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The evaluation of hydrogen's impact on key variables of dislocation structures—such as scale and boundary
thickness/misorientation—in Fe-Ni-Cr austenitic steels offers deeper insight into the influence of hydrogen on
deformation behavior. This understanding can aid in designing steels with enhanced resistance to hydrogen
embrittlement. In this study, we examined the interplay among hydrogen, dislocation structure, strain hardening,
and strain localization in a Fe-19Ni-24Cr (wt. %) austenitic steel through quantitative dislocation structure
analysis. The evaluation of strain hardening by a dislocation-structure-based statistical model clarifies the in-
dividual roles of dislocation cells, cell blocks, and dense dislocation walls in the hardening process. We find that
the impact of elastic shielding on key variables of dislocation structure and the hardening parameter associated
with dislocation-forest hardening is limited, leading to only slight variations in hardening mechanisms. The
hardening mechanism most dependent on hydrogen is solid-solution strengthening. Additionally, this study
uncovers several hydrogen-related effects associated with the activation of secondary dislocation structures and
strain localization at cell block boundaries, proposing a dislocation-based model that correlates the observed
phenomena. These results provide a comprehensive understanding of the influence of hydrogen on dislocation-

based processes controlling the deformation behavior and hardening in Fe-Ni-Cr austenitic steels.

1. Introduction

Fe-Ni-Cr austenitic stainless steels are widely used in structural
components, offering a superior combination of mechanical perfor-
mance and corrosion resistance in hydrogen environments [1]. How-
ever, these steels still experience hydrogen-induced degradation of their
mechanical properties associated with hydrogen-induced strain locali-
zation [2-7]. The impact of hydrogen on deformation behavior in
austenitic steels has been commonly interpreted in terms of the
hydrogen-enhanced localized plasticity (HELP) mechanism, based on
the elastic shielding of the dislocation’s stress field induced by hydrogen
[8,9]. Two critical elements of the HELP mechanism can be distin-
guished: a hydrogen-induced increase in dislocation mobility [10-12]
and a hydrogen-induced reduction in dislocation-dislocation in-
teractions [13,14], which facilitates planar slip and stabilizes piled-up
configurations that lead to damage initiation [15-17]. Recently, the
shielding effect has been linked to variations in dislocation structure and
hardening observed in a pure face-centered cubic (fcc) metal, such as Ni,
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when exposed to hydrogen. Several studies [13,18,19] have suggested
that in this material, the shielding effect reduces the average dislocation
cell size by 15 — 75 % [13,19] and decreases the dislocation density at
dislocation cell walls by a factor of 2 [13]. Interestingly, Ghermaoui
et al. [13] have shown that in Ni, the addition of 7 mass ppm of
hydrogen reduces the hardening parameter, «, by 15 %. a accounts for
the dislocation forest hardening, given by the Taylor relation 7 =
aGb /p’, where 7 is the critical stress for the onset of slip, G is the shear
modulus, b is the Burgers vector, and p is the average mobile dislocation
density [20]. Specifically, @ corresponds to the average value of the
strength of the dislocation segment formed after the reaction between
two dislocations (so-called junction) [21]. The junction lies at the
intersection of the two interacting slip planes; it is usually immobile,
representing a barrier to dislocation motion. In fcc metals, the strongest
junctions correspond to Lomer junctions formed on {0 0 1} planes [22].
Both experimental and theoretical approaches have shown that for an
applied stress such that the average mobile dislocation density, p, is ~
10" m'z, a = 0.35 [23,24]. At larger applied stress, @ decreases (a ~
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0.23 for p ~ 10'® m™2). This effect has been associated with the het-
erogeneous nature of the dislocation arrangement at large deformation
stages [24]. The hydrogen-induced reduction of a observed in Ni,
combined with a reduction in the average dislocation density of 25 — 40
% [13], suggests that hydrogen addition can reduce the stability of forest
dislocations, weakening the average junction strength. The combination
of these hydrogen-related effects can lead to either strain hardening in
polycrystalline Ni [18] or strain softening in a single-crystal [0 0 1] Ni
[13].

To the knowledge of the authors, the influence of the shielding effect
on key variables of the dislocation structure (scale and boundary
thickness/misorientation) has not yet been evaluated in Fe-Ni-Cr
austenitic steels. This lack of experimental data limits understanding
of hydrogen-related effects on strain hardening and the development of
Fe-Ni-Cr austenitic steels with superior hydrogen embrittlement (HE)
resistance. According to dislocation-based hardening models [25,26],
dislocation structure hardening is determined by the dislocation mean
free path, defined as the inverse of dislocation length stored per area,
and the dislocation boundary hardening parameter. In tensile-deformed
fcc polycrystalline materials, the dislocation structure consists of a
complex distribution of several dislocation structure types, such as
dislocation cells (DCs), cell blocks (CBs), and dense dislocation walls
(DDWs) [27-30]. These structures exhibit a characteristic
grain-orientation dependence along the main tensile deformation
texture components (DCs: grains oriented close to [0 0 1]//TA di-
rections; DDWs: grains oriented close to [1 1 1]//TA directions; CBs:
grains oriented along the line between [1 1 2] and [0 01]//TA di-
rections; TA: tensile axis). Accordingly, the evaluation of the impact of
the shielding effect on the dislocation structure in Fe-Ni-Cr austenitic
steels requires a statistical analysis of the variables of the different
dislocation structure types (DCs, CBs, and DDWs).

Besides the previously described aspects, hydrogen addition in Fe-Ni-
Cr austenitic steels promotes strain localization along characteristic
dislocation structures. At low strain levels (¢ < 0.1), strain localization
occurs along slip bands [2-7] and deformation bands [6]. These effects
can contribute to damage accumulation by assisting void and micro-
crack formation, thereby promoting hydrogen embrittlement (HE). At
high strain levels (¢ > 0.3), our study of a Fe-30Mn-6.5A1-0.3C (wt. %)
austenitic low-density steel has shown that complex strain localization
phenomena induced by hydrogen can occur [31]. Hydrogen-induced
strain localization along cell blocks and deformation bands can lead to
the nucleation of microbands (layer-type dislocation structures with a
thickness of 100 — 200 nm aligned along {1 1 1} crystallographic slip
planes), enabling the accommodation of dislocation plasticity (hydro-
gen-enhanced microbanding effect [31]). These studies suggest that
detailed characterization of the dislocation structure associated with
strain localization is required to understand the interplay between
hydrogen-related strain accommodation and deformation behavior in
Fe-Ni-Cr austenitic steels.

