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The influence of hydrogen on cyclic plasticity of <001> oriented nickel single
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Abstract: The present paper discussed the impact of hydrogen on the mechanical response of
cyclically strained nickel single crystal oriented for multi-slips at different length scales. At
macroscale, as a function of the plastic strain, the hydrogen seems to induce competition between
softening and hardening of the metal. Then, by separating internal stresses induced by long-range
and short-range interactions between dislocations (represented by back and effective stresses,
respectively), we noted that hydrogen reduces the effective stress but has a more complex
behaviour with the back stress. Therefore, observations with transmission electron microscope
and nano-indentation tests have been performed on cyclically pre-strained nickel single crystal
with and without hydrogen. The dislocation organisation induced by the cyclic tests is similar for
nickel with and without hydrogen. In both cases, the dislocation arrangement can be affiliated to a
composite structure with a wall phase containing mainly edge dislocation dipoles and a channel
structure where the mobility and cross-slip events of screw dislocations occurred. From both
approaches, we observed that hydrogen hardens the wall phase while it softens the channel phase.
These results are discussed on the base of plasticity mechanisms.

Keywords: A: fatigue; B: crystal plasticity; C: mechanical testing; C: electron microscopy;
hydrogen

1. Introduction

It is well-known that hydrogen affects the mechanical properties of metals inducing the
premature failure of engineering structures under static or cyclic loadings (Blanc and Aubert, 2019;
Gangloff and Somerday, 2011). From the damaged surfaces of the different structures, several
models have been proposed to describe hydrogen embrittlement (HE) and have been reviewed in
the non comprehensive literature (Ashby and Hirth, 1986; Barnoush and Vehoff, 2010; Feaugas and
Delafosse, 2019; Hirth, 1980; Lynch, 2019, 2011; Magnin, 1995; Martin et al., 2019; Nagumo,
2016; Roberston et al., 2009; Robertson et al., 2015). In the work of Kirchheim (Kirchheim, 2007a,
2007b) as well as in a more recent review of Feaugas and Delafosse (Feaugas and Delafosse, 2019),
this phenomenon is presented as the reduction of the energy to form or emit defects such as
dislocations, vacancies, vacancy clusters... (Beachem, 1972; Birnbaum and Sofronis, 1994; Carr
and McLellan, 2004; Delafosse and Magnin, 2001; dos Santos et al., 2003; Fukai, 2005; Hachet et
al., 2018; Li et al., 2017), or the cohesive and surface energies (Kirchheim et al., 2015; Lynch,
1979; Oriani, 1970; Troiano, 1960). These different models encompass the interactions between
hydrogen and defects, which have been unified in the work of Kirchheim (Kirchheim, 2007b,
2007a), through the use of “defactants” concept. However, the description of HE in metals becomes
more delicate in case of plastically strained metals, which implicates to manage a large variety of
length and time scales of several mechanisms.

Information on the impact of hydrogen on the mechanical response of tensile strained nickel
is also available in the literature for single crystal oriented for single slip (load axis parallel to
[135]) (Delafosse, 2012; Girardin et al., 2015; Girardin and Delafosse, 2004; Windle and Smith,
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1968), nickel single crystal oriented for multi-slips (Ghermaoui et al., 2019; Girardin et al., 2015;
Windle and Smith, 1968) and polycrystal (Boniszewski and Smith, 1963; Eastman et al., 1982;
Harris et al., 2018; Kimura and Birnbaum, 1987; Lawrence et al., 2017; Mclnteer et al., 1980; Sirois
and Birnbaum, 1992; Wang et al., 2017; Wilcox and Smith, 1964). When the metal is oriented for
single slip, a clear competition between softening and hardening effect of hydrogen has been
highlighted depending on the plastic strain (Girardin et al., 2015). The authors managed to explain
the different mechanisms by investigating at lower length scales the induced dislocation structures
with and without hydrogen. At low plastic strain, hydrogen in the Cottrell atmosphere increases the
drag stress of edge dislocation and provokes a hardening. This effect has been also illustrated using
discrete dislocation dynamics in nickel (Gu and El-Awady, 2018) and has been evaluated with a
dynamics strain ageing study (Girardin and Delafosse, 2004). At larger plastic strain, the solute
induces a shielding effect of dislocations and then increases the number of dislocations’ sources,
which softens the metal and supports the HELP (Hydrogen-Enhanced Localized Plasticity) model
detailed in previous studies (Beachem, 1972; Birnbaum and Sofronis, 1994; Delafosse and Magnin,
2001). Then, at even larger plastic strain, the solute reduces the inter-wall dislocation structure,
which has been observed with transmission electron microscopy (TEM). It induces the second
hardening, which has been confirmed in a more recent study on polycrystalline nickel (Wang et al.,
2017) and on single crystal oriented for multi-slips (Ghermaoui et al., 2019). Consequently, when
the metal is tensile strained with and without hydrogen, the results at macroscale are deduced from
the interactions between the solute and dislocations (and also dislocation pattern) visible at the
microscale. To investigate these interactions and the consequences to the HE processes, in-situ
electrochemical nano-indentation (ECNI) in nickel single crystal has been used previously in the
literature. Such a technique allows evaluating the consequences of the solute for the onset of
plasticity (Barnoush and Vehoff, 2010, 2008). The main result shows that hydrogen reduces the
required stress for homogeneous dislocation nucleation through a combination of different
phenomenological proposed model (Barnoush and Vehoff, 2010). This result has been also obtained
with large-scale molecular dynamics (MD) simulations but to a limited extent, in the context of a
quasi-homogeneous dislocations population (Zhou et al., 2016).

