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Abstract: Since hydrogen-plasticity interaction is a key feature in the study of hydrogen embrittlement, a
series of nanoindentation tests were carried out to evaluate the possible impact of hydrogen on the
dislocation structures formed during cyclic pre-straining of nickel single crystal. Ex-situ nanoindentation
and in-situ electrochemical nanoindentation tests were performed on cyclically pre-strained nickel single
crystal and nickel-hydrogen systems to characterise the change in the reduced modulus and hardness.
Although the reduced modulus was less affected by the conditions explored, the change in hardness
highlights the competition between the hardening and softening processes associated with hydrogen. When
hydrogen was pre-charged before the cyclic tests, the dislocation microstructures were softer than those
induced by cyclic tests in hydrogen-free metals. In contrast, when in-situ electrochemical nanoindentation
tests were performed, the hydrogen ingress on cyclically strained nickel single crystal induced a hardening
of the microstructure. This effect was due to a pinning effect by the solute on the dislocations. The
competition between these processes is discussed in terms of hydrogen and vacancy concentrations.
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1. Introduction

Hydrogen is a strong candidate for the development of alternative energies since it is a zero-emission
fuel, but it also influences the mechanical properties of metals and alloys, inducing pre-mature failure [1,2].
Moreover, when hydrogen is introduced as a solute into nickel, it can transform a ductile fracture into a brittle
fracture [3]. However, hydrogen solutes can also induce slip bands at damage surfaces, raising questions about
the contribution of plasticity to the initiation of brittle fractures [4]. To describe this critical state, which is
more commonly known as hydrogen embrittlement (HE), an explanation of damage initiation is needed.
Different models have been proposed which are mostly based on a reduction of energy in the presence of the
solute [5,6]; they are described in the following reviews: [7—10]. Although all the proposed models describe
the interaction between hydrogen and microstructural defects such as dislocations and vacancies, HE is more
complicated to describe when a metal is plastically strained since this involves managing a large variety of
length and time scales for several mechanisms. When a metal is plastically strained (as a result of tensile stress
or fatigue), it develops heterogeneities which vary with the plastic strain amplitude (yp). Different deformation
"regimes"”, which are commonly called hardening stages, can be then observed as a function of the
microstructure obtained [11-14]. These hardening stages correspond to the predominance of a particular
dislocation structure and can be represented as a map (several maps are available in the literature for different
FCC metals: [12,15]). When a metal is cyclically strained, it develops a dipolar microstructure of edge
dislocations that first appear as veins in stage IIp [12,16—18]. The hardening stage IIly is reached at higher
deformation amplitudes. At this stage, vein dislocation structures are reorganised in a ladder to form dipolar
structures such as persistent slip bands (PSB) or labyrinth structures, depending on the orientation of the cyclic
tests. The latter have a composite-like structure, displaying a wall phase with a high dislocation density and a
channel phase with a low dislocation density [19,20]. Finally, the metal reaches stage III for large deformations
and at high plastic strain amplitudes. At this level, the metal is severely deformed and develops different kinds
of dislocation cells [21,22].

The effect of hydrogen on the mechanical response of strained (tensile) nickel single crystal oriented
for single slip [23-26] and multiple slips [23,27] has been studied. It is clear that hydrogen can introduce
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different softening and hardening effects on nickel single crystal depending on the plastic strain and the strain
rate. When a metal is tensile strained, the presence of hydrogen induces a hardening at low deformation (shear
strain ¥ < 0.1), which is mainly due to hydrogen in the Cottrell atmosphere increasing the drag stress of
dislocations [26,27], an effect that is also observed in polycrystalline nickel [28,29]. A softening effect is
observed when a metal is oriented for single and multi-slips at a higher plastic strain in the presence of
hydrogen [26,27]. This consequence was noticed due to the shielding effect of the solute, which reduced the
internal stress and induced a delay in the cross-slip events in dislocations [26,27]. As for cyclic deformation, a
reduction in cyclic hardening was obtained for all hardening stages when a metal was pre-charged with
hydrogen and oriented for single slip [30]. Moreover, the authors also noted that the formation of persistent
slip bands occurred at higher plastic strain amplitudes, corresponding to a delay in cross-slip events [25,30].
This delay was also observed in cyclically strained nickel single crystals oriented for multi-slips, with a minor
hardening due to hydrogen at higher plastic strain amplitudes [31]. When the dislocation structures induced by
fatigue in the presence or absence of hydrogen were analysed over a smaller length, the solute was found to
reduce the short-range interaction of dislocations, mostly in the channel phase (which contained low
dislocation densities), in relation to the shielding process. However, the solute increased the long-range
interaction induced by the wall phase at high dislocation densities (a phase that is mostly constituted of edge
dislocation dipoles) in relation to the formation of the Cottrell atmosphere, which can be attenuated by the
formation of vacancies and vacancy clusters [32]. In a previous study, we attempted to reproduce these results
by employing a crystal plasticity model [33]. The results showed that hydrogen can promote hardening and
softening effects through different mechanisms. Despite these studies, a difference in the effects of mobile and
trapped hydrogen has not been clearly established.