The aim of this study is the investigation of hydrogen-related effects
on the dislocation structure, strain hardening behavior, and strain
localization of a mechanically and thermodynamically stable Fe-Ni-Cr
austenitic steel. For this purpose, we selected the Fe-19Ni-24Cr (wt.
%) austenitic steel due to its moderate stacking fault energy (~ 42 mJ/
m? [32]1), which ensures the mechanical stability of austenite and pre-
vents y(fcc) — e(hep)/ y(fec) — o' (bee) martensitic transformation, and the
well-defined crystallographic orientation dependence of the dislocation
structure, consisting of DCs, CBs, and DDWs [28,30]. Statistical analyses
of the variables of the dislocation structure and hardening parameters
are performed by quantitative characterization of the dislocation
structure along the main tensile deformation texture components using a
combined electron channeling contrast imaging (ECCI), electron back-
scatter diffraction (EBSD), and scanning transmission electron micro-
scopy (STEM) approach [31,33]. The influence of hydrogen on the
hardening associated with dislocation structures is evaluated by a
dislocation structure-based model that considers the grain orientation
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dependence of dislocation structures [25]. In particular, the impact of
the shielding effect on the hardening parameter a is quantitatively
evaluated. This study also provides further insights into the interplay
among hydrogen-induced strain localization, dislocation structures, and
slip behavior, leading to a wider view of the influence of
hydrogen-related effects on the deformation behavior of Fe-Ni-Cr
austenitic steels.

2. Materials and methods
2.1. Experimental techniques

The steel investigated in the present study was a commercially
available Fe-19Ni-24Cr (wt. %) austenitic steel (Type 310S). Details of
the processing procedure can be found in [34,35]. Fig. 1(a) shows an
inverse pole figure (IPF) EBSD map along the forging direction (FD) of
the initial microstructure (uncharged condition). ND1 and ND2 corre-
spond to normal directions to FD. The microstructure contains a large
population of annealing twins, which is typical of Fe-Ni-Cr austenitic
steels [36]. The selected Fe-19Ni-24Cr steel exhibits both mechanical
and thermodynamic stability, resulting in a single-phase austenitic steel
[34,35]. The grain size distributions for the uncharged and
hydrogen-charged samples are plotted in Fig. 1(b, c). The plots indicate
that the grain size distribution is similar in both conditions, with a range
of 30 — 70 pm (annealing twin boundaries are not considered in the grain
size analysis). Accordingly, potential grain size effects on plasticity
associated with strain-induced compatibility conditions occur at the
same statistical rate in both samples. The mechanical tests were con-
ducted using a cylindrical specimen with a diameter of 6 mm at an initial
strain rate of 5 x 107> 5! in laboratory air at 295 K. The tensile samples
were cut so that the tensile axis (TA) is parallel to FD. Hydrogen
charging was performed in a hydrogen gas atmosphere at 270 °C for 200
h and 100 MPa, resulting in a uniform hydrogen content of 133 mass
ppm within the sample diameter (estimated by thermal desorption
spectroscopy, TDS [34]). No distinctive features were observed in the
TDS profile of the hydrogen-charged sample. The analyzed hydrogen
content is close to the experimentally available upper limit using con-
ventional pre-charging settings [34].

The central sections of cylindrical-shaped samples cut along the
tensile axis were analyzed to exclude surface effects from deformation
constraints. The dislocation structures were investigated using an
approach consisting of electron channeling contrast imaging (ECCI),
electron backscatter diffraction (EBSD), and scanning transmission
electron microscopy (STEM). ECCI was performed using a Sigma Zeiss
FEG-Scanning Electron Microscope (SEM), Carl Zeiss SMT AG, Germany,
equipped with Orientation Imaging Microscopy (OIM) EBSD systems.
ECC images were acquired by the EBSD-based ECCI approach described
in [37] at 20 kV using a solid-state four-quadrant backscatter electron
(BSE) detector at a 5 — 6 mm working distance. ECCI samples of the
central sections of the tensile samples were mechanically polished with
800 and 1200 SiC grit papers and subsequently polished with 9 and 3 pm
diamond suspensions. The final polishing was performed with 250 nm
colloidal silica suspension (Struers, OP-S). STEM was performed in a
JEOL JEM 2800 TEM operating at 200 kV. STEM samples were fabri-
cated in areas of interest using the in-situ focused ion beam (FIB) lift-out
method [31] in a Scios 2 ThermoFisher Scientific dual-beam SEM sys-
tem. This fabrication method ensures that the observation planes used in
the STEM and ECCI observations are nearly equal (ECC images were
acquired at a tilting range of ~ 5°). The FIB approach is shown in Fig. 2.
First, the area of interest is analyzed by ECCI (Fig. 2(a)). Subsequently, a
protective carbon layer is deposited on the sample surface using a
gas-injection system to prevent ion beam damage during milling. Three
trenches around the area of interest are fabricated using FIB, producing
a cross-section of 20 x 20 pm? (Fig. 2(b)). In the next step, a micro-
manipulator with an attached needle is used to detach the lamella from
the sample (Fig. 2(c)). The lifted lamella is finally transferred and
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Fig. 1. (a): Inverse pole figure EBSD map along the forging direction (FD) of the initial microstructure (uncharged condition). ND1 and ND2 correspond to normal
directions to FD. (b, ¢): Grain size distributions in the uncharged (a) and hydrogen-charged (b) conditions.

Fig. 2. FIB-based method for STEM lamellae fabrication. (a): ECC image of the area of interest; (b): Milling procedure by FIB; (c): Detachment process of the lamella
using a micromanipulator; (d): STEM lamella (thickness ~ 100 nm).

welded to a TEM support grid (Fig. 2(d)). The lamella thinning pro- induced by FIB milling [38]. No radiation damage (point defects or
cedure was performed at an initial acceleration voltage of 30 kV and a Ga-rich precipitates) was observed during STEM observations.

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
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2.2. Quantitative dislocation structure characterization

To avoid the effect of local variations in stress state associated with
in-grain strain compatibility conditions on dislocation structure vari-
ables [39], the dislocation structure formed in the grain interior was
quantitatively analyzed. The dislocation structures of the uncharged and
hydrogen-charged conditions formed at ¢ = 0.15 and ¢ = 0.30 were
evaluated on the main components of the tensile deformation texture ([0
01]1//TA, [11 1]//TA, and along the crystallographic line [1 1 2] - [1
0 1]//TA (TA: tensile axis)), by the ECCI-EBSD approach developed in
[31]. The experimental grain orientations evaluated in uncharged (red
dots) and hydrogen-charged (blue dots) conditions are shown in Fig. 3. A
total of 35 grain orientations were analyzed at ¢ = 0.15. 16 grain ori-
entations were analyzed at ¢ = 0.30. The dislocation structure was
classified using the grain orientation dependence introduced by Hansen
et al. [27-30]. Type 1 dislocation structure consists of a cell block (CB)
structure delimited by geometrically necessary boundaries (GNBs). This
type of dislocation structure is developed in grains oriented along the
crystallographic line [1 1 2] — [1 0 1]1//TA. Following [31], we classify
CBs as Type 1a (one GNB system) and Type 1b (two GNB systems). Type
2 dislocation structure comprises dislocation cells (DCs), formed in
grains oriented close to [0 0 1]//TA directions, where the slip type is
octahedral (eight slip systems with similar Schmid factors). Type 3
dislocation structure consists of a combined structure of dense disloca-
tion walls (DDWs) and DCs. This dislocation structure develops in grains
oriented close to [1 1 1]//TA directions, where slip is controlled by three
slip systems on two non-coplanar slip planes.