The impact of hydrogen on cyclically strained nickel single crystal has been less extensively
studied than for tensile tests (Castelluccio et al., 2018; Magnin et al., 2001). It is well-known that
cyclic loadings promote the formation of dipolar dislocation pattern in nickel single crystal as any
FCC metals and alloys. From the evolution of the saturation stress with the plastic strain amplitude,
different pre-dominant dislocations organisations have been related (Argon, 1996; Laird, 1996; P. Li
et al., 2011; Mughrabi, 1978), which are similar for all face centred cubic (FCC) metal. They
correspond to different cyclic hardening stages, which have been classified in the literature in the
form of fatigue mechanisms maps (Feaugas and Pilvin, 2009; Pedersen, 1990). When single slip
oriented FCC are cyclically strained, three hardening stages (Ilo, IIlp, III) have been observed
(Feaugas and Pilvin, 2009; Li et al., 2009; P. Li et al., 2011; Mughrabi, 1978). The dislocation
organisation is mainly separated into two phases, which are called wall structure containing mostly
edge dislocation dipoles and channel structure where the mobility and cross-slip processes of screw
dislocations occurred (Mughrabi, 1988, 1987, 1983). A previous study has been performed on the
impact of hydrogen on the mechanical response of single slip oriented nickel single crystal (load
axis parallel to [153]) (Magnin et al., 2001). The solute delays the beginning of stage IIlo, which
implicates a decrease of the cross-slip probability (Delafosse, 2012) and has been confirmed
through numerical simulations (Gu and El-Awady, 2018; Wen et al., 2007). In addition, hydrogen
reduces the saturated stress and softens the metal for all plastic strain amplitudes. This softening
effect has been affiliated to a reduction of the internal shear in the persistent slip band (PSB),
assuming hydrogen mainly segregated in wall dislocations structures. However, we still have
limited information on the dislocation organisation induced by fatigue in nickel single crystal in the
presence of hydrogen, the observed softening effect of hydrogen is obtained only for one hydrogen
concentration and finally, the impact of hydrogen on the mechanical response of multi-slips oriented



nickel single crystal still remains unknown. Therefore, we propose this multi-scale study on the
consequences of hydrogen on the mechanical responses of cyclically strained nickel single crystal
oriented for multi-slips (load axis parallel to <O01>) composed of two articles (part I and part II).
The aim of this article (part I) is to evaluate experimentally the softening or/and hardening effect of
hydrogen when nickel is cyclically strained, correlated it with the internal stresses and the
dislocation structures induced by fatigue. The second part of this work (companion paper, part II)
will focus on the understanding of the interactions between hydrogen and the fatigue-induced
defects using a numerical approach.

2. Materials and method
2.1 Hydrogen incorporation and uniaxial cyclic tests

The study has been performed on nickel single crystals with a purity of 99.999% provided
by Goodfellow. The specimens have been manufactured by the STEEC Company using the electro-
erosion method (Oudriss et al., 2012). Hydrogen has been charged using two methods, which were
electrochemical and chemical ways in a double-walled cell. The experimental procedure for the
electrochemical way consisted in imposing a cathodic polarisation of -10mA/cm? in a 0.1M NaOH
deaerated solution on both sides of the (100) crystallographic plane for 72 hours at 298K (Li et al.,
2017; Oudriss, 2012). The thickness of the sample was 1 mm and the temperature has been kept
constant during hydrogen charging by a thermocryostast. The concentrations of hydrogen measured
with thermo-desorption spectroscopy (TDS) was about 4x10* H/Ni (~7.5 wppm). This result is in
agreement with previous experimental data available in the literature (Fukai, 2005; Lee and
McLellan, 1984; Oudriss et al., 2012). The second method (the incorporation of hydrogen by the
chemical way) consisted to immerse the specimens in an ammonium thiocyanate solution
(NH4SCN) with a concentration of 250g.L"! for 24h at 323K. This inorganic compound is often
used with a lower concentration as a poison to incorporate hydrogen in metal by the electrochemical
way (Akiyama and Li, 2016). The temperature of the double-walled cell has been also kept constant
during hydrogen charging and the concentration of hydrogen measured with TDS is about 8x10*
H/Ni (~13 wppm).