Depending on the dislocation structures induced by fatigue in the presence or absence of hydrogen, a
clear competition between hardening and softening is obtained. Hence, the use of nanoindentation (NI) is
appropriate because it can be used to determine the hardness of a metal with and without hydrogen. NI has
been performed with hydrogen pre-charged nickel alloys (Ni-201) and aged nickel alloy hydrogen systems
[34]. In both cases, it was observed that hydrogen had a minor effect on hardness, but it decreased the reduced
modulus in relation to the enhancement of vacancy formation by hydrogen incorporation. Moreover, in-situ
electrochemical nanoindentation (ECNI) has been developed for different metals, including nickel and nickel
alloys, improving the quantification of the impact of mobile hydrogen on physical properties [35-40]. When
the solute is introduced electrochemically, it has been demonstrated in different metals that hardness increases
(the maximum indent depths were lower during cathodic polarisation) [35,37-40], and also the reduced
modulus decreases with hydrogen charging time [40]. This variation in hardness has been explained by the
pinning of dislocations by the solute [38,39], which is supported by atomic and dynamic dislocation
simulations representing the interaction between hydrogen and dislocation [32,41,42]. However, less
information is available about these parameters when the sample is pre-strained. In this study we therefore
proposed to perform NI on cyclically pre-strained nickel single crystal with and without hydrogen. The
modification in hardness and the reduced modulus are discussed according to when hydrogen is incorporated
(before or during indentation) and the dislocation structures induced by the cyclic tests.

2. Method

NI tests were performed on cyclically pre-strained nickel and nickel-hydrogen pre-charged systems to
mechanically quantify the consequences of dislocation structures induced by cyclic tests in nickel crystal with
and without hydrogen. Table 1 presents the different samples used in this work. The details of the hydrogen
incorporation and fatigue tests were described in a previous study [31]. All mechanical tests (tensile, fatigue
and nanoindentation tests) were performed with the crystallographic <001> axis parallel to the normal direction
of the samples. In addition, we performed NI tests on <001> oriented nickel single crystal without hydrogen
and deformation, which were used as a reference for this study.

The same surface preparation was used for all samples. First, the extrema of the cyclically strained
specimens were cut to obtain samples with a dimension of 6x4x1 mm?®. They were then coated in a Mecaprex
MAZ2+ epoxy resin to form a cylinder 12 mm in diameter. The samples were electrochemically polished using
Struers lectopol-4. Polishing was carried out at ambient temperature for 20 seconds at 30V in a solution 1M
methanolic H2SOy4 to limit the roughness as much as possible [35,37]. Sample surface roughness was verified



by scanning probe microscopy (SPM) on each sample after electropolishing. The NI tests were performed only
when the surface roughness varied by a few nanometres on a 100 um? surface using a TI 950 Hysitron
triboindenter [38,39,43].

Table 1: Chosen samples for NI tests. The plastic shear strain amplitude (y;,) with the corresponding hardening
stage is provided for each sample. The nickel-hydrogen systems had an initial hydrogen concentration of 4 X
10~* H/Ni (~7 wppm) and they were aged at room temperature over several months.