The boundaries of the dislocation structure types were identified on
both ECC images and grain reference orientation deviation EBSD maps.
The reference point was set as the point with the lowest Kernel average
misorientation. 40 to 50 GNBs per grain orientation were analyzed. The
total number of GNBs evaluated was about 550 at ¢ = 0.15 and 175 at ¢
= 0.30. About 500 DCs per strain level (¢ = 0.05, 0.15, and 0.30) and
condition were evaluated. The dislocation boundary misorientation was
estimated from EBSD maps. Due to the limited angular resolution of
EBSD (0.5° at the current microscope settings and pattern analysis [40]),
the boundary misorientation analysis was limited to GNBs. 5 measure-
ments per GNB were performed, resulting in datasets of 875 (¢ = 0.30)
and 2750 (¢ = 0.15) GNB misorientations. The dislocation boundary
thickness and spacing were estimated from ECC images using the
method shown in Fig. 4. The approach uses the characteristic modulated
behavior of the backscattered electron (BSE) intensity associated with
channeling contrast of dislocations [41,42] to measure the dislocation
configuration boundary parameters. Specifically, Fig. 4 shows an
example of the evolution of the BSE intensity profile measured across a
DC formed at ¢ = 0.15 in the hydrogen-charged sample. The modulated
behavior of the BSE signal can be explained as follows. Under strong
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channeling conditions with w < 0 (w: deviation parameter), the BSE
intensity collected from the matrix free of dislocations is low (60 - 80
au), due to the strong electron channeling effect (au: arbitrary unit). The
BSE intensity collected from the matrix containing a dislocation cell
boundary is comparatively high (140 — 240 au), due to the reduced
channeling effect induced by dislocations. The parameters tp,, (DC wall
thickness) and Ap; (DC interior size) are estimated from the corre-
sponding full widths of the modulations of the BSE intensity profile,
Fig. 4(b), and considering the projection geometry of the imaged
boundary, where the normal direction of the sample, the tilting angle,
and the slip plane are determined from EBSD data. In this method, local
modulations of lattice rotations can modify the baseline of the BSE
signal, thereby contributing to the experimental accuracy of the ECCI
approach (1 — 2 nm [41]). To minimize this effect, the average values of
the parameters were estimated from 2 — 3 BSE profiles collected per
dislocation configuration. The parameters determined by the ECCI
method are shown in Table 1.

3. Results
3.1. Mechanical properties

Fig. 5 shows the true stress-strain curves and the evolution of the
strain hardening with the stress term ¢ — 6o (o :true stress; op: yield
stress) of the uncharged and hydrogen-charged samples of the Fe-19Ni-
24Cr steel tested at 295 K at an initial strain rate of 5.0 x 107 s’ (a, b)
and 5.0 x 10351 (c, d). The plots show that at both strain rates, solute
hydrogen increases the yield stress (YS), flow stress (FS), ultimate tensile
strength (UTS), uniform elongation (UEL), and elongation-to-failure
(ETF). The mechanical properties have been analyzed in previous
studies [35,43]. The mechanical data show that the influence of the
strain rate on mechanical strength is limited. The hydrogen-induced
increase in flow stress is 55 — 60 MPa at 5.0 x 10> s and 50 - 55
MPa at 5.0 x 107> s’1. Our former studies [34,44] have shown that the
dynamic interaction between diffusive hydrogen in the material and
moving dislocations is the dominant factor governing solid-solution
strengthening. This effect arises from the superposition of mechanisms
such as a solute-drag effect associated with a hydrogen Cottrell atmo-
sphere and the resistance of the diffusion barrier of hydrogen atoms to
follow the dislocation core. Further experimental work is needed to
investigate the influence of strain rate on deformation behavior by
analyzing dislocation-hydrogen interactions, their contribution to forest
hardening, and the evolution of average dislocation density upon
straining. In the uncharged condition, our data reveal the activation of
three hardening stages, namely stages I, II, and III. The hardening rate of
these stages is characterized by a strong decrease in stage I (Ac/Ae =
—66 MPa), a slight decrease in stage II (Ac/Ae = —2.5 MPa), and a

(b) £=10.30 111

@ hydrogen-charged

Type 3 @ uncharged

001 101

Fig. 3. Inverse pole figures along the tensile axis direction of the experimental grain orientations investigated in the uncharged (red dots) and hydrogen-charged

(blue dots) conditions at ¢ = 0.15 (a) and ¢ = 0.30 (b).
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Fig. 4. Analysis method for the determination of dislocation boundary thickness (tp,) and dislocation boundary spacing of the dislocation structure interior (ip;). (a):
ECC image of a dislocation cell. (b): Backscattered electron intensity profile measured across the dislocation cell imaged in (a).

Table 1

Structural variables of the dislocation structure in the uncharged (UN) and
hydrogen-charged (HC) conditions. The error corresponds to the statistical error
calculated from the Gaussian regression analysis (Supplementary Materials).

Dislocation structure type Parameters

Oons enp (nm) tenp (nm)

Type 1a-UN (e = 0.15) 0.9 £0.2° 460 + 125 85 + 25
Type 1a-HC (¢ = 0.15) 1.0 £ 0.2° 420 + 105 90 + 25
Type 1b-UN (¢ = 0.15) 1.1+0.2° 710 + 160 190 + 40
Type 1b-HC (¢ = 0.15) 1.6 +0.2° 800 + 175 215 + 45
Type 2-UN (e = 0.05) — 655 + 150 51 +£10
Type 2-HC (¢ = 0.05) - 590 + 150 47 +10
Type 2-UN (¢ = 0.15) — 350 + 65 90 + 25
Type 2-HC (¢ = 0.15) — 305 + 65 80 + 25
Type 2-UN (¢ = 0.30) — 310 + 65 110 + 30
Type 2-HC (e = 0.30) - 250 + 65 100 + 30
Type 3-UN (¢ = 0.15) 0.7 £0.1° 550 + 110 80 + 25
Type3-HC (¢ = 0.15) 0.8 +0.1° 540 + 110 85 + 25
Type 3-UN (¢ = 0.30) 1.1+0.1° 460 + 105 100 + 30
Type 3-HC (¢ = 0.30) 1.3+0.1° 450 + 110 110 + 30

moderate decrease before necking (Ac/Ae ~ —5.0 MPa). The plots
reveal that while hydrogen has a small influence on stages I and II,
hydrogen addition increases the hardening rate of stage III at the end of
its range, from —5 to —2 MPa. This effect produces stage IV hardening.

