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Abstract: In the present work, in situ electrochemical nanoindentation was utilized to investigate
the hydrogen effect on the nanomechanical properties of tensile pre-strained nickel alloy (0%, 5%
and 20%). The study reveals that hydrogen-induced hardening occurs during cathodic polarization
due to hydrogen incorporation and softening behavior during anodic polarization; this is due to
the irreversible microstructure modification induced in the presence of hydrogen solutes. Their
respective contributions were quantified by fitting the elastoplastic part of the load-displacement data.
In addition, the differences in their plastic behaviors were investigated in detail by examining the
dislocation structure underneath the indents. This study aims to shed light on hydrogen’s interaction
with pre-existing defects.

Keywords: in situ nanoindentation; hydrogen; pre-strain nickel alloy; hardening and softening;
dislocations; defect formation

1. Introduction

Strain hardening is a common technique used to enhance the load-bearing capacity of
structural materials. In a hydrogen environment, the deformed structures are particularly
vulnerable to hydrogen embrittlement (HE). Different HE damage mechanism models
have been proposed based on observations from various annealed materials, essentially
describing the interaction between hydrogen and microstructural defects [1-4]. However,
the HE behavior of plastically pre-strained material is even more complex to describe
due to the persistent evolution of microstructural heterogeneities (e.g., dislocations, twins,
vacancies, etc.) with plastic strain and the varied hydrogen effect on each stage.

For instance, in small tensile plastic strains, hydrogen-induced hardening is reported
in nickel due to the formation of Cottrell atmospheres, resulting in a solute drag effect,
whereas in large plastic strains, the softening behavior is observed due to the shielding
effect [5-7]. During plastic deformation, strain-induced vacancies are generated through
the dislocation interactions, such as cutting the screw dislocations and annihilations of
edge segments of opposite signs located on the same slip plane. Under plastic straining in
the presence of hydrogen, the vacancy concentration is shown to exceed the equilibrium
concentration, which can subsequently impact the dislocation mobility and influence the
diffusion and trapping behavior [8,9].

For a comprehensive understanding of damage mechanisms in a pre-strained material,
detailed knowledge of hydrogen diffusion and trapping, as well as their interaction with
pre-existing defects such as dislocations, vacancies, etc., is required. An earlier work from
the author’s group has investigated hydrogen diffusion and trapping in pre-strained nickel
alloy 625 [10]. The study revealed that the hydrogen diffusivity in pre-strained samples is
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mainly controlled by the competition between trap density (dislocations, grain boundary
carbides) and the availability of the fast diffusion path, primarily along the regions adjacent
to grain boundaries (plastic strain-induced vacancies, hydrogen charging-induced vacancy
clusters). The preferential formation of hydrogen-enhanced strain-induced vacancy clusters
close to grain boundary regions has also been reported in Ni-201 alloy [9]. Additionally,
Oudriss et al. reported that, in the case of pre-strained pure nickel, the initial concentration
of vacancies plays a key role in the formation of new vacancies by hydrogen during
permeation experiments [11]. A common consensus among these studies is that hydrogen
facilitates the dynamic evolution of lattice defects; however, the prerequisites for such a
process remain unclear. Thus, the aim of this work is to investigate the damage mechanism
in the pre-strained nickel alloy 625 using the in situ electrochemical nanoindentation
technique (ECNI), which offers a unique advantage when examining the fundamental
mechanisms associated with the influence of hydrogen on the mechanical behavior of
materials in a controllable hydrogen atmosphere.

While considerable research in nanoindentation has focused on assessing the hydrogen-
induced changes in nanomechanical properties of well-annealed ductile materials [12-14],
information regarding the hydrogen effect on pre-strained materials is still scarce [6,15,16].
In this work, we have designed an experiment that captures the hydrogen effect on the
material response after two hours of cathodic charging, while the nanomechanical prop-
erties obtained after one hour of anodic discharging provide insights into the aftereffects
of hydrogen-affected microstructure changes. By integrating these findings, our results
shed light on the interplay between hydrogen uptake, prior deformation, microstructure
changes, and plastic deformation, providing a comprehensive understanding of the under-
lying mechanisms that govern hydrogen embrittlement in pre-strained nickel alloy.