Then, we have performed series of uniaxial cyclic tests on two pre-charged hydrogen
concentration, the first one electrochemically charged (with Cy = 4.10* H/Ni) and the second one
chemically charged (Cu = 8.10% H/Ni) besides the cyclic tests performed on pure nickel. The
mechanical tests have been carried out on <001> oriented nickel single crystal specimens (20 mm x
4 mm x 1 mm and a gauge length of 10 mm) with a micro-tensile testing machine (Kammrath &
Weiss, SkN) at room temperature. The strain was controlled during the cyclic tests with an
extensometer and strain rate has been kept constant at 2.107 s! in addition to the applied strain
amplitude for all mechanical tests. These conditions induced an increase of the applied stress
(measured with a SkN tension/compression module) with the number of cycles until a stabilisation.
This stabilisation suggests a homogenisation of the dislocation structures for a given plastic strain
amplitude (Gentet, 2009; P. Li et al., 2011) and the mechanical tests have been therefore stopped.

2.2 Microstructural characterisation using transmission electron microscopy

We investigated the microstructure developed by the cyclic tests at several plastic strain
amplitudes of pure nickel and electrochemically pre-charged nickel using TEM. The induced
dislocation arrangement has been investigated using a JEOL JEM 2011 electron microscope
operating at 200kV. Foils for TEM have been thinned in a double twin-jet electro-polisher using
electrolytes at the conditions described previously (Feaugas, 1999; Miyata, 2003). Different plastic
shear strain amplitudes have been observed in the present study, which is attributed to different
cyclic hardening stages (Ilo, IIlo, IIT) with different dislocation features. The characterisation of the



developed dislocations structures with and without hydrogen has been determined statistically. This
approach has been used in previous studies to describe the dislocation arrangement of
polycrystalline nickel (Feaugas and Haddou, 2007; Hughes and Hansen, 2000) and nickel single
crystal (Girardin et al., 2015; Oudriss and Feaugas, 2016). The dislocation densities p have been
determined using standard intersection method (Amelinckx, S., 1971; Oudriss, 2012; Underwood,
1973) from TEM images collected by Digital Micrograph™ software.

2.3 Nano-indentation details and contact mechanism

Nano-indentation (NI) tests have been performed on cyclically pre-strained nickel single
crystal and nickel-hydrogen systems, which have been aged several months. All surfaces of each
sample have been electropolished at room temperature during 20s with a potential of 30V in a 1M
methanolic H>SO4 solution to remove the strained surface layer (Barnoush and Vehoft, 2010;
Stenerud et al., 2017). The sample surfaces have been checked by scanning probe microscopy
(SPM) to ensure the surface roughness was small enough to conduct the NI tests and the surface
condition has been identified for all specimens (Barnoush and Vehoff, 2008). Then, the indents have
been performed in a Hysitron Triboindenter with 90° cube-corner shaped tip. This tip was chosen
because it has a smaller ideal projected area compared to Berkovich and 90° conical-shaped tips
(Barnoush and Vehoff, 2008; Fischer-Cripps, 2007). The applied load function of each indentation
consisted of a loading rate of 200uN.s™! up to the maximum load of S0uN. The maximal load has
been kept constant during 3s in order to observe any creep effect during the loading (Barnoush,
2008), then it has been reduced to 10% of the maximum load for 1.25s for drift correction (Stenerud
et al., 2017). The feedback during testing has been set to open-loop (no feedback). In this way, no
feedback has been used to control the load or the displacement during the testing (Ebenstein and
Wahl, 2006).

Some series of NI tests have been linked to electron channeling contrast imaging (ECCI) in
order to study the indents hitting the different dislocation structures developed from cyclic loading.
The indents have been investigated via ECCI in the environmental scanning electron microscope
(ESEM, Quanta 650 FEG, Thermo Fisher Scientific Inc., USA) (Hajilou et al., 2017; Wan et al.,
2018). A solid-state four-quadrant backscatter electron (BSE) detector has been used at an
accelerating voltage of 30kV. The contrast was controlled to an optimum state by using optimum
working distance and tilting the specimen to a two-beam diffraction condition. The BSE contrast
normally consists of the information from the atomic number and local misorientation. Since the
investigated specimen had a uniform phase constituent, no atomic number information was
released. In addition, since the specimen was prepared by electropolishing to remove the
deformation layer from grinding and mechanical polishing, only the contrast from the local plastic
strain (introduced by defects, i.e.: dislocations in the present study) could be observed in the present
results. Therefore, this set-up is suitable and has been adopted to check the indents on the cyclically
deformed area (Wan et al., 2018; Wan and Barnoush, 2019).