Microstructural characterization (data included as Supplementary
Fig. S1) reveals that deformation twins are formed in both conditions
(uncharged and hydrogen-charged) at ¢ = 0.3 (stage III hardening).
Specifically, deformation twins are arranged into bundles spaced a few
microns, and thereby, their contribution to strain hardening is
comparatively smaller than that of the dislocation structure (average
size of 250 — 450 nm, Table 1). Accordingly, hardening stages II and III
can be associated with dislocation structure hardening. As shown in our
previous study on texture analysis measured by in situ neutron diffrac-
tion [43], in the present Fe-19Ni-24Cr steel, hydrogen reduces the strain
level required to activate deformation twinning. Specifically, this study
shows that hydrogen reduces the strain level at which the area fraction
of deformation twins has a noticeable impact on deformation texture,
indicating the promotion of deformation twinning. Considering that the
impact of a hydrogen content of 133 mass ppm on the twinning stress is
negligible (twinning stress scales with stacking fault energy [45] and
hydrogen reduces the stacking fault energy by ~ 6 % [32]), the observed
hydrogen-induced promotion of deformation twinning can be ascribed
to the increased flow stress induced by hydrogen (~50 MPa), resulting
in enhanced applied stress. This effect promotes deformation twinning

at a lower strain, accelerating the twin kinetics. It is still unclear whether
hydrogen influences other aspects of deformation twinning, such as the
dislocation-based processes that control twin nucleation and propaga-
tion mechanisms. These aspects are currently being investigated. The
enhanced deformation twinning activity results in a higher strain
hardening rate, due to increased strain accommodation and mechanical
stress (twinning-induced plasticity effect [25]), resulting in stage IV
hardening (Fig. 5).

Fig. 6 shows the evolution of the deformation texture with strain
level for the uncharged and hydrogen-charged samples. The deforma-
tion texture in both conditions is characterized by two main compo-
nents, <001>//TA and <111>//TA directions. These texture
components remain stable and gradually sharpen upon deformation. In
stage III hardening (¢ > 0.15), <111>//TA becomes the strongest
texture component in both conditions. The plot reveals that at e = 0.05 -
0.30, the intensity of the main texture components is similar in both
conditions. This effect indicates that hydrogen plays a small role in the
deformation texture. In the following sections, the influence of hydrogen
on the key structural variables of the dislocation structures, namely,
scale, boundary thickness, and boundary misorientation, is evaluated.
The contribution of these variables to strain hardening is quantitatively
evaluated in Section 4.

3.2. Dislocation structures

3.2.1. Type 1 dislocation structure

Fig. 7 shows ECC images of Type 1a (a, b) and Type 1b CBs (c, d)
dislocation structures in the grain interior formed at ¢ = 0.15 (stage III
hardening) in the uncharged (a, c) and hydrogen-charged (b, d) condi-
tions. Type 1a CBs are formed by a set of GNBs lying along the primary
slip system [31] (slip system with the highest Schmid factor of 0.42) and
secondary slip bands (SBs) formed along non-coplanar secondary slip
systems (Schmid factors of 0.37 and 0.27). ECCI analysis of the CB
structure in grain orientations forming Type 1a CBs (Fig. 3(a)) indicates
the activation of SBs in both conditions (uncharged and
hydrogen-charged). Comparatively, SBs in the hydrogen-charged sam-
ple have higher dislocation activity, resulting in localized shearing of the
CB structure. This process is evaluated in detail in Fig. 8. Type 1b CBs are
formed by two GNB sets lying along the two primary slip systems
(Schmid factors of 0.47 and 0.5), Figs. 7(c, d). In grains forming these
CBs, dislocation plasticity is fully accommodated by the two
non-coplanar primary slip systems, resulting in a negligible activation of
secondary slip. Accordingly, dislocation plasticity is concentrated along
the two GNB sets.
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Fig. 5. True stress-strain curves (a, ¢) and evolution of strain hardening with o - 6o (o: true stress; o¢: yield stress) (b, d) for the uncharged (red lines) and hydrogen-
charged (blue lines) conditions in a tensile deformed Fe-19Ni-24Cr steel at an initial strain rate of 5.0 x 105 ¢! (a, b) and 5.0 x 103 ¢! (c, d) at 295 K.

Fig. 8 analyzes the interactions between secondary SBs and GNBs of
Type 1a CBs in the interior of a grain oriented close to the [9 6 4]//TA
direction (labelled as “G1” in Fig. 8(a)) in the hydrogen-charged sample.
The CB structure (Type 1a) is formed by GNBs aligned parallel to the
traces of the primary (—1 —1 1) slip plane. The {1 1 1} pole figure
calculated from the grain interior (Fig. 8(b)) shows the intensity of lat-
tice rotations about <1 1 2>//TA. These lattice rotations are the result
of the dominant role of the equivalent highly stressed (—1 —1 1) [1 0 1]
and (-1 —1 1) [0 —1 —1] primary slip systems. Examples of the in-
teractions between secondary SBs and primary GNBs are shown in the
ECC and STEM images of Fig. 8(c, d). These images were taken from the
same region of the grain interior using the sample fabrication method
described in Section 2.2. Fig. 8(c) shows the interactions of two SB sets,
SB2 and SB3, with primary GNBs. These slip bands are associated with
the secondary slip systems (11 1) [-101] and (1 —1 1) [1 1 0] (Schmid
factors of ~ 0.30). Interestingly, non-crystallographic shear bands
(labeled as “S” in Fig. 8(c)) are also visible. ECCI and STEM analysis
indicate that the propagation of secondary SBs and shear bands across
the primary dislocation structure results in the localized shearing of GNB
sections, indicated by arrows in Fig. 8(c, d). In particular, the propa-
gation of a coarse secondary SB (thickness ~ 300 nm) with a high
dislocation density leads to the localized shearing of GNB sections (Fig. 8
(d)). These shearing processes produce visible shear offsets in the GNB
structure.

Fig. 9 shows the influence of hydrogen on Ognz (a, b), Aens, and tens
for Type 1la and Type 1b CBs formed in the grain interior at ¢ = 0.15
(stage III hardening). The statistical analyses of igng and tgng are pre-
sented in Supplementary Figs. S2 and S3. These parameters were esti-
mated using the ECCI method described in Section 2.2 (Fig. 4) and
statistically analyzed using a Gaussian function regression. The standard

deviation of the Gaussian distribution was set as the statistical error. The
results indicate that for Type 1a CBs, hydrogen has a negligible effect on

Ocnp. We obtain gy = 0.9 £ 0.2° and @ZNB = 1.0 + 0.2° On the con-
trary, hydrogen has a significant effect on dgyp for Type 1b CBs. From
the statistical analysis, we yield gy = 1.1 & 0.2° and @gNB =1.6+0.2°
These findings indicate that the grain orientation plays a key role in
determining the impact of hydrogen on fgnp. The analysis also reveals
that the grain orientation influences the influence of hydrogen on
Jong and teyp. Specifically, we obtain that hydrogen reduces Agnp of
Type 1a CBs by ~ 9 % (from Zgnp = 460 & 125 t0 Zuys = 420 £ 105 nm)
and increases Agnp of Type 1b CBs by ~ 13 % (from Agyp = 710 + 160 to

I‘;’NB = 800 & 175 nm). On the other hand, hydrogen increases tyg of
both CB types by ~ 10 — 13 %. This analysis indicates that hydrogen
promotes strain localization along GNBs of Type 1b CBs, resulting in
GNB coarsening. This effect is not observed in Type 1a CBs.