2. Methodology
2.1. Sample Preparation and Microstructure Characterization

To investigate the effect of prior deformation on the hydrogen-affected behavior of the
Inconel 625 nickel alloy, flat tensile specimens with a gauge dimension of 3 x 16 x 32 mm
(thickness x width x length) were pre-strained under uniaxial tension in air up to two
nominal strain levels (¢): 5% and 20%, using the MTS Series 809 Test System. Disk spec-
imens of 12 mm in diameter were machined out from the gauge part of both plastically
deformed samples using an electrical discharge machine. The fabricated disc samples were
mechanically ground and polished down to 200 nm colloidal silica to obtain a deformation-
free surface. Microstructural examination using the electron channeling contrast imaging
(ECCI) technique was carried out before and after indentation using the Quanta 650 FEG
microscope (Thermo Fisher Inc., Waltham, MA, USA) operated at an accelerating voltage of
20 keV and at a working distance of 7 mm. To study the dislocation structure underneath
the indents, a transmission electron microscopy (TEM) analysis was performed on the
lamella prepared using the focused ion beam milling (FIB) technique with a final thickness
of about a few tens of nm.

2.2. ECNI and Hydrogen Content Measurement

An ECNI experiment was performed using a Bruker TI 950 Triboindenter (Bruker,
Billerica, MA, USA) under the load-controlled mode using a Berkovich indenter. The
maximum load was set at 2000 uN, and the loading and unloading rate was 8000 uN/s.
The hold segment (0.6 s) at maximum load is used to determine if there is time dependent
plasticity or creep in the material, with an additional 0.25 s holding time at 10% of the
peak load during unloading for thermal drift correction. The electrochemical charging cell
comprises a platinum sheet as a counter electrode (anode), the test specimen as a cathode,
and Hg/Hg,SOy as a reference electrode with a glycerol and borax mixture used as an
electrolyte. The experimental sequence for indentation was as follows: At first, the indents
were made in air (H-free condition). Then, the samples were electrochemically charged
at a constant cathodic current density of —0.1 mA/cm? for two hours to allow sufficient
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hydrogen to penetrate into the specimen, and then indents were performed. Subsequently,
the potential was changed to anodic (0 mV for 1 h) to study the time effect/hydrogen
desorption on the nanomechanical properties. For each condition, at least 50 indents were
produced on the randomly chosen region. Since the objective of this work is to investigate
the hardening behavior, the effect of grain orientation is not considered here. The total
hydrogen content was measured using the Bruker G4 Phoenix DH hydrogen analyzer. Note
that the hydrogen contents reported in Table 1 represent a similar charging history to that
of the indentation experiment.

Table 1. Total hydrogen content in pre-strained samples after charging under different conditions.

Sample ID Charging Condition and Duration Total Hydrogen Content
(wt. ppm)
0%—H —0.1mA/cm?/2h 0.49
0%—Anodic —0.1mA/cm?/2h(+)0mV/1h 0.15
5%—H —0.1mA/cm?/2h 0.79
5%—Anodic —0.1mA/cm?/2h(+)0mV/1h 0.23
20%—H —0.1mA/cm?/2h 1.07
20%—Anodic —0.1mA/cm?2/2h (+)0mV/1h 0.36

3. Results and Discussion
3.1. Microstructure of the Pre-Strained 625 Nickel Alloy

Figure 1a shows the engineering stress—strain curve for the nickel-based alloy 625. The
pre-strain levels of 5% and 20% are marked by rectangles. Figure 1b—d shows the back-
scattered electron images of the initial microstructure and the pre-deformed microstructure
prior to indentation. Plastic deformation induces various defects, such as vacancies and
dislocations, acting as traps for hydrogen atoms. With the increasing pre-strain, the trap
density increases, thereby promoting more hydrogen uptake (Table 1), which is consistent
with earlier studies focusing on hydrogen diffusion in different alloy systems: DP steels [17],
carbon steels [18], nickel alloys [10,11].