Configuration Specimen number Specimen number in [31] Vp hardening Stage
Al A4 2.5x 1074 1Ly
, A2 A7 14 x 1074 I,
N A3 A8 25x107* IIIo/TT transition
A4 A10 51x107* 11
B1 B5 7.5%x 107 IIo/I11, transition
Ni-H B2 B9 20.5x 107* I/ transition
B3 B11 32.5x 107* I

In-situ ECNI tests were then performed on cyclically strained nickel single crystal samples (sample
numbers Al and A4 on Table 1). The experimental set-up containing three electrodes (working-, reference-
and counter-electrode) was connected to the cell through a double junction and used for in-situ testing in
various studies [35,44]. The sample represents the working electrode, and hydrogen charging was carried out
by applying a cathodic current density. For hydrogen desorption, an anodic potential was applied. Charging
potential was measured using a Hg/HgSOy reference electrode [37,39]. Moreover, the solution used was a
mixture of 80% borax/glycerol, 20% distilled water and 0.002 M sodium thiosulfate; the sulphate favours the
absorption of the hydrogen in the sample. The first current density was -0.4 mA.cm™, corresponding to a
potential between -2 V and -1.7 V to incorporate the solute. We then used an anodic potential of +100 mV to
desorb hydrogen from the samples. A delay of 30 minutes between the beginning of the cathodic (and anodic)
polarisation and the beginning of the NI tests was used, allowing hydrogen to be absorbed (and desorbed) to
(from) the metal [37]. Finally, it should be noted that this charging procedure does not provide an evaluation
of the charged or desorbed hydrogen concentration.

The tip and load function for the indentation tests were identical to the ones described in the previous
study [31]. A90° cube-corner shaped tip was chosen and the applied load function of each indentation consisted
of a loading rate of 200uN.s! up to the maximum load F,,,,, which varied between 5 uN and 500 pN for the
first NI tests. The maximum load was kept constant for 3 s in order to observe any creep effect during the
loading [45], then it was reduced to 10% of the maximum load for 1.25 s for drift correction [37]. The feedback
during testing was set to open-loop (no feedback). In this way, no feedback was used to control the load or the
displacement during testing [46]. However, it is important to note the acquired maximum load P,,,, may be
different from F,,,, in the obtained load-displacement (L-D) curves. Finally, we determined the hardness, H,
and the reduced modulus, E;., of the metal using the Oliver and Pharr method [47—49]:

Pmax
H =
A (1)
and
T dP
E, = vr X — 2)
2 /Ap dh



where dP /dh is the experimentally measured stiffness from the upper portion of the unloading part
of the L-D curves and A, is the projected contact area evaluated from the contact depth (h) and the tip area
function.

In order to improve our understanding of the antagonist softening and hardening effects of hydrogen
and the contribution of vacancies, we performed additional experiments on unstrained nickel single crystal and
nickel-hydrogen systems. Uniaxial tensile tests were conducted on nickel-hydrogen systems aged in air and
oriented parallel to the <001> axis. The sample was electrochemically charged for 72 h before the tensile tests
using the conditions presented in previous studies [50,51]. The initial hydrogen concentration was around
4.06x10* H/Ni, which was measured using thermal desorption spectroscopy (TDS). The mechanical tests were
performed identically to those presented in the previous study (micro-tensile testing machine, Kammrath &
Weiss 5 kN and a MTS 632.13F 10 mm extensometer [51]). With this set-up, we remained within the elastic
regime of the metal for all tensile tests (i.e. the yield stress was less than 50 MPa with a strain rate of 2.107 §°
h[52].

In parallel, we conducted TDS analyses on nickel-hydrogen systems having the same thickness as the
tensile strained sample in the elastic domains and aged in the same condition in air. The TDS analyses were
conducted with a Jobin Yvon Horiba EMGA-621W hydrogen analyser comprising a thermal conductivity
detector (TCD) [53]. Moreover, to investigate the consequences of vacancies induced by the hydrogen insertion,
we also quantified the vacancy concentration in aged nickel-hydrogen systems at several hydrogen desorption
times using differential scanning calorimetry (DSC) [53,54]. The vacancy concentration Cy,. was determined
through the stored energy of vacancies Eg%,. obtained from the heat flow curves of the DSC. Cy4. was then

calculated using the following equation [53,55]:

E%c NA
Cyac = X —— (3)
vace €vac M Ni

where ey is the formation energy of vacancies in nickel single crystal, which was 1.49 eV at 300 K
according to ab initio calculations [56]. Ny and My; are the Avogadro number and the molar mass of the host
metal, respectively.