3.2.2. Type 2 dislocation structure

Fig. 10 shows ECC images of DCs formed in the grain interior at ¢ =
0.15 (Figs. 10(a, b)) and £ = 0.30 (Figs. 10(c, d)) in the uncharged (a, c)
and hydrogen-charged (b, d) conditions. These strain levels correspond
to stages III-IV hardening. DCs exhibit the typical equiaxed morphology
of homogeneous distribution. The cell parameters DC interior size (1p;)
and DC wall thickness (tp,) were quantitatively evaluated using the
method described in Section 2.2. The statistical analyses of these pa-
rameters are presented in Supplementary Figs. S4 and S5. Fig. 11 plots
the evolution of Ap; and p,, with strain for the uncharged (red symbols)
and hydrogen-charged (blue symbols) conditions. The cell parameters
determined at ¢ = 0.05 (stage II hardening) are also included. We find
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Fig. 6. Evolution of the inverse pole figures (IPFs) along the tensile axis direction with the strain level of a Fe-19Ni-24Cr steel in the uncharged (a, c, e, g) and

hydrogen-charged (b, d, f, h) conditions.

that in the strain range ¢ = 0.05 - 0.30, hydrogen refines Ap; by 10 — 20 %
and tp, by 8 — 11 %. These results indicate that the impact of hydrogen
on Ap; is slightly higher than that on tp,,.

3.2.3. Type 3 dislocation structure

Fig. 12 shows ECC images of the Type 3 dislocation structure formed
in the grain interior at ¢ = 0.15 and ¢ = 0.30, in the uncharged (a, ¢) and
hydrogen-charged (b, d) conditions. These strain levels correspond to
stages III-IV hardening. The dislocation structure in the uncharged

condition is mainly formed by a set of dense-dislocation walls (DDWs)
lying close to the primary slip plane. Upon deformation, secondary
dislocation structures gradually evolve in the uncharged sample (Fig. 12
(). ECC images indicate that, comparatively, hydrogen facilitates the
formation of secondary dislocation structures that locally shear the DDW
structure. This effect is evaluated in Fig. 13. This figure shows the
dislocation structures formed at ¢ = 0.15 in grains oriented close to [1 1
1]1//TA directions in the uncharged (a, b) and hydrogen-charged (c, d)
conditions. The analysis of the ECCI (Fig. 13(a)) and STEM (Figs. 13(b-
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Fig. 7. ECC images of the cell block (CB) structures formed at ¢ = 0.15 in the uncharged (a, ¢) and hydrogen-charged (b, d) conditions of a Fe-19Ni-24Cr steel. (a, b):

Type la CBs; (c, d): Type 1b CBs.

d)) images reveals that in the uncharged condition, the secondary
dislocation structures propagating through DDW consist of slip bands
formed by discrete dislocations (indicated by “SB” in Figs. 13(a, b)).
These observations show that in the uncharged sample, the dislocation
activity of the secondary slip bands is limited. In the hydrogen-charged
sample, the secondary dislocation structure consists of coarse defor-
mation bands (DBs) with a thickness of 0.50 — 0.75 pm (Fig. 13(c)). The
interior of DBs includes a high density of loosely arranged dislocations
(Fig. 13(d)). These observations indicate that hydrogen enhances plastic
accommodation on secondary dislocation structures, resulting in the
formation of coarse dislocation structures, such as DBs. The propagation
of secondary DBs across the primary DDW structure results in the
localized shearing of DDWs, indicating the small mechanical resistance
of these structures to the propagation of hydrogen-induced secondary
DBs.

The statistical analyses of DDW parameters (ippw and tpp,) are
presented in Supplementary Figs. S6 and S7. These parameters were
estimated using the ECCI method described in Section 2.2 (Fig. 4) and
statistically analyzed using a Gaussian function regression. Fig. 14 plots
the evolution of Appw and tpp,, with strain for the uncharged (red sym-
bols) and hydrogen-charged (blue symbols) conditions. We find that at ¢
= 0.15 — 0.30, hydrogen slightly refines Appw by ~ 2 % and increases
tppw by ~ 6 — 10 %. The increase in tppw agrees with the increment in
Oppw by 0.1 — 0.2° estimated by EBSD. These findings indicate that while
the impact of hydrogen on ippw is negligible, hydrogen addition en-
hances the dislocation activity in the DDW interior, as reflected by the
increase in tppw.

4. Discussion
4.1. Influence of hydrogen on dislocation structure

The present study reveals several hydrogen-related effects on the
dislocation structure formed in the Fe-19Ni-24Cr austenitic steel. At a
hydrogen concentration of 133 mass ppm, the key variables of disloca-
tion structure, such as scale and boundary thickness/misorientation, are
modified according to characteristic grain orientation dependences.
Fig. 15 plots the average magnitude of the hydrogen-induced variations
on the scale of the dislocation structure (a), boundary thickness (b), and
boundary misorientation (c) at ¢ = 0.15 (stage III hardening). Specif-
ically, Fig. 15(a) plots the percentual variation in the average scale of the
dislocation structure, (4; — I?)/Z- x 100, where the superscript “H”
corresponds to the hydrogen-charged condition and the subscript “i”
designates the type of dislocation structure—CB, DC, and DDW. Fig. 15
(b) plots the percentual variation in dislocation boundary thickness, (; —
E?)/Ii x 100, where the subscript “i” denotes the boundary types IDB
and GNB. Fig. 15(c) shows the absolute variation in GNB misorientation,

(= §H)/§, induced by hydrogen. The plots indicate that the influence of
hydrogen on the variables of the dislocation structure exhibits a strong
dependence on the type of dislocation structure. Specifically, we find
that hydrogen reduces the scale (4;) of the dislocation structures, except
for Type 1b CBs, promotes strain accommodation at GNBs and DDWs
(increase of tgnp and tppw), and decreases Ap;. These hydrogen-related
effects are in line with previous reports in fcc metals, such as Ni, a Ni-
16Cr alloy, and an Fe-30Mn-6.5A1-0.3C low-density steel [13,19,31,
46]. However, the magnitude of these effects estimated in the present
study is significantly smaller than that reported in previous reports. For
example, the hydrogen-induced refinement in p; estimated for the
present Fe-19Ni-24Cr steel within the strain range £ = 0.05 — 0.30 is ~
10 - 20 %. This effect is significantly smaller than that reported in Ni,
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Fig. 8. Detailed analysis of secondary dislocation structures (slip bands, SBs) in a grain forming Type 1a CBs in the hydrogen-charged sample at ¢ = 0.15. (a) EBSD
orientation map (TA: tensile axis); (b) pole figure of the grain marked “G1”; (¢) ECC and (d) STEM images of the region surrounded by a rectangle in (a). The white
arrows indicate the shearing of the primary dislocation structures by the propagation of secondary slip bands. The signature “S” in (c) denotes the shearing of the

primary dislocation structure by slip bands (SB).

where hydrogen addition reduces ip; by up to 75 % [13,19,46]. Ac-
cording to the dislocation-based processes controlling DC formation
[47-49], Ap; is determined by the competition between dislocation
recombination/annihilation and dislocation trapping/storage processes
acting within DCs. These dynamic processes are controlled by
dislocation-based reactions assisted by cross-slip and climb. The present
results suggest that hydrogen has a limited influence on these processes
in the Fe-19Ni-24Cr steel. This finding differs from the strong influence
of hydrogen content on the recovery process reported in pure Ni [50]
and highlights the role of alloying content on these effects.