T T T
0.4 0.5
Engineering strain

Figure 1. (a) Engineering stress—strain plot for nickel alloy 625 (the blue square highlights the
pre-strain value used for this study). (b—d) BSE micrographs showing typical fragments of the
microstructure: (b) undeformed sample, (c) 5% pre-strain, (d) 20% pre-strain.
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3.2. Nanomechanical Properties

The majority of the nanoindentation research was focused on probing the pop-in
stage to investigate the change in the dislocation nucleation stress during hydrogen charg-
ing [19,20]. In the present work, no distinct pop-in stage was observed in pre-strained
samples, evidently due to pre-existing defects making the homogeneous dislocation nu-
cleation difficult and masking the pop-in behavior. Therefore, we confine ourselves to
the examination of the hardening/softening response of the pre-strained nickel alloy in a
hydrogen environment.

For the present study, the hardness of the material was estimated by fitting the unload-
ing curve of the load-displacement (LD) plot using the Oliver-Pharr method [21]. Figure 2a
shows the average hardness value for different pre-strained samples subjected to the same
charging history, and Figure 2b shows the corresponding cumulative probability plot. For
the tests in air (H-free condition), the hardness of the 5% pre-strain sample does not vary
much in comparison with that of the original material. During nanoindentation, only a
small fraction of the sample is tested (the area of a few hundred nanometers size). Thus,
only the defects located directly under the indenter can exert a strong influence on the inden-
tation response. Even though the difference in the average dislocation density (pssp) for
the 5% pre-strained sample is two orders of magnitude larger than that in the undeformed
sample (c.f., Table 2), and the microscopic dislocation distribution is inhomogeneous. Fur-
thermore, the dislocation density can be used as a state variable only when a whole sample
is stressed /strained. During nanoindentation testing, this condition is not met due to the
strongly localized stress field beneath the sharp indenter and the probabilistic nature of
finding the defects in the deformation zone created by the indenter [22-24]. Thus, for 5%
pre-strained material, either the probed area is defect-free or, due to very high localized
stress generated under the indenter, the defect strength is nullified. Similar findings have
been reported for cyclically pre-strained pure nickel with a dislocation density comparable
to our measured value [6,15]. On the other hand, the 20% pre-strain sample exhibits an
increased hardness value (11% larger) when compared to the undeformed sample. The
corresponding microstructure (Figure 1d) shows a nearly uniform dislocation distribution.
Thus, the likelihood of the indenter encountering pre-existing defects is increased, resulting
in high hardness [22].
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Figure 2. (a) Hardness data for three different samples. (b) Corresponding cumulative frequency plot
of hardness data for all samples. (c) Hydrogen diffusion-desorption profile for the 5% pre-strained
sample after two hours of charging and one hour of desorption. The inset in (c) shows the enlarged
view of the hydrogen profile pertaining to the deformation depth. The relations used to plot the
diffusion—desorption profile are provided in Appendix A.

While there is an obvious increase in the hardness value for all samples during hydro-
gen incorporation, the degree of hardening is more prominent for the pre-strained samples.
ECC images of indents performed at different charging conditions are shown in Figure 3.
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The dislocations here appear as white lines or bright spots on the dark background. The
size of the plastic zone (R.) marked by a red circle in Figure 3a indicates the region of
the greatest dislocation population around the indent’s footprint. A substantial decrease
in the R value (see bottom left) is seen during hydrogen charging, and the reduction is
more pronounced with the increase in pre-strain. This trend is consistent with the hardness
response. It is also noticeable that there is an extensive material pile up close to the indent
in the hydrogenated samples, suggesting enhanced strain hardening [13,25,26]. H-induced
hardening can be further explained in such a way that the H solute accumulates around
the edge components of a dislocation loop or dipole and can exert a pinning effect which
resembles a Cottrell atmosphere. An increase in the constraint to dislocation motion is the
result of the pinning effect [13,15,27]. H-induced resistance to dislocation motion, and the
interpretation of the solid solution hardening mechanism with hydrogen, is considered
as an alloying element and was also reported by Ogawa et al. [28]. Similar results were
reported during in situ testing of the cyclically pre-strained pure nickel [15] and in the
discrete dislocation dynamics computer simulation [29].

