BF-STEM image showing the shearing of a DDW/DC structure by a DB in a grain oriented close to the [9 7 12]//TA direction of the hydrogen-charged
sample. Sheared DC walls are indicated by arrows. BF-STEM image was taken in a “two-beam” condition using a (1 1 1)-type diffraction vector. (b): Corresponding

diffraction pattern along the [1 0 1] zone axis. TA: tensile axis.

26]. In particular, Ogawa et al. [64] have shown that at the current
deformation conditions (295 K and initial strain rate of 5.0 x 10> s'l),
the hydrogen-dislocation interaction results in solute drag in an
austenitic FeCrNi steel. This effect tends to promote the intermittent
mobility of dislocations that favor the massive glide of dislocations, such
as that observed in the interior of DBs (Fig. 15). Further work is needed
to clarify the influence of hydrogen content and deformation conditions
on the hydrogen-induced plasticity effects that control HEDB.

4.2.2. Hydrogen-enhanced microbanding (HEMB)

ECC and BF-STEM observations of the hydrogen-induced dislocation
structure (Figs. 8, 9, 10, and 12) show that HEMB is associated with
hydrogen-induced shear localization generated in two distinguishable
microstructural locations, namely GNB structure of CBs and localized
regions of the grain interior associated with DBs. The underlying
hydrogen-induced mechanisms associated with HEMB are depicted in
Fig. 18. Figs. 8, 9 show the hydrogen-induced formation of MBs along
the pre-existing GNB structure of Type 1a and Type 1b CBs. This effect
can be explained by the boundary-splitting model introduced by Hughes
[68,69]. We refer to this mechanism as GNB-assisted MB nucleation
(Fig. 18(a)). In this model, GNBs assist the MB formation through their
splitting, resulting in the nucleation of localized MBs along the GNB
structure. The driving force for MB nucleation is the increased misori-
entation across GNBs upon deformation. As the analysis of GNB mis-
orientations indicates (Fig. 7), GNB-assisted MB nucleation is activated
in both samples, namely, uncharged and hydrogen-charged. Interest-
ingly, EBSD analysis reveals that GNB-assisted MBs formed in the
hydrogen-charged sample are associated with comparatively larger
lattice rotations (65, ~ 2 - 8°) than their counterparts formed in the
uncharged sample (6%, ~ 2 - 3°). This result indicates that GNB splitting
is promoted by the enhanced storage of geometrically necessary dislo-
cations (GNDs) associated with localized shear induced by hydrogen,
resulting in a local increase in the GNB misorientation. Although the
dislocation-based process controlling this effect is still unclear, it can be
ascribed to the hydrogen-induced stabilization of dislocation pile-ups
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with reduced dislocation spacing during the early stages of deforma-
tion, as suggested by Girardin et al. [19]. These dislocation configura-
tions evolve with the activation of secondary slip into GNB-type
structures such as DDWs with a reduced dislocation spacing and, hence,
higher boundary misorientation. This process can be eventually pro-
moted by hydrogen trapping by the elastic stress field of edge disloca-
tions forming the DDWs [23,70-72]. The localized nature of the GNB
splitting process suggests that the hydrogen-enhanced boundary
misorientation effect is not uniform along the GNB structure.

In-grain microbanding has been ascribed to the evolution of me-
chanically unstable primary dislocation configurations into a more
mechanically stable dislocation configuration due to massive secondary
slip activation. According to Jackson’s model [73,74], this process can
be ascribed to the avalanche glide of massive cross-slipped groups of
dislocations on latent slip planes that shear the primary dislocation
configurations, resulting in closely spaced dislocation sheets. Further
dislocation reactions involving dislocation annihilation and
Lomer-Cottrell lock formation contribute to the mechanical stabilization
of MBs [75,76]. BF-STEM analysis of the dislocation configuration of
DBs in the hydrogen-charged sample (Fig. 15) reveals the occurrence of
the main dislocation-related features that promote HEMB in the grain
interior. These are massive glide of groups of secondary dislocations that
shear the existing CB/DC structure resulting in the formation of
closely-spaced dislocation sheets of thickness close to the DC size and the
cross-slipping and double-cross slipping of screw dislocations that
enable dislocation annihilation and, hence, the plastic relaxation of the
dislocation sheets that evolve into MBs. Besides these features, analysis
of the activated slip systems indicates the potential formation of
Lomer-Cottrell locks that contribute to the mechanical stabilization of
MBs. This analysis suggests that MBs are formed within DBs, which
agrees with ECC images of regions containing DBs and MBs (Fig. 12). We
refer to this mechanism as DB-assisted MB nucleation, Fig. 18 (b).