The present study also shows that hydrogen has a limited impact on
the cell wall structure, reducing tp by 8 — 10 %. The magnitude of this
effect is smaller than that reported in Ni, where a reduction of ~ 15 %
has been reported [13]. This finding suggests that alloying content may
influence the underlying mechanism associated with this process. Pre-
vious studies [13,46,51,52] have suggested that this hydrogen-related
effect is associated with the weakening of the interaction between dis-
locations due to the elastic shielding of the dislocation’s stress field
induced by hydrogen. As demonstrated by Ghermaoui et al. [13], the
impact of hydrogen on the interaction between dislocations has a direct
influence on the hardening parameter, a, responsible for the dislocation
forest-type hardening: 75, = aGb,/p, where G is the shear modulus, b
is the Burgers vector, and p is the average dislocation density [20]. &

corresponds to the average value of the strength of the dislocation
segment formed after the reaction between two dislocations (so-called
junction) [21]. This parameter can be estimated from the quantitative
analysis of ip; and #pw, as follows. First, we have to consider that « is
related to the cell similitude constant, K, by the relation [23,53]:
K/a =l /5 ~25 & 2 ¢))
where ipc = Api + tpw, and K is given by the hardening relation (the so-
called similitude principle) [54,55]:

K= (t— 70) Apc/Gb (2
where 7 is the applied shear stress and 7 is the matrix friction shear
stress. Using eq. (2) and the values of Ap; and tp,, estimated at ¢ = 0.05,
0.15, and 0.30 (Table 1), we can calculate K for the uncharged and
hydrogen-charged conditions. The tensile stresses were converted to
shear stresses, assuming an average Taylor factor of M = 2.45 (Taylor
factor of cell-forming grains). As shown in our former study [43], the
influence of 133 mass ppm solute hydrogen on G is negligible, hence,
G = G. Using 79=71 MPa [56], 7§=94 MPa [35], G=80 GPa [35], and
b=0.25 nm [35], we obtain K=3.8 (uncharged condition) and K”=3.6
(hydrogen-charged condition). The correlation coefficients obtained
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Fig. 9. Influence of hydrogen on the structural variables Ogxp (a, b), gnp (¢), and g (c) of Type 1a and Type 1b dislocation structures at ¢ = 0.15. fgyp: average

GNB misorientation; Agyp: average GNB spacing; toyp: average GNB thickness.

from the linear fitting are 0.96 and 0.98, respectively. These values are
in the range of K-values obtained for fcc metals with similar normalized
stacking fault energies (ygz;/Gb ~ 2) to that of the Fe-19Ni-24Cr steel,
such as Fe-22Mn-0.6C (K = 3.7 [25]), and Fe-12Ni-17Cr (K=2.9 [57]).
Using Eq. (1) and the estimated values of K and K", we obtain a=0.15
and af’=0.14. This analysis indicates that hydrogen has a small effect on
the hardening parameter, a, reducing its value by 7 %.

The results of the former analysis provide valuable scaling and
hardening parameters for dislocation substructure-based models of
strain hardening and crack tip plasticity in austenitic steels [25,58,59],
which are currently lacking. Specifically, this study indicates that under
current hydrogen-charging and deformation conditions, the elastic
shielding effect in the Fe-19Ni-24Cr steel has a limited impact on the
long-range elastic interaction between dislocations, and thereby, the
stability of forest dislocations is slightly altered. As a consequence, the
average junction strength that determines the value of the hardening
parameter « is not modified by the addition of hydrogen. This finding
agrees with a recent study on a single-crystal austenitic Fe-Ni-Cr steel
(316 L) [4]. However, it differs from that in a pure fcc metal, such as Ni,
where the shielding effect has a strong influence on the dislocation
structure and dislocation-dislocation interactions, resulting in a
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reduction in a by 25 % [13]. It is worth noting that the shielding effect is
based on the Cottrell-Eshelby theory of dislocation-solute interactions
[8,9], which does not account for solute-solute interactions [22]. In this
theory, the concentration profile of the Cottrell atmosphere corresponds
to the equilibrium state of an infinitesimal concentration of Eshelby
inclusions with a dilatational misfit in an isotropic elastic solid. As
shown by Nowak et al. [60], solute-solute interactions in multicompo-
nent alloys can reduce the concentration profile of a hydrogen atmo-
sphere around a dislocation, thereby limiting the impact of the shielding
effect on dislocation forest-hardening, hence, on the parameter a.
Further computational work is needed to evaluate the impact of
solute-solute interactions on the shielding effect in Fe-Ni-Cr steels. These
calculations can provide further understanding of the interplay between
alloying content and hydrogen-related effects associated with the
shielding effect.

4.2. Influence of hydrogen on strain localization phenomena

The present study reveals interesting features of the interplay be-
tween strain localization and the dislocation structure. In CB-forming
grains, our analysis indicates that hydrogen promotes the coarsening
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Fig. 10. ECC images of the dislocation cell (DC) structures formed at ¢ = 0.15 (a, b) and ¢ = 0.30 (c, d) in the uncharged (a, c¢) and hydrogen-charged (b, d)
conditions of a Fe-19Ni-24Cr steel. Ap;: cell interior size; t,: cell wall thickness.
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of CB boundaries by ~12 %. This effect is associated with an increase in the density of geometrically necessary dislocations stored at CB
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Fig. 12. ECC images of the dense dislocation wall (DDW) structures formed at ¢ = 0.15 (a, b) and ¢ = 0.30 (c, d) in the uncharged (a, ¢) and hydrogen-charged (b, d)

conditions of a Fe-19Ni-24Cr steel. DS: dislocation structure.

