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Abstract: High-manganese twinning-induced plasticity (TWIP) steels exhibit high strain
hardening, high tensile strength, and high ductility, which make them attractive for structural
applications. At low tensile strain rates, TWIP steels are prone to hydrogen embrittlement (HE).
Here though, we study the hardening and strengthening resulting from electrochemical
hydrogen-charging of a surface layer of a Fe-26.9Mn-0.28C (wt.%) TWIP steel. We observed
a 20% increase in yield strength following the electrochemical hydrogen-charging,
accompanied by a reduction in ductility from 75% to 10% at a tensile strain rate of 10351, The
microstructural evolution during tensile deformation was examined at strain levels of 3%, 5%
and 7% by electron backscatter diffraction (EBSD) and electron channeling contrast imaging
(ECCI) to study the dislocation structure of the hardened region. As expected, the
microstructure of the hydrogen-hardened and the uncharged regions of the material evolve
differently. The uncharged areas show entangled dislocation structures, indicating slip from a
limited number of potentially coplanar slip systems. In contrast, hydrogen segregated to the
grain boundaries, revealed by the deuterium-labelled atom probe tomography, delays the
dislocation nucleation by blocking dislocation sources at the grain boundaries. The charged
areas hence first show the formation of cells, indicating dislocation entanglement from more
non-coplanar slip systems. With increasing strain, these cells dissolve, and stacking faults and
strain-induced e-martensite are formed, promoted by the presence of hydrogen. The influence
of hydrogen on dislocation structures and the overall deformation mechanism is discussed in
details.
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1 Introduction

TWIP steels are a class of high manganese (typically over 18 wt.%), austenitic steels, i.e. with
a face centered cubic (FCC) crystal structure [1,2]. They deform by dislocation glide along
with the continuous formation of mechanical twins during deformation [3]. The increase in
twin density leads to a very high strain hardening rate, which is often referred to as the ‘dynamic
Hall-Petch effect’ [4]. TWIP steels hence have an excellent combination of high tensile
strength and ductility, making them potentially suitable for a wide range of applications in the
automotive industry, line pipe production and ship building for instance [5].

However, TWIP steels are highly susceptible to HE, as often demonstrated by hydrogen-
induced delayed fracture in deep-drawn cups [2,6,7]. The degradation in mechanical properties
due to hydrogen has been studied in an array of TWIP or TRIP (transformation induced
plasticity) steel compositions including Fe-18Mn-0.6C (wt.%) [8], Fe-18Mn-1.2C (wt.%) [9],
Fe-23Mn-0.5C (wt.%) [10] and Fe-22Mn-0.6C (wt.%) [11]. The plausible mechanisms
proposed in these studies responsible for HE in TWIP steels include intergranular cracking
associated to the promotion of deformation twinning [8-10] and martensitic transformation [8]
induced by hydrogen.

Despite its deleterious effects, hydrogen is an interstitial element in austenite and has also been
reported to cause solid solution strengthening [12,13]. However, there are only a limited
number of studies focusing on the strengthening effect of hydrogen. It is the interaction of
hydrogen with structural defects formed during the deformation that decides if the material is
embrittled or strengthened by the presence of hydrogen [9,14], which highly depends on the
strain rate. These studies require the precise measurement and characterization of hydrogen,
which is challenging, leaving numerous questions opened [15-18]. Therefore, the resultant
microstructural changes associated to the presence of hydrogen must be examined thoroughly.

Here, we examined the strengthening effect of hydrogen in a model Fe-26.9Mn-0.28C (wt.%)
TWIP steel. Hydrogen was introduced into the samples by cathodic hydrogen charging. We
performed tensile tests at a strain rate at which the effect of HE is not expected to be prominent.
Subsequently, we investigated the structural defects formed during the tensile deformation with
and without hydrogen charging. Since the hydrogen-charged sample exhibited a 20% increase
in the yield strength with the total elongation to fracture of 10%, we chose three lower tensile
strain levels, 3%, 5% and 7% in order to study the dislocation structure of the region hardened
by hydrogen. The charging with hydrogen was confirmed quantitatively by thermal desorption
spectroscopy (see supplementary information, Figure S1, for details). We mapped
microstructural changes that result from the tensile deformation of the hydrogen-charged and
the uncharged samples by using electron channeling contrast imaging (ECCI) in the scanning-
electron microscope (SEM), enabling the precise identification of dislocation structures across
wide areas [19]. Atom probe tomography (APT) was employed to study the hydrogen
distribution at or near structural defects such as grain boundaries, dislocations and stacking
faults. APT provides in principle the spatial distribution of specific chemical species with very
high chemical sensitivity up-to sub-nanometer resolution [20] and has been used to study
hydrogen present at specific microstructural features [21-24]. This correlative approach helps
to identify the defect structure and composition, thereby facilitating to understand the
mechanisms involved in strengthening by hydrogen in TWIP steels. The current study further
shows that TWIP steels develop a harder surface layer similar to a coating upon hydrogen
ingress.