5% pre-strain

20% pre-strain

R,=531 nm

Hydrogen Anodic

=om | R,=493 nm

o | R,=539 nm

= | R,= 463 nm : g S | R,=596 nm

Figure 3. ECC images of indents performed at different charging conditions for three different
samples. (a—c) indents correspond to undeformed sample. (d-f) indents correspond to 5% pre-
strained sample. (g—i) indents correspond to 20% pre-strained sample. (a,d,g) indents performed in
air. (b,e,h) indents performed in hydrogen. (cf,i) indents performed under anodic condition. The
plastic zone size (R.), which signifies extensive plastic deformation around the indents, is marked
by the red circle, and the corresponding R. values measured for each indent are shown on the
bottom-left.
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When the potential is changed to anodic, the hardness of the undeformed sample
has not completely recovered to the same level as that in air (6% increase). From the
diffusion—desorption profile (see Table A1), we can see that the remaining hydrogen, after
a sequence of two hours of charging and one hour of discharging at a depth of 650 nm, is
approximately 5.3%. Thus, the incomplete recovery of the hardness in the initial material
is due to the presence of residual hydrogen [13,30]. Interestingly, for the pre-strained
materials, the hardness during anodic discharging is much lower than that of the indents
performed in air (3% and 7% decrease for 5% and 20% pre-strain, respectively), even
though the diffusion-desorption profile (Figure 3c) and the hydrogen content measurement
(Table 1) suggest the presence of residual solute after the anodic sequence. Moreover, the R¢
value during the anodic polarization sequence reveals an increasing trend with the increase
in pre-strain, thus suggesting the softening behavior.

The elastoplastic part of the load-displacement curve represents the continuous hard-
ening process. To quantify the hydrogen-induced hardening/softening, the modified Tabor
relation-based Nix—Gao model is used to fit the elastoplastic part using the relation shown
in Equation (1); for a detailed derivation of this relation, readers are encouraged to refer to
our earlier work [30].

P = CMaGbAc\/pssp + ponD + C(0ss + 0n) Ac 1)

where C is the Tabor constant, M is the texture dependent Taylor orientation factor con-
verting the shear stress to the axial one, « is an empirical factor of 0.2-0.5 depending on
the dislocation arrangement, G is the shear modulus, b is the magnitude of the Burger’s
vector of the dislocation, A, is the projected area that depends on the indentation depth
(h) and indenter shape, and pgsp is the density of statistically stored dislocations. The

pcND refers to the density of geometrically necessary dislocations; it can be calculated

according to the Nix-Gao model [31] as pgnp = %f% taﬂ; 9 where f is the fitting parameter.

The f value serves as a measure of the extent of plastic deformation and represents the
ratio between the radius of the plastic zone R; and contact area a.. 6 is the angle between
the sample surface and Berkovich indenter (24.63°). The oy value is the anticipated solid
solution strengthening stress, which is numerically equal to approximately 330 MPa [12,30],
and oy is the additional solid solution strengthening contribution provided by hydrogen;
for the uncharged sample (air), this term can be neglected. The summary of physical
constants is reported in Table 2. By fitting Equation (1) to the load-displacement data,
the hydrogen-induced frictional contributin (¢y) is obtained for each sample as shown in
Figure 4.

The analysis of the elastoplastic part of the load-displacement curves provides valuable
information on the hydrogen-induced frictional stress (cy) for dislocation motion, which
has been demonstrated in Figure 4d. The positive stress value indicates a hardening effect,
while a negative value indicates a softening effect. For pre-strained samples with surface
slip lines induced by H-charging, a larger oy was obtained through fitting, and it increases
with pre-strain. It is also evident that the increase in frictional stress is linearly dependent
on the hydrogen concentration. A similar result has been reported in the earlier work on
the pristine (undeformed) microstructure [30]. The hydrogen solute accumulation at the
pre-existing lattice defect sites acts as an obstacle to mobile dislocations, i.e., it provides a
constraint to dislocation loop expansion, resulting in hydrogen-induced hardening [27].