In this context, it is worth commenting on the activity of dislocation
cross-slip within DBs formed in the hydrogen-charged sample. This
dislocation behavior is unexpected according to the hydrogen-induced
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Figure 15. BF-STEM images of the dislocation structure in the interior of DBs formed in the hydrogen-charged sample are shown in Fig. 13(b). BF-STEM images were
taken in a “two-beam” condition using a (1 1 1)-type diffraction vector. A: Groups of closely spaced screw dislocations. B: Dense dislocation wall (DDW); C: Paired
screw dislocation configuration; D: Dissolved DDW segments; CS: Cross-slipped and double-cross slipped dislocations.

reduction of cross-slip predicted in fcc metals by atomistic calculations
[15,26,29]. As discussed above, hydrogen-induced reduction of dislo-
cation cross-slip has been invoked to explain hydrogen-induced strain
localization in austenitic steels [25,26]. The present observations sug-
gest that solute hydrogen does not fully disable cross-slip of screw dis-
locations within DBs, which enables microbanding [73,74]. If we
calculate the stress required to expand a screw segment of length L onto
the cross-slip plane, 7gicqt = 1.5 Gb/L [54], where G is the shear
modulus and b is the dislocation Burgers vector, it yields 7 rigcqr ~ 350 -
520 MPa for L = 50 - 75 nm (estimated from BF-STEM images of
cross-slipped dislocations). The calculated stress range is higher than the
resolved shear stress estimated from the applied load, 7 ~ 330 MPa. This
analysis indicates that the internal stress field of DBs, mainly associated
with the long-range stress field of the internal dislocation configuration,
promotes dislocation cross-slip. Internal stresses can promote cross-slip
by supplying work for constricting partial separations on the primary
plane and expanding the dislocation segment on the cross-slip plane.
This effect has been recently predicted in slip bands of fcc metals by
three-dimensional dislocation dynamics [77]. Further work is needed to
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clarify the influence of hydrogen content on the dislocation-cross slip
activity in austenitic FeMnAIC low-density steels and its effect on
dislocation plasticity.

4.3. The effect of HEMB on HE resistance

The key finding of the present study is the high HE resistance
exhibited by the Fe30Mn6.5A10.3C low-density steel at the current
deformation conditions (295 K and initial strain rate of 5.0 x 107 s'l).
The analysis of the fracture surfaces of the uncharged and hydrogen-
charged samples indicates that hydrogen does not modify the ductile
fracture behavior of the steel. We find that hydrogen refines the dimple
size. This effect is associated with void sheets produced by hydrogen-
enhanced strain localization phenomena [15,16], which agrees with
the characterization of the hydrogen-induced deformation structure.
The ductile fracture behavior of the hydrogen-charged sample suggests
that the potential transportation of hydrogen by mobile dislocations [78,
79] does not promote grain boundary cracking. This analysis suggests
that hydrogen-induced effects on the dislocation structure can play an
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Figure 16. Effect of hydrogen on the distributions of the cell boundary misorientation, 0p¢ , (a) and cell size, Dpc, (b) in type 3 dislocation structures. Dpc was

estimated on ECC images. 0pc was obtained from EBSD data.

Figure 17. SEM fractographs of the uncharged (a-c) and the hydrogen-charged (d-f) tensile samples. (b, ¢) and (e, f) correspond to magnified images taken from the

rectangular frames marked in (a) and (d), respectively.

active role in the high HE resistance exhibited by the steel. The main
characteristic of the hydrogen-induced deformation structure is the
occurrence of the HEDB and HEMB effects. HEDB is ascribed to
hydrogen-enhanced inhomogeneous deformation behavior due to spe-
cific hydrogen-induced effects on plasticity (section 4.2.1). From a
plasticity standpoint, HEDB is a deformation mechanism that accom-
modates the macroscopic and submicron hydrogen-induced inhomoge-
neous strain gradients. These structures can potentially activate GB
damage mechanisms via DB-assisted void formation and coalescence
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along grain boundaries [16]. Our observations reveal that the interac-
tion of submicron DBs with the existing primary DDW/DC structure
leads to the localized formation of MBs in the hydrogen-charged sample
via the DB-assisted MB nucleation mechanism (Fig. 18(b)). This defor-
mation mechanism accommodates localized shear deformation by
storing GNDs along MB boundaries [17,80]. Interestingly, our analysis
in Section 4.2 has revealed a key effect of HEMB on plasticity, namely,
the relaxation of the internal stress field of DBs. As the fracture surfaces
of the uncharged and hydrogen-charged samples show (Fig. 17), this
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Figure 18. Schematic of the hydrogen-induced microband (MB) nucleation mechanisms. (a): GNB-assisted MB nucleation. (b): DB-assisted MB nucleation.