2 Materials and Methods

A Fe-26.9Mn-0.28C (wt.%) TWIP steel was produced by strip casting [25]. Homogenization
annealing was carried out at 1150 °C for 2 hours [25]. Following the removal of surface oxides
and of regions possibly decarburized or demanganized, it was cold-rolled to achieve a 50%
thickness reduction, and subjected to recrystallization annealing at 800 °C for 20 minutes,
followed by water cooling to room temperature. The samples were cut into dog-bone tensile
sample geometry with gauge dimensions of 4 x 2 x 1 mm? by using electrical discharge
machining (EDM). Next, they were mechanically ground by #600 and #1000 grinding paper,
followed by mechanical polishing with 3 um diamond paste for 25 minutes. The final sample
thickness is approx. 900 um. Subsequently, a mechano-chemical polishing step was carried out
with 50 nm colloidal silica suspension for 40 minutes. The samples were finally cleaned with
ethanol and dried with compressed air. All surfaces of the samples were thoroughly cleaned to
remove corrosion prior to hydrogen charging. The side surfaces were hence finished with #400
grinding paper, while the top and bottom surfaces were prepared as described above, until the
mechano-chemical polishing step, in order to facilitate the hydrogen ingress into the sample
during subsequent cathodic hydrogen charging [26].

The cathodic hydrogen charging was conducted in an electrolytic cell in which an aqueous
solution of 0.05 M H2SO4 was used as electrolyte [27-29], and 1.4 g/l of thiourea (CH4N2S)
was added as hydrogen recombination inhibitor, thereby enhancing the hydrogen ingress [30].
The charging solution was magnetically stirred at a speed of 10 rotations per minute throughout
the charging process in order to maintain a constant rate of charging reaction. A DC voltage of
1.5V was applied to the cell where the sample served as cathode and a Pt wire as anode [21,31].
The cathodic current density during charging was 75 A/m?. The cathodic hydrogen charging
set-up is shown schematically in Figure 1(a).

The hydrogen charging was carried out for 5 days at ambient temperature conditions. The
sample surface was then cleaned by a 5 minutes polishing using 50 nm colloidal silica
suspension and then by rinsing with ethanol. This process removed approximately 200 nm of
material. Following this, the sample showed a clean, mirror-like metallic surface. The tensile
tests were hence conducted within 10 minutes after the charging had finished at a constant
strain rate of 10 s at room temperature using a Deformation Devices System DDS-3
(Kammrath & Weiss GmbH). The ARAMIS v6.3.0 software was used for the data extraction
and analysis of tensile tests.
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Figure 1. (a) A schematic of cathodic hydrogen charging set up; (b) a schematic depicting a tensile
sample deformed to fracture; (c) a schematic of tensile sample strained to an intermediate level of
tensile strain followed by a vertical cut to examine the cross section containing the hydrogen-charged
region, that is within ~100 um close to the side edges of the sample surface (indicated in pink) and
the uncharged region (indicated in black).

The fracture surfaces of tensile deformed samples were examined using a Zeiss Sigma 500
SEM at a working distance of 10mm, an accelerating voltage of 15kV and a beam current of
9nA. ECCI studies were carried out using a Zeiss Merlin SEM, equipped with a retractable 4Q
backscattered electrons detector. The microscope was operated at an accelerating voltage of
30kV, a beam current of 2nA and a working distance of 7mm [19]. The dislocation structures
of the tensile sample deformed to fracture were examined from the region delineated by the
blue box in Figure 1(b), approx. 500 um away from the fracture surface.

Three hydrogen-charged samples were deformed to tensile strains of 3%, 5% and 7%,
respectively at a strain rate of 10 s, Since the effect of HE is more pronounced at 10 s or
lower strain rates in TWIP steels [10], a high tensile strain rate of 102 s** was selected to avoid
the diffusion of hydrogen by the moving dislocations during deformation and hence to study
the strengthening effect of hydrogen. This also prevents the diffusion of hydrogen towards the
center region of the sample during deformation. This region therefore remains uncharged and
can be studied as such. The deformed samples were immediately vertically cut into two halves
by using EDM, as shown schematically in Figure 1(c). The obtained cross sections were
mounted in electrically conductive resin at 180°C for 6 minutes. The mounting of the hydrogen-
charged samples was performed following the tensile deformation, hence this exposure to
higher temperature does not influence the interaction of hydrogen with dislocations that formed
the dislocation structure during deformation which is the main focus of the current study.
Subsequently, they were polished until the final mechano-chemical polishing step on the same
day and their dislocation structures were examined by ECCI within 12 hours of the tensile test.
A homogeneous distribution of hydrogen could not be achieved even after 5 days of charging.
We hence chose the region highlighted in pink in Figure 1(c) within ~100 pum close to the side
edges of the sample surface to examine the dislocation structure obtained by deformation in
the presence of hydrogen. This region is referred to as the hydrogen-charged region in the
current study. The center region highlighted in black across the cross-section, as shown in
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Figure 1(c) was chosen to examine the dislocation structure formed during deformation without
hydrogen and is referred to as the uncharged region. Approximately 20 grains were randomly
chosen from each of the two regions for examining the dislocation structures statistically. Four
stage tilt angles were selected, i.e., ~ 0°, ~ -1°, ~ 5° and ~ 10° to examine the grains with
different orientations and at least 5 grains were examined which were in two-beam diffraction
conditions at each of the tilt angles. In the two-beam diffraction condition, only one set of
lattice planes is tilted into the diffraction condition [19]. These conditions allow clear
observation of dislocations or stacking faults as bright features on a dark background.