Table 2. Physical constants used in this work to model the elastoplastic part.

Oss
c M « G [(3(;’;‘7’) b[gg]“) (MPa) pssp (im?) [10]
[12,30]
No pre-strain 5% pre-strain 20% pre-strain
3 3.06 0.5 80 0.253 330

4 x 1012 1.5 x 1014 1.6 x 105
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Figure 4. (a—c) The representative LD plot along with the fit data of the elastoplastic part for different
pre-strain samples. (a) No pre-strain. (b) 5% pre-strain. (c) 20% pre-strain. (d) summary of results
from elastoplastic modelling.

After one hour of anodic polarization, the positive contribution to the frictional
stress is observed for the undeformed sample due to the presence of residual hydrogen
(see Figure Al). In contrast, hydrogen-induced softening was observed during hydrogen
degassing for the pre-strained samples. This indicates that surface modifications induced
by hydrogen charging promote hydrogen absorption and further the formation of de-
fects (vacancies and dislocations). The highest concentration of hydrogen and defects is
anticipated for the 20% pre-strain sample. Those permanent defects induce a softening
effect upon loading, and the frictional stress decreases as the concentration of defects
increases (pre-strain increases). To understand this difference in the plastic’s behavior, a
TEM examination of indents is performed on the 5% pre-strain sample.

3.3. Hydrogen Effect on Plastic Deformation

The microstructure beneath the indent of the 5% pre-strained sample at three different
conditions is shown in Figure 5. Though the material is pre-strained, the deformation
induced by the indentation process is clearly distinguishable as a population of densely
packed dislocations in the TEM images. In addition, the average kernel misorientation
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(KAM) map of the same region also indicates profusely accumulated dislocations close to
the indents (Figure 5g—i).

Air | (b) ] Hydrogen| (c)

sy 2A:[110]

o 111
£ 5 1
2a:fo1) 920 " 50 nmis 2A:(110)

Air (h)‘ 7 Hydrogéﬁ-‘ (i) Anodic

Figure 5. Bright field TEM microstructure (a—f) and Kernal average misorientation (KAM) map from
the transmission Kikuchi diffraction (TKD) technique (g-i) for the indents corresponding to the 5%
pre-strain sample: (a,d,g) indent in air, (b,e,h) hydrogen, and (c,f,i) anodic. (Some of the deformation
twins are illustrated by red dashed lines in (e)).

The electron diffraction pattern for the hydrogen-charged sample indicates the pres-
ence of deformation twins at the indent region (inset in Figure 5e). In addition, the deforma-
tion zone is found to be confined to the indent region, suggesting that plastic deformation
is localized (Figure 5h). The surface hydrogen concentration can be estimated by the re-

lation Cs = %, | br - Here w is the thickness of the specimen, Cy is the total hydrogen

concentration, t is the charging time, and D is the diffusion coefficient, which is taken as
2.65 x 107> m? /s for the present study [10]. For the 5% pre-strain sample, the surface
concentration is estimated to be of 240 wt. ppm. Such a large mass fraction of hydrogen is
sufficient to reduce the stacking fault energy (SFE) locally [32-34]. Moreover, the loading
rate employed in the present work is 8000 uN/s, and the hydrogen diffusion rate might
not be sufficiently large enough to accommodate the applied strain rate and promote
enhanced dislocation mobility. Thus, the high applied strain rate and dissolved hydrogen
solute reducing SFE locally can collectively promote the twinning process as an alternative



Metals 2024, 14, 161

90of 13

accommodative mechanism in the pre-strained material. This is reflected in the hardness
response, and it is reasonable to assume that the propensity to twin increases with the
increasing pre-strain.