We first performed NI on cyclically pre-strained nickel single crystal and aged nickel hydrogen
systems (the NI test performed on pure nickel without any deformation is given in supplementary material 1).
The aim of this study was to understand how the incorporation of hydrogen before the cyclic tests modifies
the dislocation structures induced by fatigue at different plastic strain amplitudes. The results of this experiment
are presented first. However, since the nickel-hydrogen systems were aged several months before the NI tests,
only trapped hydrogen remained in the samples. Consequently, we also performed in-situ ECNI on cyclically
pre-strained nickel single crystal (sample Al, ¥, = 2.5 X 10~* and sample A4, Yp = 51X 10~*) and the L-D
results are then discussed in the following section. The tensile tests, together with the TDS and DSC
measurements, were performed on un-strained aged nickel hydrogen systems and the results are analysed in
the discussion section. These additional tests were conducted to evaluate the consequences of vacancies
induced by hydrogen incorporation on the elastic properties of aged nickel hydrogen systems.

3. Results

3.1 Ex-situ nanoindentation on pure nickel and aged nickel-hydrogen systems

We conducted NI tests on cyclically pre-strained nickel samples with and without hydrogen. First, we
performed the tests on nickel single crystal with neither hydrogen nor plastic strain for several maximum forces,
Fnax- However, the hardness H decreased with the depth of indent (an effect observed in many metals
[45,57,58]) and is due to the indentation size effect. This effect can be described using models which assume
that the indent develops geometrically necessary circular dislocation loops to adapt to the penetration of the
indent [57,59]. Therefore, all the following NI tests were performed at F,,,, = 50 uN due to this significant



variation. The results of H and E) are presented as a function of the plastic strain amplitudes (y,) in Figures
1(a) and 1(b), for pure nickel and nickel-hydrogen systems, respectively. More than 50 load-displacement tests
were performed for each sample in order to obtain representative values of H and E,. We noted a slight
decrease in H with an increase in plastic strain amplitude up to y,, ~ 0.001, then the H remained constant at 3.8
GPa for pure nickel. When the solute was charged before the cyclic tests, H was lower for a given plastic strain
amplitude (3.6 GPa), a loss of 5.2%. Moreover, no particular effect of plastic strain amplitude and hydrogen
incorporation on the reduced modulus (E;) was noted, which was constant at around 160 GPa. It is important
to note that the hydrogen charging of these samples was conducted just before the fatigue tests and they had
been desorbed several months before the NI tests were performed. Hence, the nickel-hydrogen systems
contained only hydrogen trapped deep in the dislocation structures that develop in fatigue.
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Figure 1: Hardness of pure nickel and nickel-hydrogen systems with different plastic strain amplitudes
obtained at a load of 50 uN (a). The corresponding reduced modulus (b).

3.2 In-situ electrochemical nanoindentation on cyclically strained nickel single crystal

In-situ ECNI tests were also conducted on two cyclically strained nickel samples without hydrogen
(one of the samples with y,, = 2.5 X 10~* and the other with Yp = 51X 10™%). The L-D results are presented
in Figures 2(a) and 2(b). We observed similar behaviour for both of the cyclically pre-strained samples: when
hydrogen was introduced, the maximum indentation depth was reduced compared to the tests performed under
air. Then, during the NI tests under anodic polarisation (where hydrogen is desorbed from the metal), the
maximum indentation depth was identical to the value obtained when the tests were carried out under air.
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Figure 2: Load-displacement curves of in-situ ECNI on pre-strained nickel single crystals at y;, = 2.5 X 10~*
(a)and y, = 51 X 10~* pN (b). The blue curves represent the indents made under air, the red curves to those
obtained under cathodic polarisation and the green curves those obtained under anodic polarisation.

We then evaluated the H of the metal under different conditions from these L-D curves, and the results
are shown in Table 2. Contrary to the ex-situ tests (where the solute had time to desorb), a slight increase in H
was noted when the samples were electrochemically charged. This increase was observed in previous studies
for different metals (including nickel) and alloys [37—40,60,61]. Additional NI tests were then conducted under
anodic polarisation (where the solute had been desorbed). The L-D curves for these tests almost cover the
curves of the NI tests carried out in air, showing that the increase in H was only due to the incorporation of
the solute in the metal. Moreover, the E, was determined from these L-D curves, but large variations
(exceeding 20%) were obtained for the same sample in the same environment.