effect is key to preventing the activation of GB damage mechanisms
associated with hydrogen-induced strain localization phenomena, such
as grain boundary cracking via slip band-assisted void formation and
coalescence along grain boundaries reported in austenitic steels [13-16].
These findings indicate that HEMB plays a relevant role in the
deformation behavior of strain localization gradients associated with
DBs by promoting the plastic accommodation within them and miti-
gating the activation of damage mechanisms. These effects contribute to
the strain-hardening capacity and, hence, the HE resistance of the steel.
The strain level required to form the dislocation structures that assist in
the hydrogen-induced MB nucleation mechanisms (¢ ~ 0.1 — 0.3) in-
dicates that HEMB can be a relevant deformation mechanism in
moderated-high ductile fcc alloys when exposed to hydrogen. It is worth
stressing that although the influence of hydrogen content on HEMB is
unknown, the present study suggests that a critical hydrogen content
trapped in the dislocation structure of GNBs, slip bands, and DBs is
needed to promote HEMB with a sufficient frequency to play a relevant
role in the material’s plasticity. Further work is required to evaluate the
influence of hydrogen content on HEMB and its contribution to the
mechanical behavior of austenitic FeMnAIC low-density steels.

4.4. Comparative analysis of the HE resistance of austenitic steels

In this section, we compare the HE resistance level exhibited by the
present Fe30Mn6.5A10.3C low-density steel to that reported in austen-
itic steels and multicomponent fcc alloys with a range of tensile me-
chanical properties similar to those of the present steel. We have only
analyzed materials charged under gaseous hydrogen conditions at high
pressure (~10 — 100 MPa) where hydrogen content is macroscopically
constant within the sample to avoid the effect of surface hydrogen
gradient on the deformation structure and fracture behavior. Only
studies that analyze the fracture behavior are considered. Fig. 19 plots
the values of the HE susceptibility index (IHE) against the ultimate
tensile strength, UTS, of selected austenitic steels and fcc high-entropy
and medium-entropy alloys (HEA and MEA). IHE is defined as IHE =
1- sf /¢, where ef is the elongation to fracture of the material exposed
to hydrogen and ¢ is that of the uncharged material [81]. The data are
summarized in Table 2. The plot of Fig. 19 is divided into three areas
according to the level of HE resistance: low (IHE > 0.1), moderated (0.1
> IHE > 0), and high (IHE < 0). Austenitic steels with low HE resistance
are characterized by the activation of brittle fracture modes, such as
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intergranular (IG), transgranular (TG), and quasi-cleavage (QC). These
fracture mechanisms are associated with the massive activation of
deformation twinning (FeMnC TWIP steels [82,83]) and the promotion
of intense slip localization (Fel6Cr10Ni (316) and Fel8Cr8Ni (304)
steels [55]). Austenitic steels with moderated/high HE resistance, such
as 17.5Cr12Ni (316L) steel [55,84], 20.7Cr9.7Ni4Mn2Mo (HP160) steel
[55], and 18Cr12.5Ni (317L) steel [83], are characterized by a small
influence of hydrogen on the fracture behavior. These materials exhibit
either ductile fracture or a combination of ductile fracture and IG frac-
ture. Recent calculations on the influence of hydrogen content in the
critical stress intensities for brittle cleavage (Ki.) and dislocation emis-
sion (Ki) have shown that the high HE resistance of 316L steel can be
ascribed to the influence of hydrogen on the fracture-free energy and
unstable stacking fault energy that makes the ratio Ki./Kje > 1 even at
high hydrogen content (~100 mass ppm) [85]. High HE-resistant fcc
alloys, such as 25Fe25Ni25Cr25Co [86], CoCrFeMnNi [34],
33Co033Ni33V [32], and 310S steel [87], are characterized by a com-
bination of ductile and IG fracture. The high HE resistance of these alloys
is associated with the hydrogen-induced activation of nanotwinning
(hydrogen-enhanced densified twinning, HEDT, effect), resulting in
enhanced strain-hardening capacity. Fig. 19 shows that the present
Fe30Mn6.5A10.3C low-density steel with a hydrogen content of 101
mass ppm exhibits a HE resistance comparable to that of high
HE-resistant alloys containing a hydrogen content of 75 — 130 mass ppm,
which confirms the high HE resistance of the present steel. This finding
indicates that hydrogen-induced effects on plasticity, such as HEDT and
HEMB, can play an active role in the HE resistance of fcc alloys by
promoting the material’s capacity to accommodate plasticity when
exposed to hydrogen. The accommodated strain level, hardening, and
damage associated with these effects dictate the mechanical behavior. In
particular, the capacity of HEMB to mitigate damage associated with
hydrogen-induced strain localization phenomena needs to be explored
in other fcc alloys to implement this effect in design approaches to
HE-resistant austenitic fcc alloys.