At variance with the hydrogen-charged case, the deformation zone is more pronounced
under anodic conditions (Figure 5i), and even more so when it is compared to the indents
performed in air, as one can see from the large deformation area on the KAM map. The
deformation zone developed in air shows a spherical/tear drop shape that is confined to the
cone of the material defined by the indenter impression (white dashed lines in Figure 5a).
During indentation, the material tends to flow away from the indenter and the plastic flow
is non-uniform due to the complex stress state underneath the indenter. Additionally, the
nearby materials act to constrain the material flow, causing the plastic zone to expand
radially from the center of the indent, resembling a rounded/tear drop shape. This is
consistent with the expansion cavity model proposed by Johnson [25]. The deformation
zone depth in the anodic sequence is comparable to that observed in air. However, its
width is two times wider than it is in air. Additionally, the plastic zone resembles a parallel
stacking of deformation layers (Figure 5c), as opposed to the commonly observed spherical
cavity. The plausible explanation for this behavior is that the material has been compressed
into either the voids or the atomic scale vacancies present in the microstructure.

The information from the anodic sequence offers a clear indication of microstructural
changes caused by hydrogen. During anodic polarization, the hydrogen is removed from
the subsurface, thereby leaving behind irreversible changes in pre-strained samples. Our
study indicates that, during hydrogen charging, the pre-existing lattice defects promote
hydrogen uptake and facilitate dislocation activity—as observed in the scanning probe
microscopy images, after charging, in the form of slip lines (see Figure A2)—and thereby
enhance strain-induced vacancy concentration. Thus, the decrease in hardness is due to
hydrogen-induced vacancy enhancement through dislocation interactions in pre-strained
samples [11,35,36]. Even though around 5% of residual hydrogen is present after the anodic
sequence in pre-strained samples, the hydrogen-enhanced vacancy formation subdues
the hardening effect. While, for the undeformed sample, the SPM image after charging
(Figure A2) shows no significant change in surface morphology. The hydrogen charg-
ing condition employed is not sufficient to trigger irreversible microstructural changes.
Therefore, the hardening effect observed after one hour of anodic desorption is due to the
presence of residual hydrogen in the microstructure.

In our earlier work regarding in situ nanoindentation of undeformed nickel alloy
625, we showed evidence of hydrogen-enhanced vacancy formation upon charging at
a high cathodic current density (of —1 mA/cm?) followed by the anodic polarization
sequence [30]. This was attributed to high internal stress generated at the surface due to
the collective role of sluggish diffusion and supersaturation of hydrogen at the surface. The
key difference in the present study is that, in the case of pre-strained material, an order
smaller cathodic current density (—0.1 mA /cm?) is sufficient to trigger a similar irreversible
microstructural change.

The present findings strongly suggest that hydrogen interacts with pre-existing de-
fects in an autocatalytic manner, i.e., tensile deformation-induced lattice defects promote
further hydrogen uptake, which, in turn, facilitates the defect generation by reducing their
formation energy [4,37], and this cycle repeats itself, manifesting eventually as a failure.

4. Summary, Conclusions and Future Scopes

In this study, we explore the impact of hydrogen on pre-strained nickel alloy 625 us-
ing the in situ electrochemical nanoindentation technique. To unveil the interactions
between hydrogen and material behavior, all differently pre-strained samples under-
went similar hydrogen charging—desorption cycles followed by nanoindentation and
microscopic observations.

During hydrogen incorporation, all the samples experienced hardening attributed to
hydrogen solutes impeding dislocation motion. The hydrogen uptake enhanced by the
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pre-strain results in a localized reduction in the stacking fault energy (SFE) and stimulates
mechanical twinning at the surface, giving rise to an appreciable hardness increase. Con-
versely, pre-strained samples exhibited softening during the desorption cycle, attributed
to the interaction of hydrogen solutes with pre-existing defects, causing irreversible mi-
crostructural changes in the form of hydrogen-enhanced vacancies.

Our study is not the only one to shed light on a familiar key observation—during
electrochemical charging, hydrogen solutes interact with pre-existing defects leading to
permanent microstructural changes through the creation of new crystal defects—but it also
suggests that this process operates in an autocatalytic manner, potentially escalating hydro-
gen uptake and defect generation, ultimately influencing (accelerating) material failure.