Table 2: Hardness values with the corresponding standard deviation (GPa) under different conditions.

Yp Air Cathodic Anodic
2.5x107* 4.00 +0.14 6.08 + 1.39 3.86 + 0.23
51x107* 4.57 £ 0.31 9.94 + 1.84 4.66 + 0.39

To summarise the results presented in this section, hydrogen introduced before the fatigue tests led to
a change in the dislocation structures, which reduced H compared with dislocation structures induced by
fatigue in pure nickel single crystal: hydrogen softened the microstructures. However, when in-situ ECNI tests
were performed on cyclically strained nickel single crystal, the solute led to an increase in H: hydrogen
hardened the microstructures. These results confirm the apparent conflict, discussed in previous studies,



between the hardening of the microstructure due to the incorporation of the solute and the softening associated
with the development of the microstructure induced in the presence of solute [31,32].

3.3 Vacancy contributions to the variation in the reduced modulus

Since no variation in E, was observed in the presence of trapped hydrogen, this indicates either a
recovery of the elastic properties or that hydrogen had no effect on these properties. It has been reported that
the E,. of commercial Ni-201 decreases with hydrogen, while the solute can interact with others impurities in
this alloy; it has also been observed that E,. tends to go back to its initial value when the solute is desorbed at
room temperature for one year [34]. This behaviour implies that the degradation of the elastic properties is
mostly due to mobile hydrogen, and that trapped hydrogen has only a minor effect. However, it is also well-
known that hydrogen induces the formation of vacancies and vacancy clusters [53,62—-64] and these defects
can have a stronger impact on the elastic properties than the solute itself [51,65]; this behaviour has also been
observed in other FCC alloys [66]. Thus, the behaviour of E,. should also depend on vacancy concentration.

Figure 3 presents the hydrogen concentration of an unstrained nickel-hydrogen system aged in air and
determined by TDS. This figure shows that after a month of desorption in air, hydrogen could still be observed
in the metal (the concentration was divided by 4 approximately). For a long hydrogen desorption time, the
concentration corresponded mostly to hydrogen trapped by defects formed by hydrogen incorporation (i.e.
vacancies and vacancy clusters). We therefore conducted tensile tests and differential scanning calorimetry of
aged unstrained nickel-hydrogen systems to evaluate the concentration of vacancies and their consequences
on the mechanical properties of the sample.

5.0
4.5
4.0
35+
3.0 ¢
25
2.0
1.5 ®
1.0
05+
° 01 0° 10* 10° 108 107
Desorption time (s)

Cyy (107 H/Ni)

Figure 3: Hydrogen concentration in nickel-hydrogen systems as a function of desorption time at room
temperature.

Figures 4(a) and 4(b) show examples of stress-strain and heat flow of aged nickel-hydrogen systems
at several hydrogen desorption times (2.6 X 103 s, 4.7 X 10% s and 2.6 X 10° s), respectively. When the
hydrogen desorption time was shorter, the slope of the stress-strain increased and the stored energy of vacancies
E3t. (the grey area under the curves) decreased, highlighting a recovery of the elastic properties when the
vacancy concentration decreased. We averaged the stored energy per vacancy concentration for at least four
samples to improve the measurement. Figure 4(c) groups the <001> Young’s modulus and vacancy
concentration in aged nickel-hydrogen systems for several desorption time besides the ones shown on Figures
4(a) and 4(b). The initial value of Eyp (Ni — H) was 15% lower than that of nickel without hydrogen
(Ego1(Ni) = 131 GPa). This effect has been comprehensively analysed in the past and can be attributed to the
formation of vacancy clusters induced by hydrogen ingress [51]. The concentration of trapped hydrogen was
measured by TDS and was around 6.10 H/Ni (1 wppm) after two months of hydrogen desorption. During the
desorption regime, we observed an increase in the Young’s modulus, which can be correlated with a decrease
in vacancy concentration. At ambient temperature, hydrogen atoms are more mobile than vacancies in nickel.