In order to obtain the orientations and morphologies of the grains, EBSD orientation mapping
was performed using a Zeiss Sigma 500 SEM equipped with an EDAX/TSL system with a
Hikari camera at an accelerating voltage of 15kV, a beam current of 9nA, a scan step size of
0.5um, a specimen tilt angle of 70°, and a working distance of 14mm [32]. EBSD data analyses
were performed by using TSL OIM Analysis 7.0.

APT specimens were prepared from targeted grains within the hydrogen-charged region of
deformed samples, selected by ECCI, by using a FEI Helios NanoLab 600i dual-beam
FIB/SEM using the approach for site-specific lift-out outlined in Ref. [33]. Analysis by APT
of hydrogen in deep traps inside Fe-based materials had been reported previously [34,35],
despite sample storage and preparation at room temperature. APT specimens were further
charged with deuterium to help reveal the distribution of hydrogen at different microstructural
features, particularly if diffusible hydrogen had already been released. Deuterium was used to
avoid overlap with the hydrogen signal originating from the ionization of residual gases from
the ultrahigh-vacuum chamber [31,35,36]. Deuterium charging was performed in a gas-
charging chamber described in ref. [37]. APT specimens were exposed to 250 mbar of
deuterium gas at room temperature for 6 hours, subsequently quenched to cryogenic
temperatures in a precooled ultra-high vacuum suitcase [38] and transferred to the LEAP
5000XS or XR instrument (CAMECA Instruments Inc. Madison, WI, USA) for analysis. APT
analysis was performed in voltage pulsing mode at a set point temperature of 70K, 0.4%
detection rate, 15% pulse fraction and 100 kHz pulse repetition rate, using conditions that were
shown to maximize the reliability of the results as discussed in Ref. [31].

3 Results:

3.1 Initial microstructure

The initial microstructure of the recrystallized, uncharged Fe-26.9Mn-0.28C (wt.%) TWIP
steel is displayed in Figure 2(a) by an EBSD-measured inverse pole figure (IPF) map with
respect to the normal direction (ND). 95% of all grain boundaries are high angle grain
boundaries, marked in red, and 36.6% of these are £3 twin boundaries, marked in black. The
material is fully austenitic and its grain size distribution is depicted in Figure 2(b).
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Figure 2. (a) EBSD — ND inverse pole figure (IPF) map of the recrystallized Fe-26.9Mn-0.28C (wt.%)
TWIP steel. TD — transverse direction; ND — normal direction out of the plane; RD — rolling direction;
(b) the grain size distribution.

We performed energy dispersive X-ray spectroscopy (EDX) mapping, shown in the
supplementary information (Figure S2), to confirm the homogeneous distribution of
manganese across the sample, from the near surface to the center region. The composition
profile depicted in Figure S2(h) indicates an approximately constant manganese content of ~26
wt.% throughout.

3.2 Tensile test

Three hydrogen-charged and three uncharged samples were subjected to tensile tests. One of
the engineering stress-strain curves is shown in Figure 3. The other two curves from each of
the hydrogen-charged and the uncharged samples are provided in the supplementary
information (Figure S3). They show very closely similar behavior. The yield strength of the
uncharged sample was 250 MPa while it was 300 MPa for the hydrogen-charged sample, as
highlighted in the close-up in the inset of Figure 3, the yield strength was hence increased by
20% after hydrogen charging. The hydrogen-charged sample also shows a small plateau at the
yield point following the yielding. The total elongation to fracture of the uncharged sample was
~75% (black curve) which was reduced to ~10% (pink curve) after hydrogen charging.



| Uncharged
700 {—— 5-day H charging ~

400 4

Stress (MPa)

Stress (MPa)

0 2 8 10

4 6
Strain (%)

20 30 40 50 60 70 - 80
Strain (%)

Figure 3. The engineering stress-strain curve of the uncharged (in black) and the hydrogen-charged
(in pink) samples (the inset shows the enlarged region delineated by black box).

3.4 Fractography

The fracture surface of the uncharged sample consists of dimples, indicating ductile behavior,
as shown by SEM imaging in Figure 4(a). Figure 4(b) shows the fracture surface of the
hydrogen-charged sample where the outermost approx. 30 um region, close to the side edges,
shows evidence of intergranular fracture, as revealed by the inset in Figure 4(b). The fracture
mode in the center of the hydrogen-charged sample was dominated by dimples associated to

ductile fracture.



Figure 4. (a) SEM image of the fracture surface of the uncharged sample strained to 75 % of tensile
strain, where the inset shows the enlarged region delineated by yellow box; (b) SEM image of the
fracture surface of the hydrogen-charged sample strained to 10 % of tensile strain, where the inset
shows the enlarged region delineated by yellow box. The original sample surface through which
hydrogen diffused into the sample is at the bottom edge of the image.