5. Conclusions

The influence of 101 mass ppm hydrogen content on the dislocation
structure and deformation behavior of an austenitic Fe30Mn6.5A10.3C
(wt.%) low-density steel was evaluated on the main deformation texture
components by several electron microscopy techniques, such as electron
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Figure 19. IHE (index of hydrogen embrittlement) vs. ultimate tensile strength (UTS) chart for several austenitic steels and multicomponent alloys tested under

gaseous hydrogen charging conditions. The data are summarized in Table 2.

channeling contrast imaging (ECCI), electron backscatter diffraction -
(EBSD), and scanning transmission electron microscopy (STEM). The
contribution of the hydrogen-induced dislocation structure to the
hydrogen embrittlement (HE) resistance was analyzed. The following
conclusions can be drawn:

- Hydrogen has a small influence on dislocation cells (cell size
refinement of ~ 10%) while enhancing the formation of dense
dislocation walls. These findings indicate that the influence of
hydrogen on the stabilization of primary dislocation configurations
with reduced dislocation spacing is comparatively stronger than
dislocation trapping by incidental boundaries induced by hydrogen.
Hydrogen enhances the formation of dislocation structures associ-
ated with inhomogeneous plasticity (deformation bands) and strain
localization (microbands), resulting in hydrogen-enhanced defor-
mation banding (HEDB) and hydrogen-enhanced microbanding
(HEMB) deformation mechanisms. Diffraction analysis confirms the
absence of ordered k-carbides, which indicates that these deforma-
tion mechanisms are ascribed to hydrogen-induced effects on
plasticity.

18

HEDB is associated with specific hydrogen-induced effects on slip
bands that promote the formation of two types of deformation bands
(DBs), namely, macroscopic kink-bands in grains oriented close to
<0 0 1>//TA directions and submicron DBs with intense strain
localization formed in grains oriented close to <1 1 1>//TA di-
rections. HEMB is ascribed to hydrogen-induced shear localization
generated in two distinguishable microstructural locations: the GNB
structure of cell blocks and localized regions of the grain interior
associated with DBs. The underlying hydrogen-induced microband
nucleation mechanisms were identified.

The present Fe30Mn6.5A10.3C low-density steel exhibits a high HE
resistance associated with a moderated increase in strength (yield
stress increase of 10%) and ductility (increase in the elongation to
fracture of ~ 8%). Analysis of the fracture mechanisms and the
hydrogen-induced dislocation structures indicate that HEMB in-
fluences the deformation behavior of strain localization gradients
associated with DBs by promoting the plastic relaxation of DBs and
the storage of geometrically necessary dislocations. These effects
mitigate the activation of damage mechanisms associated with strain
localization gradients and enhance the strain-hardening capacity,
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Table 2

Summary of hydrogen-induced effects on the HE susceptibility index (IHE), and
fracture mechanisms on fcc alloys and steels exposed at gaseous hydrogen
charging conditions. IG: Intergranular fracture; TG: Transgranular fracture; QC:
Quasi-cleavage fracture; HIS: Hydrogen-induced slip localization; D: Dimple-
containing surface fracture; SD: Small dimple-containing fracture surface;
HEDT: hydrogen-enhanced densified twinning; HEMB: Hydrogen-enhanced
microbanding.

Alloy composition Hydrogen IHE Fracture Refs.
(wt.%) content mechanisms
(wt. ppm)

Fe-18Ni-8Cr (304) 83 0.6 HIS [55]

Fe-33Mn-1.1C 44 0.53 1G+QC [82]

Fe-12Mn-1C —_— 0.22 IG+TG [83]

Fe-16Cr-10Ni-2Mo- 97 0.14 HIS [55]
1Mn (316)

25Fe-25Ni-25Cr- 54.3 0.08 D [86]
25Co HEA (HEDT)

CoCrFeMnNi HEA 76.5 0.05 D [34]

(HEDT)
33C033Ni33V MEA 78.2 0.03 D+IGC [32]
(HEDT)

Fe-17.5Cr-12Ni-2Mo 33 0.05 SD [84]
(316L)

Fe-17.6Cr-12Ni-2Mo 97 0.05 SD [55]
(316L)

Fe-20.7Cr-9.7Ni- 97 0 SD [55]
4Mn-2Mo (HP160)

Fe-18Cr-12.5Ni —_— 0.08 SD [83]
(317L)

Fe-24Cr-19.1Ni-1Mn 133 -0.11 DS [87]
(3108) (HEDT)

63.2Fe-30Mn-6.5Al1- 104 -0.045 SD Current
0.3C (HEMB) work

contributing to the high HE resistance of the steel that is comparable
to that of high HE-resistant fcc alloys and steels.
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