To further advance the comprehension of hydrogen’s impact on pre-existing defects
and, consequently, the material integrity of nickel alloys in service, future research necessi-
tates a comprehensive experimental approach. Precise defect concentration measurement
through advanced techniques like electron microscopy, X-ray diffraction, and positron
annihilation spectroscopy can be employed to assess the concentrations of dislocations,
vacancies, and their complexes, respectively. By applying these methods before and after
hydrogen charging and indentation, the concentration-dependent evolution of defects
can be quantified. Additionally, when conducting in situ nanoindentation tests on sam-
ples, post-fatigue testing will prove valuable in investigating the hydrogen’s effect on
nanomechanical properties associated with specific dislocation patterns. To complement
experimental investigations, the incorporation of simulation approaches, such as discrete
dislocation dynamics and atomistic simulations, will provide a deeper understanding of
the role of hydrogen and pre-existing defects on nanomechanical properties. Integrating
time-resolved studies, examining environmental factors, exploring hydrogen diffusion, and
validating simulation results against experimental data are essential aspects that should
be considered in order to broaden the research scope and enhance its applicability to
real-world conditions and industry applications.
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Appendix A. Relation Used to Plot Diffusion-Desorption Profile in Figure 2¢

For the present study, prior to an indentation in hydrogen, the samples were charged at
a constant current density of —0.1 mA /cm? for two hours, followed by one hour of anodic
potential at 0 mV, in order to study the desorption effect. The simple diffusion-desorption
relationship for two hours of charging and one hour of degassing is derived below.

Using a thin plate model from Ficks first law, the hydrogen distribution in the sample
C(x,) can be calculated as:

X
—— =l—erfl — | 0<x < Al
CS_CO f( \/4Df) ( )

erf(u) = %/OM exp (—uz)du (A2)

where Cj is the initial hydrogen concentration, ¢ is the charging time, D is the diffusion
coefficient, ! is the thickness of the sample, and erf(u) denotes the error function. For
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hydrogen discharging, the following relation is considered. Since the initial hydrogen
distribution is non-uniform, a non-steady state equation, which accounts for constant

C
surface concentration and initial distribution f'(x) = %200) =1—erf ( \/ﬁ) 0<x<lis
considered for anodic discharging [13,30].

c(x,t) = c1+(c2—c1)f+ %Z QUG sin(’”ﬂ)exp(—iD”;”Zﬁ
o t . , (A3)
+%§sin”Tmexp(—D”12" t)fo f!(x)sin™3% dx’
with the boundary conditions:
c=c,x=0,t>0 (A4)
c=c,x=1,1t>0 (A5)

Here, ¢ and c; represent the hydrogen concentration at the position, x =0and x =1,
respectively, and 7 is the index of summation term. During the start of anodic polar-
ization, it was tactically assumed that the surface concentration reaches zero, i.e., c; = 0.

Diffusion—desorption profiles for all samples are plotted using the above relations and
shown in Figure Al.

1.0
\ —=— 0% — Absorption
- A\ o— 0% — Desorption
© 0.8 \\ —=— 5% — Absorption
\\ —— 5% — Desorption
x \ —>— 20% — Absorption
—>— 20% — Desorption

0.6—- \j \,
0.4 - \

Hydrogen concentration C/

==
- ey >
02 _/ >/ > *. ’i»\’\
z S
/:/ “SBg ‘\>\>\L
/ S=8—g_o S—= By
0.0 . . - T . =
0 5 10 15 20 25

Distance from surface (um)
Figure Al. Diffusion-desorption profile for all the samples after two hours of charging and one hour

of discharging.

Table A1. Hydrogen concentration at the depth of 650 nm estimated from the diffusion-desorption
profile in Figure A1.

Diffusion Coefficient Discharged Hydrogen Remaining
Sample (m?/s) [10] after Anodic Sequence (%) , 1ydrosen after
9 ®" Anodic Sequence (%)
Undeformed 2.93 x 10715 94.71 5.29
5% pre-strain 2.65 x 10715 94.56 5.44

20% pre-strain 6.67 x 10715 96.32 3.68
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No pre-strain 5% pre-strain 20% pre-strain

Before Charging

After Charging

Figure A2. Scanning probe microscopy (SPM) images for various pre-strained samples before and
after charging.
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