The brittle fracture due to hydrogen charging was hence limited to the region closest to the
sample’s surface exposed to the hydrogen charging, which can be explained by the slow
diffusivity of hydrogen within austenite, pointed out in ref. [39-41] for instance. The
microstructures of these samples deformed to tensile fracture at a distance of approx. 500 pum
from the fracture surface are shown in the supplementary information, Figure S4.

3.5 Electron-channeling contrast imaging of the deformed samples

3.5.1 3% tensile strained sample

Figure 5(a) shows the ECC micrograph of a grain from the hydrogen-charged region, at a
distance of 20 pm from the surface of the sample, deformed to 3% tensile strain. The
micrograph evidences dislocations forming cell-like structures. In contrast, the ECC
micrograph of a grain from the uncharged region of the same sample shows entangled
dislocations, as shown in Figure 5(b).
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Figure 5. ECC micrographs of deformation microstructures from different areas and deformation
degrees. Pink frames indicate images from the hydrogen-charged region, black from the uncharged
region. Left to right columns are from 3, 5 and 7% tensile strained samples. (a) dislocation structures
with cell morphology; (b) entangled dislocations; (c-d) dislocation partials indicated by yellow arrows
and dislocation loop dipoles indicated by red arrows; (e) entangled dislocations; (f-g) long, extended
stacking faults indicated by yellow arrows and the nucleation of features interpreted as e-martensite
phase indicated by red arrows; (h) entangled dislocations.

3.5.2 5% tensile strained sample

Figures 5(c-d) show ECC micrographs of two different grains from the hydrogen-charged
region, at a distance of 15 um from the surface of the sample, deformed to 5% tensile strain.
The features indicated by yellow arrows in Figure 5(c) are two closely-spaced dislocation
partials bounding a stacking fault, indicating planar slip. The features indicated by red arrows
in Figures 5(c-d) are likely dislocation loop dipoles, as there is no stacking fault visible between
them. Such features are typically formed due to double cross slip. An ECC micrograph of a
grain from the uncharged, center region of the same sample in Figure 5(e), shows entangled
dislocations.

3.5.3 7% tensile strained sample

The ECC micrographs in Figures 5(f-g) are from two different grains in the hydrogen-charged
region, at a distance of 10 um from the surface of the sample, deformed to 7% tensile strain.
The features pointed by yellow arrows in Figure 5(f) indicate the formation of long, extended
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stacking faults, potentially along with e-martensite. The stacking faults can be distinguished
from well-developed e-martensite plates by the contrast difference in their ECC micrographs.
Stacking faults are only one-atomic layer thick. Thus, in ECCI, they appear as features that are
marked by an intense bright line, where the fault intersects the sample surface followed by
fading contrast to one side of the line where the stacking fault dives into the material [19]. In
contrast, an e-martensite plate or a twin has an appreciable thickness and thus appears as a
continuous bright band of constant brightness [19]. This is actually the case for the features
marked by red arrows in Figure 5(g). Based on the previous work on a similar alloy by An et
al. [42], we interpret these features as a nucleus of e-martensite. As suggested by the literature,
the formation mechanisms of both e-martensite and twins and their evolution are very similar,
even if their influence on the deformation process can differ [43,44]. It must be noted that these
e-martensite plates are very thin and hence cannot be resolved by EBSD. The ECC micrograph
of a grain from the uncharged region of the same sample, Figure 5(h), shows entangled
dislocations and no e-martensite phase formation.

3.5.4 Statistical analysis

A statistical analysis of the dislocation structures was performed by examining at least 20
randomly-selected grains from both the hydrogen-charged and the uncharged regions of each
of the three samples, i.e., 3%, 5% and 7% tensile strained. The orientations of those grains were
determined by using EBSD. All investigated grains show similar deformation structures,
although they are from a broad range of Taylor factors, Figure S5. The inverse pole figures of
the tensile direction were also drawn. No preferred orientation of grains is observed, and the
texture also has no influence on the dislocation structures, as indicated by the corresponding
inverse pole figures for each of the examined grains included in the supplementary text (Figure
S6). At the low strains and high tensile strain rate chosen herein to study the hardening effect
of hydrogen, the Taylor factor may not yet play an important role, conversely to report in e.g.
Ref. [42], and the deformation may rather be governed by the Schmid factor or by the activity
of hydrogen.

3.6 Atom probe tomography

Specimens for APT were prepared from samples that had been first electrolytically charged
with hydrogen and then tensile deformed. After preparation, APT specimens were nonetheless
further charged with deuterium in a gas-charging chamber, before APT analysis. Grain
boundaries were first targeted, because they are loci of dislocation nucleation [45,46], including
in hydrogen-charged materials [18], and intergranular fracture was observed in the hydrogen-
charged region. Deuterium segregation at a grain boundary in the 3% tensile strained sample
is evidenced in Figure 6. Figure 6(a) shows an ECC micrograph of the region which was lifted-
out for preparing the APT specimens. Figure 6(b) displays the 3-D elemental map of the APT
specimen with the grain boundary. The composition profile calculated with 0.5 nm bin width
across the grain boundary is plotted in Figure 6(c), with deuterium segregation of up to 1.4 +
0.2 at.% at the grain boundary, that shows also a strong manganese depletion at the boundary
(approx. — 6.5 + 0.5 at.%). The overall lower manganese content in the APT measurement can
be associated to the loss of the lowest evaporating field species, i.e. in this instance manganese
[47,48]. We also observe an unexpected strong oxygen enrichment of up to 13.4 £ 0.5 at.% at
the grain boundary which could have originated from the cathodic charging of the bulk
specimen or from the preparation and charging of the APT specimen and during its transfers to
the atom probe.