boundaries, as reflected by the larger CB misorientations measured in
the hydrogen-charged condition (Ggnp=1.1 + 0.2°% @ZNB:1.6 + 0.2°).
Interestingly, the analysis reveals that while hydrogen reduces Agnp of
Type 1a CBs, it has an opposite effect on Zgyp of Type 1b CBs. The in-
fluence of hydrogen on the structure of Type 1b CBs observed in this
study exhibits similar behavior to the slip localization effect reported in
austenitic stainless steels [2-5]. Accordingly, it is worth analyzing the
slip behavior of CB-forming grains. In grains forming Type 1a CBs, slip is
distributed into several slip systems, namely, a primary slip system and
one/two secondary slip systems (Fig. 7(a, b)). This slip behavior is
similar to that occurring in grains forming Type 2 (DCs) and Type 3
(DDWs) dislocation structures. The effect of hydrogen on the spacing of
Type la CBs is hence similar to that observed on these dislocation
structures. However, in grains forming Type 1b CBs, slip is concentrated
on two primary non-coplanar slip systems with high Schmid factors (~
0.50). Secondary slip systems are not activated in these grains (Figs. 7 (c,
d)). In these grains, the addition of hydrogen enhances dislocation ac-
tivity on the two slip systems, producing a larger CB boundary coars-
ening. This analysis highlights the effect of slip class on strain
localization. Regarding the impact of the previously analyzed strain
localization phenomena on damage, it is worth noting that this defor-
mation process occurs in grain orientations that are unstable upon ten-
sile deformation (Fig. 6); hence, its activity is limited to early
deformation stages. The contribution of the hydrogen-induced strain
localization mechanism associated with Type 1b CB boundary coars-
ening to the later deformation stages and hence, damage is likely to be
limited. This analysis aligns with the fracture behavior examined in our
previous study [43], indicating that hydrogen addition does not alter the
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ductile fracture mechanism associated with micro-void coalescence and
growth.

The present study also highlights an interesting hydrogen-related
effect on secondary slip. Our analysis reveals that in grains forming
elongated dislocation structures (CBs and DDWs), hydrogen promotes
the formation of secondary dislocation structures, such as slip bands and
deformation bands (DBs). The quantitative analysis of CB boundary
parameters (Fig. 9(c)) indicates that hydrogen promotes the accommo-
dation of strain at CB boundaries, favoring strain localization. This effect
has been recently observed in a Fe-30Mn-6.5A1-0.3C austenitic low-
density steel, associated with the localized nucleation of microbands
at CB boundaries [31]. Although the hydrogen-related mechanisms
promoting these effects are still not well understood, the analysis per-
formed in Section 4.1 indicates that the observed hydrogen-induced
strain localization phenomena cannot be ascribed to the shielding ef-
fect. Recent studies have proposed alternative mechanisms, such as
hydrogen-induced variations in dislocation mobility associated with the
cross-slip rate and critical resolved shear stress [4,61,62], and
hydrogen-induced effects on the long-range stress field of dislocations
related to grain-boundary effects on hydrogen segregation [63]. In this
study, we suggest a correlation between the hydrogen-induced strain
accommodation process occurring at primary GNBs (Fig. 9(c)) and the
activation of secondary slip sources, which trigger the secondary dislo-
cation structures observed by ECCI (Figs. 12, 13). The proposed model is
depicted in the sketch of Fig. 16.

Previous studies [64,65] have demonstrated that localized stress
fluctuations associated with the long-range dislocation field can pro-
mote secondary slip. The model depicted in Fig. 16 proposes that
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Fig. 13. Analysis of secondary dislocation structures (slip bands, SBs, and deformation bands, DBs) formed at ¢ = 0.15 in grains oriented close to [1 1 1]//TA
directions in the uncharged (a, b) and hydrogen-charged conditions (c, d). (a): ECC image; (b-d): STEM images. DDWs: Dense dislocation walls.

hydrogen-induced strain localization at primary GNBs associated with
reduced dislocation spacing (d2 < d1) leads to localized variations in the
stress acting on dislocation sources of secondary slip located along
GNBs, resulting in localized dislocation pile-up emission, Fig. 16(a).
With further straining, the piled-up dislocation configurations evolve
into secondary slip bands (SLBs) and DBs, producing strain localization
(Fig. 16(b)). The propagation of these structures across the existing
dislocation structure leads to the local shearing of GNBs (Fig. 8(c, d) and
13(c, d)). This effect suggests that the mechanical resistance of DDWs to
SLB propagation is small, limiting their contribution to hardening. Upon
further straining, dislocation plasticity can be accommodated along the
secondary dislocation structures propagating throughout the grain
interior. The hydrogen-induced activation of secondary slip has been
recently observed in a single-crystal austenitic Fe-Ni-Cr steel (316 L) [4]
and a Ni-based superalloy [66]. Further experimental work is needed to
evaluate the contribution of hydrogen-induced secondary dislocation
structures to the deformation behavior and hardening of Fe-Ni-Cr steels.

4.3. Influence of hydrogen on strain hardening

The characterization of the deformation structure confirms that the
strain hardening of the Fe-19Ni-24Cr steel is mainly determined by the
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contribution of dislocation structures to hardening, due to the relatively
low twin area fraction (~5 % at ¢ 0.35 [43]). This deformation
behavior is typical for medium-stacking fault energy (ygz;) metals [28,
30] (ygpp ~ 42 mJ/m? for Fe-19Ni-24Cr [32]). Hydrogen promotes
deformation twinning at the later deformation stages (¢ > 0.20-0.25),
resulting in a higher strain hardening rate (twinning-induced plasticity
effect [25]), and the activation of an additional hardening stage, stage IV
hardening (Fig. 5). Our recent study [32] has shown that the addition of
133 mass ppm of solute hydrogen slightly reduces ygz; by 6 %.
Accordingly, the activation of ygzz-dependent processes, such as y(fcc) —
e(hep)/ y(fee) — o(bee) martensitic transformation, is not promoted by
hydrogen addition, as evidenced in [43]. In this section, we evaluate the
contribution of dislocation structures (DCs, CBs, and DDWs) to hard-
ening by a statistical model based on the MFP approach [67-70].
Following former approaches [25,26], the contributions of the different
types of dislocation structures to the strain hardening can be written as:

3

6= 60+ foc 6pc + feaOca + femvOesy + foowOopw

where o is the matrix friction stress, and fpc, fcga, fcap, and fopw are the
fractions of the grains forming DCs, Type la CBs, Type 1b CBs, and
DDWs, respectively. In this approach, the effect of long-range back
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Fig. 16. Schematics of the proposed mechanism for hydrogen-induced secondary slip. (a): Dislocation emission (pile-ups) due to hydrogen-induced shear locali-
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stresses associated with GNBs and DCs on mechanical stress is neglected
[26,71,72]. In the following, we analyze the contribution of each
hardening term. The contribution of DCs to hardening is given by [54,
55]:

opc = GbKM/pc 4

where G is the shear modulus, b is the Burgers vector, K is the cell
similitude constant, M is the Taylor factor, and Apc is the average cell
size. In this model, the average MFP corresponds to ipc. The contribu-
tions of CBs and DDWs to the strain hardening can be written as Hall-
Petch-type relations [73-75]:

KGB

Ocp = ——= ()
@ vV A
Kos ®)

O] = —F
DDW ,_jDDW

where Kgg is the Hall-Petch constant. Agys and Appw correspond to the
average MFP in grains forming Type 1 and Type 3 dislocation structures,
respectively. In this approach, DDWs and CB walls are considered as
GNBs [33,76,77]. The hardening associated with the different
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dislocation structures was calculated by relations (4-6). We assume that
the influence of hydrogen on G, b, and Kgjg is negligible [19,43]. The
data used in these calculations were the values of Apc, Agng, and Appw
estimated in this study (Table 1), the K-values obtained in this study
(K=3.8 and K¥=3.6), Kgz=280 MPa pm'/? [56], G=80 GPa [35],
b=0.25 nm [35], and M=2.45.