Hence, the solute desorbs from the metal and consequently the vacancies are annihilated, inducing a partial
recovery of the elastic properties.
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Figure 4: Stress-strain (a) and heat flow (b) in aged nickel-hydrogen systems. The concentration of vacancies

obtained with DSC measurements and the <001> oriented Young’s modulus is also provided for comparison

(c).

4. Discussion

4.1 Impact of hydrogen on the reduced modulus

We performed NI tests on cyclically pre-strained and hydrogen pre-charged nickel single crystal to
evaluate and characterise the different hardening and softening effects of a solute on the dislocation structures
induced by fatigue. First, standard NI tests were performed on a reference sample (pure nickel single crystal,



without any deformation or hydrogen). Then, we chose to evaluate the consequences of hydrogen and the
plastic strain amplitude at one maximum force (50 uN) since H depends on this value. We studied the
consequences of hydrogen on the E,, and H of cyclically pre-strained nickel and aged nickel-hydrogen systems.
No significant variation in the reduced modulus was observed between samples with or without trapped
hydrogen. We then proceeded to investigate the contribution of hydrogen and hydrogen induced vacancies to
the elastic properties of aged nickel-hydrogen systems. The main results were that hydrogen was desorbed as
well as the vacancies and a recovery of the <001> Young’s modulus was obtained when the specimens were
tensile strained in an elastic regime and aged in air. In previous studies, it was observed that vacancies induced
by hydrogen had a greater effect on the elastic properties of a metal than the solute itself [5S1]. Hence, the
reduced modulus of nickel-hydrogen systems may decrease in the presence of vacancies, and could then
increase up to a limit lower than the E, of pure nickel (similar to Eyq;). However, we observed that
E,.(Ni — H) = E,.(Ni), suggesting that there are other mechanisms reducing the vacancy concentration before
the NI tests. The nickel-hydrogen systems used for the NI tests were cyclically pre-strained at different plastic
strain amplitudes, yp. Additional DSC measurements were therefore made on cyclically pre-strained nickel-
hydrogen, and the results are presented on Figure 5. We observed that the vacancy concentration of cyclically
pre-strained nickel-hydrogen systems was lower than that of the initial structure, without deformation. In other
words, when the nickel-hydrogen systems were strained, the hydrogen induced vacancies and vacancy clusters
were annihilated by the cyclic tests, inducing the dislocation structures presented in a previous study [31]. We
use the word annihilation because less vacancies were observed with DSC. When a metal is cyclically strained,
these defects are more likely used to form dislocation dipoles (see reference [67] for more details on the
formation of a dislocation dipole). Moreover, a production of vacancy concentration was noted, in agreement
with the results of other studies [68—70] when the plastic strain amplitude yp increased, but the concentration
remained lower than the vacancy concentration of unstrained nickel-hydrogen systems. Hence, the E, of
cyclically strained pure nickel and aged nickel-hydrogen systems was similar (Figure 1(b) because the
vacancy induced by hydrogen was reduced by the cyclic tests and by the desorption time.
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Figure 5: Vacancy concentration with the plastic strain amplitude of nickel-hydrogen systems. The different
hardening stages of the cyclic tests are also provided.

4.2 Impact of hydrogen on hardness

During the standard NI tests, the H of cyclically pre-strained nickel-hydrogen specimens was lower
than that of cyclically pre-strained pure nickel for all plastic strain amplitudes. Using equation (1), the H values
in our study may reflect different penetration depths of the tip for a given P, load. Initially, when the NI
tests were carried out on cyclically pre-strained nickel, the penetration depth was higher compared to the
unstrained material for a given maximum load. This induced a decrease in H because the structure had more
dislocation sources, allowing the indent to penetrate more easily [71,72]. Then, when in-situ NI tests were
carried out under electrochemical charging, a clear hardening was observed, i.e. the penetration depth was
lower.