Deuterium segregation to the grain boundary confirms that the gas charging conditions allowed
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for some deuterium ingress into the material. Similar analyses were performed on other grains
containing dislocations with a cell morphology, farther from the grain boundary, shown in
Figure 6(d). The deuterium distribution is homogeneous in this APT specimen with no visible
or statistically significant segregation. A binomial frequency distribution analysis was
performed to assess the distribution inside the grain [48-50]. The observed frequency
distributions for manganese, carbon, hydrogen and deuterium atoms in Figure 6(e) match
closely the binomial distribution expected for a random distribution of solutes. The Pearson
coefficient p is used for interpreting the segregation of solutes which takes value from O that
indicates a random distribution, i.e. no segregation and 1 that indicates a strong deviation from
randomness [51]. Here, the value of p for all the elemental species lie well below 0.1, which
suggests that their distribution throughout the APT dataset was random, i.e. with no indication
of segregation to microstructural defects.

Since the samples had been hydrogen-charged prior to tensile deformation, trapped hydrogen
at defects might prevent efficient ingress of deuterium during the second gas loading, as
suggested in ref. [35]. A frequency distribution analysis for hydrogen (i.e. excluding
deuterium) similarly reveals no detectable segregation (u~0.04-0.06) or H-composition
fluctuations on the scale of 10-100 nm that could be related to the presence of e.qg. cells.
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Figure 6. (a) ECC micrograph marking the region in the hydrogen-charged region of the 3% tensile
strained sample from where the APT specimens were prepared; (b) 3-D elemental map of the APT
specimen showing deuterium enrichment at a grain boundary (GB); (c) the composition profile across
the GB with 0.5 nm bin width, the left axis indicates composition of manganese and oxygen, the right
axis that of carbon and deuterium; (d) 3-D elemental map of APT specimen prepared from the grain
with dislocations exhibiting the cell morphology; (e) the binomial frequency distribution analysis
corresponding to the APT dataset shown in (d).

APT analyses were performed in the hydrogen-charged region of the 7% tensile strained
sample containing stacking faults, and similarly charged with deuterium, supplementary Figure
S7. No elemental segregation at dislocations or stacking faults was observed in any of these
datasets which is expected at such high tensile strain rate.

4 Discussion

At each of the three tensile strain levels, i.e., 3%, 5% and 7%, entangled dislocations were
observed in the uncharged region. This is in stark contrast with the hydrogen-charged regions:
(i) dislocation cells were formed at 3%; (ii) dislocation partials and loop dipoles were formed
at 5%; and (iii) long-extended stacking faults with e-martensite were already formed at 7%.
We confirmed that this microstructural evolution was due to the presence of hydrogen, and not
associated to the texture or the Taylor factor. The associated mechanisms will now be
discussed.

4.1 Early stage of the deformation

The onset of plastic deformation occurs at the yield point with the nucleation of dislocations.
The yield strength of the uncharged sample was 250 MPa, whereas it was 300 MPa for the
hydrogen-charged sample. A 20% increase in yield strength can be ascribed to the solid
solution strengthening effect by hydrogen which is an interstitial solute element in austenite.
We have to take into account that the thickness of the sample after polishing and hydrogen-
charging is below 1 mm (approx. 800 um) in the current study and only approximately 15—
20% of the sample’s cross section shows brittle and intergranular fracture features due to
hydrogen, as shown in Figure 4(b). The side edges of the sample are hence made harder by the
presence of hydrogen compared to the center, uncharged region, hence developing a hard
coating on the material. To a first approximation based on the area fraction, using the rule of
mixtures [52] for which 250 MPa can be used as the yield strength of the 80% uncharged region
in the hydrogen-charged sample whose overall yield strength is 300 MPa, the yield strength of
the 20% hydrogen-charged region is calculated as 500 MPa. Hence, a higher stress is required
to deform the side edges. The higher yield strength of the hydrogen-charged region can be
rationalized by the following effect. Hydrogen segregated at grain boundaries, as revealed by
APT, delays the emission of dislocations by blocking the dislocation sources at or in grain
boundaries, which agrees with the literature [53,54]. A higher critical stress is required to
activate the grain boundary dislocation sources. Once activation (or nucleation) has been
achieved, dislocations are formed and glide easily which leads to strain softening due to an
increase in the mobile dislocation density and is connected with the yield point phenomena.