Fig. 17(a) shows the intrinsic mechanical strength of the different
types of dislocation structures calculated at e = 0.05 and &€ = 0.15 for the
uncharged (red bars) and hydrogen-charged (blue bars) conditions
(stages II/III hardening). The plots reveal several hydrogen-related ef-
fects on the terms opc, 6¢p, and oppw defined by relations (4-6). Spe-
cifically, hydrogen increases opc and 6¢g, by 15 — 20 MPa, decreases o¢pp
by 15 MPa, while having a negligible effect on opp. These effects can be
explained by the observed limited hydrogen-induced variation on the
dislocation structure scale. Notably, the present analysis indicates that
the impact of hydrogen on strain hardening exhibits a grain-orientation
dependence and hence, is texture-dependent. The influence of hydrogen
on the overall mechanical stress associated with the dislocation struc-
ture formed at ¢ = 0.15 is analyzed in Fig. 17(b). The values of ¢ were
calculated by eq. (3) with the data shown in Fig. 17(a), using 6o = 175
MPa [56], 6o’ = 230 MPa [35], and the grain fractions estimated from
IPFs (FigS. 6(6, f)):fDC = 025, fCBa = 010, fCBb = 005, andeDw =0.60.
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Fig. 17. (a): Intrinsic mechanical strength of the different types of dislocation structures calculated at ¢ = 0.05 (stage II hardening) and ¢ = 0.15 (stage III hardening)
for the uncharged and hydrogen-charged conditions. DCs: dislocation cells; CBa: Type 1a cell blocks; CBb: Type 1b CB; DDWs: Dense dislocation walls. (b): Calculated
mechanical strength at for the uncharged and hydrogen-charged conditions (stage III hardening).
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The calculated mechanical stresses, ¢ = 575 MPa + 55 MPa and ¢/ =
645 + 55 MPa, are close to the experimental values of ¢ = 555 MPa and
ol = 615 MPa for ¢ = 0.15. Several key findings can be drawn from this
analysis. First, the contribution ofepc, o¢cg, andoppy to the mechanical
stress is determined by the grain orientation-dependence of the defor-
mation texture. Accordingly, the strain hardening behavior is mainly
determined by the evolution of the Type 3 dislocation structure (DDW5s)
with strain. Second, 69 and oppy are the dominant terms of the flow
stress. Each term accounts for 32 — 38 % of the total flow stress. The
analysis also reveals that the stress term with the strongest dependence
on hydrogen addition is the matrix friction stress (o) associated with
solid-solution strengthening, increasing by 50 - 55 MPa. Third.
Considering that hydrogen has a negligible influence on the deformation
texture, and thereby on the grain area fractions fpc, fcaq, fcay, and fopw ,
we estimate that the impact of hydrogen on the individual hardening
terms associated with the dislocation structures (relations (4-6)) is less
than 5 MPa. This result agrees with the negligible influence of hydrogen
on stages II and III hardening (Fig. 5).

The previous analysis has a significant impact on the design of HE-
resistant Fe-Ni-Cr austenitic steels. The present study shows that at the
current hydrogen content of 133 mass ppm and deformation conditions
of room temperature and a strain rate range of 10~ — 1073 1/s, hydrogen
slightly modifies dislocation structure hardening. The hardening term
showing the strongest variation with hydrogen corresponds to solute-
solution strengthening. This finding indicates that the main impact of
hydrogen on the strain hardening of the Fe-19Ni-24Cr steel is associated
with solute solution strengthening, increasing the mechanical strength
by ~ 50 MPa. This effect promotes deformation twinning, enhancing the
strain hardening capacity by the activation of an additional hardening
stage, stage IV hardening (Fig. 5). This effect and the lack of strain
localization-induced damage enable superior hydrogen-embrittlement
(HE) resistance. This result highlights the interplay between solute
hydrogen strengthening and HE resistance, emphasizing the role of
hydrogen as a structural parameter for enhancing the strain hardening
capacity of Fe-Ni-Cr austenitic steels, due to its positive effect on pro-
moting deformation twinning.

5. Conclusions

We have quantitatively evaluated the influence of a uniform distri-
bution of solute hydrogen (133 mass ppm) on key variables of disloca-
tion structures and strain hardening in a Fe-19Ni-24Cr (wt. %) austenitic
steel through quantitative dislocation structure analysis. Statistical an-
alyses of the relevant variables of the dislocation structure were per-
formed with sufficient statistical significance along the main
components of the deformation texture by combined electron chan-
neling contrast imaging (ECCI), electron backscatter diffraction (EBSD),
and scanning transmission electron microscopy (STEM). The following
conclusion can be drawn:

— The influence of hydrogen on dislocation structure variables (scale,
boundary thickness, and boundary misorientation) exhibits distinc-
tive grain orientation dependences, associated with the type of
dislocation structure (cells, cell blocks, and dense dislocation walls),
dislocation boundary nature (geometrically necessary boundary vs.
incidental dislocation boundary), and slip class type.

— Hydrogen induces several effects on the deformation behavior
associated with the activation of secondary dislocation structures
and strain localization. We propose a dislocation-based model that
correlates the hydrogen-induced strain accommodation process
occurring at cell block boundaries to the activation of secondary slip
sources.

— The analysis of strain hardening using a dislocation structure-based
statistical model clarifies the effect of hydrogen on the contribu-
tion of dislocation cells, cell blocks, and dense dislocation walls to
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hardening. We find that the elastic shielding effect has a reduced
impact on the long-range elastic interactions between dislocations,
limiting the influence of hydrogen on dislocation structure variables
and hardening parameter, a, associated with dislocation forest-type
hardening. As a consequence, hydrogen slightly modifies disloca-
tion structure hardening. The hardening mechanism most dependent
on hydrogen is solid-solution strengthening.

— The limited influence of hydrogen on dislocation plasticity-related
phenomena, such as dislocation structure hardening and strain
localization-assisted damage, highlights the interplay between solute
hydrogen strengthening and hydrogen embrittlement (HE) resis-
tance, due to the positive influence of hydrogen on promoting
deformation twinning, enabling a superior strain hardening capacity.
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