The hardening effect of hydrogen has been observed in pure nickel [35] and also on many metals and
alloys such as ferritic stainless steel [40], dual phase steels [39] and nickel alloys [37]. Discrete dislocation
dynamics (DDD) simulations may explain this hardening [42]. The authors showed that for materials with a
low hydrogen diffusion coefficient (e.g. monocrystalline nickel), the solute accumulated around the edge
components of a dislocation loop, causing a pinning effect. This pinning then induced an increase in the
constraint to move the loop. This effect was observed during the in-situ NI tests and is equivalent to a constraint
that blocks plastic flow. In the work of Girardin and Delafosse, this constraint was evaluated through
experimental measurements of the solute drag with dynamic strain ageing [73]. From the different ageing peak
stresses used , they expected a saturated pinning stress of around 20 MPa in pure nickel when 1.89.10 H/Ni
(32 wppm) of hydrogen was incorporated into the metal [73]. In a previous study, the pinning effect of edge
dislocations by hydrogen ATMNE (for Mott-Nabarro-Labusch) was also described using a model based on the
solid solution strengthening of dislocations [74—78]:

1/3

1/2
AgMNL — @(C_H)m <1 + 2_5K(26HF1) ) @)

b? 2Fl b fmax

where b is the Burgers vector (0.25 nm), f;,,4, represents the maximum interaction force between
solutes and dislocations, and w corresponds to the interaction distance of the solute with the dislocation. I is
the line tension coefficient. The details on how to determine these values were presented in the previous study
[32], and they are: 1.4x10'° N, 2.5b and 0.95 X ub?/2 x (1 — 2v), with u and v, the shear modulus and
Poisson ratio of pure nickel. Using these values, we obtained a critical stress ATMNL of 31 MPa when the
hydrogen concentration was 1.89%x 1073, which is of the same order as the estimated 20 MPa from another study
[73]. The hardening effect of hydrogen on pre-strained nickel single crystal is therefore similar to the hardening
seen during DDD simulations of materials with a low diffusion coefficient containing dislocations: the solute
hardens the metal in accordance with models for solid solution strengthening theory.

On the other hand, when hydrogen entered the metal before the fatigue tests, which was then aged for
a few months at room temperature (desorption), a softening was obtained; this effect was also observed in Ni-
201 alloy [34]. The cyclic tests reduced most of the vacancies induced by hydrogen (Figure 4) and the
desorption time between the fatigue tests and the NI tests also allowed the lattice solute to desorb (and
consequently allowed the remaining vacancies to be annihilated (Figure 3). Hence, only trapped hydrogen and
trapped vacancies were in the nickel-hydrogen systems compared to cyclic pre-strained nickel (for both
systems, there were also vacancies formed with the cyclic loadings). These vacancies segregated around the
elastic field and attenuated the pinning effect of the edge component of the dislocation dipole by the solute
atmosphere, as was highlighted with atomic simulations in the wall phase of cyclically strained metals in the
previous study [32]. Based on our recent work on the elastic screening induced by hydrogen on nickel plasticity
[26], the short-range and long-range internal stress of this phase was reduced with hydrogen, supporting the
HELP (hydrogen enhanced localized plasticity) mechanism proposed to describe hydrogen embrittlement.
Both effects are plausible explanations for the decrease in hardness with the addition of hydrogen in the present
configuration. Moreover, this HELP mechanism could also play a role similar to the one it plays in BCC generic
alloys: in a recent study, mechanical tests were performed on steels and the content of mobile and trapped
hydrogen were determined. The results provide experimental proof that hydrogen trapped by dislocation plays
a determinant role in the embrittlement of the alloys [79]. However, it is also important to note that compact
screw dislocations control the plasticity of these alloys, whereas, in FCC alloys, dissociated edge dislocations
play a more important role.

5. Conclusion

In this work, we performed NI tests on cyclically pre-strained nickel with and without hydrogen. Two
antagonist processes (hardening and softening) were identified. Desorption time and cyclic tests reduced the
concentration of vacancies formed by the incorporation of hydrogen. This decrease involved a recovery of the
elastic properties; consequently, the reduced modulus is almost identical for pure nickel and aged nickel
hydrogen systems. A decrease in hardness was observed which could be attributed to an attenuation of
hydrogen in a Cottrell atmosphere due to trapped vacancies, and a reduction in the short range and long-range
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internal stress in the channel phase in the presence of hydrogen. When the solute is incorporated in-situ
electrochemically, a clear hardening was obtained, in agreement with previous studies. This effect was due to
a pinning effect of the dislocations induced by the solute. Assuming this mechanism is predominant when the
in-situ ECNI tests were performed, we evaluated the saturated pinning stress with a model for solid solution
strengthening and parameters determined in a previous study. The deduced saturated pinning stress was in
agreement with the results from static strain ageing in nickel single crystal.
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