4.2 3% deformation

In the hydrogen-charged region, dislocations entangle and cells are formed, which is
unexpected for materials with a low stacking fault energy, i.e. in which cross slip is unlikely.
Nevertheless, cells had been observed in other TWIP steels without hydrogen charging, e.g.
Fe-22Mn-0.6C (wt.%) [55] despite its relatively low stacking fault energy of 22 mJ/m?. In the
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present alloy, the stacking fault energy is even higher, at 27 mJ/m? [56]. Yet, the stacking fault
energy was reported to be lowered by approx. 40% when austenitic stainless steel contained
approx. 270 ppm of hydrogen [57,58]. However, the stacking fault energy is not the only
parameter influencing cell formation, a low shear modulus was also shown to play an important
role [59]. Gavriljuk et al. [60] indicate that hydrogen reduces the shear modulus in austenitic
steels, and they estimated that this can be up to over 30% [61]. In combination, these effects
could reduce the activation energy for cross-slip and further promote cell formation.

However, we propose an alternative interpretation here. Hydrogen segregated at grain
boundaries, which are typical sources of dislocations [45,46], can delay the emission of
dislocations. Our suggestion is that partial locking by hydrogen of dislocations in or near the
grain boundaries might decrease the segment length of dislocation sources in the boundary.
Therefore, a higher activation stress is required. Without such locking effect (no hydrogen) the
activation of dislocation sources with the highest Schmid-factor (i.e. single slip on the primary
slip system or co-planar slip on the first two activated systems) is expected at the beginning of
plastic deformation. Such co-planar slip is observed in the uncharged sample regions (Figures
5b, 5e, 5h). However, hydrogen locking, together with the higher stress level might favor the
simultaneous activation of multiple slip systems already at the upper yield stress. The
entanglement of these dislocations from multiple slip systems at an early stage of deformation,
leads to the formation of cell-like structures (Figure 5a), which are, however, not related to the
cell structures observed in materials with high stacking fault energy. This means that the early
occurrence of cells might be not due to a faster dynamic recovery process because of an
enhancement of the cross-slip frequency, but more a geometrical cell formation due to early
multi-slip and entangling of dislocations of different slip systems. This interpretation does not
require invoking an effect of hydrogen on the stacking fault energy or on the shear modulus,
which it likely has but it is extremely challenging to quantify independently from other
parameters. This interpretation is hence attractive considering the complexity of the problem
at stake.

APT experiments confirm that there is no deuterium segregated to dislocations which is
expected at the high tensile strain rate used in the current study. At the strain rate of 10-3 st and
due to the low diffusivity of hydrogen in austenite, there is no interaction of hydrogen with
dislocations because the velocity of dislocations is high which makes it difficult for hydrogen
to follow the fast-moving dislocations. It hence enables us to study the dislocation structure
evolved primarily due to the strengthening effect of hydrogen.

The dislocation structures in grains previously imaged by ECCI were examined again after
approx. 2 months and none of the observed dislocations, stacking faults, dislocation partials
and loop dipoles had changed (Figure S8). Previous reports of the evolution of dislocations
moving during hydrogen desorption in Fe-Mn-alloys [18,42,62], could indicate that in our
present observations, the hydrogen has not completely left the sample by the time the APT
analysis was performed.

4.3 5-7% deformation

At 5% tensile strain, the continuous supply of more dislocations, along with dislocations
extracted from the cell walls progressively have homogenized. The cell walls are not very dense
and the force to extract dislocations from these cells or cell-like structures is likely low. The
homogenization of the dislocation structure can lead to local variations in the hydrogen
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concentration via stress-assisted diffusion, as suggested by [63], causing a redistribution of the
hydrogen. The local variations in hydrogen concentration can establish local variations in the
stacking-fault energy, that can facilitate the nucleation of stacking faults [64,65] in the regions
with relatively lower stacking fault energy, while dislocation loop dipoles are observed in other
regions.

At higher tensile strain, i.e. 7%, relatively thin e-martensite plates are observed. Keeping in
mind that the stacking fault energy (y) can be expressed as volume energy and surface energy
contributions (assuming that the stacking fault is a two-atomic layer volume of hcp crystal
structure with two surfaces on either side) [65]:

Surface
energy term

¥ = np(AGP™ + E57) + 20 (n)

Volume energy term

where n is the number of fault planes, pa is the density of atoms in a close packed plane in
moles per unit area, AG™®™ and ES" are respectively the chemical free energy difference
between parent and product phases, and the strain energy, both defined as molar quantities, and
o(n) is the surface energy per unit area of the particle/matrix interface.

Based on the suggestions by Koyama and coworkers [66], hydrogen stabilizes austenite and
increases the volume energy contribution required to form the e-martensite in austenitic steels.
However, hydrogen promotes the formation of strain-induced e-martensite [62,67], which
suggests that the surface energy (o(n) in the equation above) is lowered by hydrogen, thereby
facilitating the formation of e-martensite. The e-martensite formed in the studied TWIP steel
is strain-induced [68], it is not observed in the uncharged region of the intermediate tensile
strained (i.e., 3%, 5% and 7%) samples, however, it is observed in the uncharged sample
deformed to tensile fracture, Figure S4. Hydrogen enables the formation of strain-induced e-
martensite at lower strain level, based on recent studies [67].

We, here, observe the formation of e-martensite at 7% strain in the hydrogen-charged region
which begins by the nucleation of stacking faults at 5% tensile strain. This nucleation of
stacking faults leads to the formation of long, extended stacking faults which stack together to
nucleate e-martensite, which is in agreement with previous reports in austenitic steels [28,58].
The microstructure of the 5% tensile strained sample hence is a transient between the formation
of entangled dislocations (forming cells because of the interaction of non-coplanar slip
systems), and the formation of stacking faults.

Atomistic calculations suggest that hydrogen does not reside in the stacking fault in FCC iron
containing carbon [69] because the presence of carbon atoms near the octahedral sites on the
stacking fault plane makes the hydrogen segregation unfavorable. The tendency for hydrogen
not to segregate to stacking faults could explain why we could not detect it by APT.

4.4 10% deformation — fracture surface

The intergranular fracture surface in the hydrogen-charged sample deformed to tensile fracture,
Figure 4(b), could be explained by the thermodynamic theory of decohesion by Hirth and Rice
[70]. It is beyond the scope of current study to quantify the hydrogen content leading to the
decohesion of grain boundaries, yet we report hydrogen segregation by APT at a grain
boundary from the sample deformed to 3%. Hydrogen segregated at grain boundaries of the
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sample deformed to fracture at 10% strain would reduce the critical fracture stress at the
boundary which means that the strain on the sample at which grain boundary decohesion occurs
is generally also reduced, following the proposed the HEDE mechanism [71], leading to the
material’s fracture [72].

5 Conclusion

We studied the dislocation structure resulting from the strengthening effect of hydrogen in a
Fe-26.9Mn-0.28C (wt.%) TWIP steel. We observed a drop in ductility from 75% to 10% (as
engineering strain to fracture) primarily due to the hardening of material by the presence of
hydrogen, which is revealed by a 20% increase in the yield strength after hydrogen charging.
The dislocation structures were examined at three different tensile strain levels enabling
interpretation of the formation and dissolution of cell-like structures, followed by the formation
of e-martensite in the hydrogen-charged region. The cell-like structures are likely formed by
the simultaneous interaction of several slip systems at early deformation stage, rather than by
enhanced cross slip. The formation of strain-induced e-martensite can be ascribed to a reduction
in the martensite-austenite interface energy by hydrogen. This contrasts with the uncharged
region where entangled dislocations are imaged at each tensile strain level. We conclude that
the observed evolution of dislocation structures from the dislocation cell formation to the &-
martensite phase formation with an increase in the tensile strain is due to hydrogen. It was
found that for the low strain observed here, the deformation structures were independent of
Taylor factor and orientation of the principal strain axis.

The current study suggests that hydrogen segregated at grain boundaries, confirmed by
deuterium-labelled APT analysis, delays the dislocation nucleation and hence hardens the
material.
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SUPPLEMENTARY INFORMATION

1 Thermal desorption spectroscopy (TDS)

In order to measure the hydrogen content of the samples before and after charging, TDS was
carried out using a Hiden TDS workstation equipped with an HAL 3F 510 PIC quadrupole
mass spectrometer. The TDS sample of dimensions 10 x 15 x 1 mm? was first polished until
the final mechano-chemical polishing step and then charged with hydrogen similarly by
cathodic hydrogen charging for 5 days at ambient temperature conditions. The hydrogen-
charged TDS sample was positioned in an ultra-high vacuum chamber and heated at a constant
rate of 16°C/min from room temperature to 800°C. The heating leads to the desorption of
hydrogen from the sample which was detected by a quadrupole mass spectrometer. A curve of
hydrogen desorption rate (wt. ppm/s) vs. temperature (°C) was hence plotted. The area
underneath the curve was determined to provide the total hydrogen content of the sample.
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The hydrogen desorption rate (wt. ppm/s) vs. temperature (°C) curve obtained from TDS
analysis of the hydrogen-charged and the uncharged samples is shown in Figure S1. The total
hydrogen content in the sample was determined from the area underneath the curve as 13.2 wt.
ppm in the hydrogen-charged sample (pink curve) against 1.3 wt. ppm in the uncharged sample
(black curve). It must be noted that TDS experiments were performed on the recrystallized
samples. The peak at ~120°C in the hydrogen-charged sample shows that diffusible hydrogen
was introduced into the sample by cathodic charging, thereby confirming the charging method.
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Figure S1. The thermal desorption spectroscopy curve of the uncharged and the hydrogen-charged
recrystallized samples.

2 Energy dispersive X-ray spectroscopy (EDX) mapping

Figure S2(a) shows the SEM image of the region close to the side edges of the sample surface
that was chosen for the EDX mapping, while Figures S2(b-c) show the iron and manganese
distribution in that region respectively. Similarly, Figure S2(d) shows the SEM image of the
center region from the same sample that was chosen for the EDX mapping, while Figures S2(e-
f) show the iron and manganese distribution in that region respectively. Figure S2(g) displays
the SEM image of the region that was chosen for a composition line profile from the surface to
the center of the sample. The corresponding composition profile of iron and manganese is
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drawn in Figure S2(h), showing homogeneous composition from the surface to the center of
the sample.
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Figure S2. (a) SEM image of the region chosen for the EDX mapping of (b) iron and (c) manganese
near the surface of the sample; (d) SEM image of the region chosen for the EDX mapping of (e) iron
and (f) manganese at the center of the sample; (g) SEM image of the region selected for the
composition line profile shown in (h) from the surface to the center of the sample.

3 Tensile test curves

The engineering stress-strain curves of two hydrogen-charged and two uncharged samples are
shown in Figure S3.
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Figure S3. The engineering stress-strain curves of the hydrogen-charged and the uncharged samples.

4 Electron-channeling contrast imaging of the samples deformed to tensile fracture

ECC micrographs of the samples deformed to tensile fracture were observed from the region
delineated by a blue box in the schematic shown in Figure 1(b), approx. 500 pum away from the
fracture surface. Figure S4(a) shows an ECC micrograph of the hydrogen-charged sample
deformed to tensile fracture, from a grain located in the hydrogen-charged region, i.e., within
the ~100 um distance from the sample surface. The plates of e-martensite were observed along
with dislocation tangles. Similar microstructural features were observed in the uncharged
sample deformed to tensile fracture, as shown by an ECC micrograph in Figure S4(b). Note
that the figures were taken from significantly differently strained samples. From these figures,
it was hence very difficult to draw any conclusion about the deformation mechanism due to the
presence of an extremely high and heterogeneous tensile strain in both samples deformed to
tensile fracture. The dislocation structures were hence examined at intermediate levels of
tensile strain, i.e., 3%, 5% and 7% to better capture the formation mechanism of the deformed
microstructure.
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Figure S4. (a) ECC micrograph of the hydrogen-charged sample deformed to tensile fracture (e=10 %);
and (b) ECC micrograph of the uncharged sample deformed to tensile fracture (e=75 %); both images
were examined from the region delineated by blue box in the schematic shown in Figure 1(b).

5 Statistical analyses of the dislocation structure

The dislocation structure of approx. 20 randomly-selected grains was examined by ECCI from
both the hydrogen-charged and the uncharged regions of each of the three samples, i.e., 3%,
5% and 7% tensile strained. Their EBSD mapping was performed and the corresponding
inverse pole figure maps and Taylor factor maps of the investigated grains are shown in Figure
S5. The apparent difference in grain size is in part related to the scale and inhomogeneous grain
size distribution across the material — see Figure 2(b).

For a given amount of external strain, the total amount of shear accumulated in the active
individual slip systems of a given grain depends on the crystal orientation and is quantified by
the Taylor factor. A high Taylor factor indicates that a large amount of shear (i.e. a high density
of dislocations) is required to accommodate the external strain. For the FCC crystal structure
under uniaxial loading, the Taylor factor takes values between 2.2 and 3.6. The Taylor factors
for tensile loading and activity of {111}<0 1 -1> slip systems were evaluated from the
orientation data. The Taylor factor values of all the investigated grains lie in between 2.3 and
3.6, Figure S5, which indicate that the microstructural evolution observations were not biased
by the local Taylor factor.
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Figure S5. EBSD-IPF mapp/ng and the Taylor factor maps of the grains examined by correlative ECCI
from the hydrogen-charged and the uncharged regions of each of the three samples, i.e., 3% tensile
strained-hydrogen charged (a-b), 5% tensile strained-hydrogen charged (c-d), 7% tensile strained-
hydrogen charged (e-f), 3% tensile strained-uncharged (g-h), 5% tensile strained-uncharged (i-j), 7%
tensile strained-uncharged (k-1), respectively.

The corresponding [010] inverse pole figures in the tensile direction are displayed in Figure
S6.
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Figure S6. The [010] inverse pole figures for each of the examined grains from the hydrogen-charged
and the uncharged regions of each of the three samples, i.e., 3%, 5% and 7%.

6 APT dataset of deuterium charged stacking faults

Figure S7(a) depicts the hydrogen-charged region from the 7% tensile strained sample
containing the stacking faults. An APT specimen with stacking faults was charged with
deuterium, whose 3-D elemental map is shown in Figure S7(b). No elemental segregation was
observed at these stacking faults. The binomial frequency distribution analysis is shown in
Figure S7(c), indicating the homogeneous distribution of deuterium across the APT dataset.
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Figure S7. (a) ECC image indicating the region in the hydrogen-charged region of the 7% tensile
strained sample from where the APT specimen was prepared; (b) 3-D elemental map showing
deuterium (D), manganese (Mn), carbon (C) and iron (Fe) atoms in the APT specimen containing
stacking faults, whose binomial frequency distribution analysis is shown in (c).
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7 Stability of the dislocation structures

The dislocation structures were examined again after approx. 2 months in order to confirm their
stability. Here, the dislocation cells formed in the hydrogen-charged region of the 3% tensile
strained sample are shown as an example to prove that the microstructural changes associated
to the presence of hydrogen remain stable even after hydrogen diffuses out of the sample.
Figure S8 hence depicts the dislocation cells observed on two different dates at the microscope
within the span of approx. 2 months.

200 nm A g

Figure S8. The dislocation cells formed in the hydrogen-charged region of the 3% tensile strained

sample observed first on 10" January 2020
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