The load-displacement (L-D) curves of NI tests are separated in 3 stages, which are the
elastic loading, the discrete transition between elastic and plastic regions (pop-in) and the continued
elastoplastic loading (Barnoush and Vehoff, 2010, 2008). The initial elastic response, before the
pop-in event, is described by the contact mechanism theory with the Hertzian fit (Hertz, 1881).

4
P= §Er Rh3 (1)

with P and h the indentation load and depth, respectively. The reduced Young’s modulus E, has
been determined accordingly to the Oliver and Pharr method (Oliver and Pharr, 1992; Renner et al.,
2016; Vlassak and Nix, 1994). From equation (1), the indenter tip radius R has been calculated and



used to determine the maximum contact pressure p, with the following expression (Barnoush,
2008; Gao and Bei, 2016; T. L. Li et al., 2011):

1/3
_ 6PpO]:)—inE7g (2)
pO - 7T3R2

with P,,,_in the applied load when the pop-in occurred. The orientation effect of the
crystallographic plan was pointed out in the literature experimentally and numerically in the case of
FCC crystals (Liu et al., 2008; Renner et al., 2016). Therefore, Gao and co-workers introduced an
indentation Schmid factor for circular contact Sguy;) in order to evaluate the maximum resolved
shear stress acting on slip systems at the onset of plasticity (Gao and Bei, 2016; T. L. Li et al.,
2011):

Thaxe = Po X S(hkn) 3)

with (hkl) the crystallographic plane of the material. Spq;= 0.243 in case of indentation of (001)
crystallographic plane to activate a/2<011>{111} slip systems for nickel single crystal (T. L. Li et
al., 2011).

3. Results
3.1 Cyclic response

The uniaxial cyclic tests have been performed on nickel single crystal with several hydrogen
concentrations (0 H/Ni, 4x10™ H/Ni, 8.10* H/Ni) until we observed a negligible variation of the
stress with the number of cycle N (saturation state). Figure 1 presents the amplitude of shear stress
T as a function of the ratio N/Nt with Nt (equal to at least 300 cycles when yp=7x10* and 150
when yp=25x10"*) for nickel and nickel-hydrogen systems. When the variation of the stress is
negligible (stationary state), hysteresis loops of samples with and without hydrogen is obtained and
presented in supplementary material 1.

At low plastic strain amplitude (yp=7x10"), the amplitude of shear stress of the last cycle
for Ni-H systems is lower than the stress of the last cycle for pure Ni. However, at larger plastic
strain amplitude (yp=25x10"*), a minor increase of this stress is observed when the solute is pre-
charged into the host metal. Then, we have determined the saturated stress 7, for a given plastic
shear strain amplitude yp for Ni, Ni-Ho 0004 and Ni-Ho.o00s. These values are all regrouped in table 1,
which also specifies which samples have been analysed using TEM and NI after the cyclic
deformations.

The cyclic stress-strain curves (CSSC) of nickel with and without hydrogen were obtained
from the analysis of the hysteresis loops and they are presented in figure 2. In the case of pure
nickel, the results are in good agreement with data from the literature (Bouteau, G., 2013; Buque,
2001). In addition, the cyclic hardening curve of nickel highlights the different hardening stages
which are I, Ilo, Illp and III and corresponds to the predominance of a dislocation organisation (Li et
al., 2009; P. Li et al., 2011).

When hydrogen has been introduced by chemical and electrochemical ways, a competition
between softening and hardening is noted with the plastic strain amplitude. A decrease of the
saturation stress is observed for stages Ilp and Illp (yp < ~3.10%) and a minor increase of 74 is
obtained in stage III. Although a larger hydrogen concentration is noted when the solute is
introduced chemically, the cyclic stress-strain curves of both nickel-hydrogen systems are similar.



Thus the hydrogen concentration seems to have a minor effect on 7,,. In addition, the introduction
of hydrogen in nickel single crystal shifts the transition between the stages Ilp and IIlo at larger
plastic strain amplitudes. This result is a macroscopic evidence of the effect of the solute on the
decrease of the cross-slip probability, already observed on single slip oriented nickel single crystal
in the literature (Castelluccio et al., 2018; Delafosse, 2012; Magnin et al., 2001).
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Figure 1: Shear stress as function of the ratio N/Nt when the plastic strain amplitude is equal to
7x10* (a) and 25x10* (b). The shear stress T and shear strain y have been deduced to longitudinal
cyclic stress-strain curve (o, €) using geometric considerations (Schmid and Boas, 1950): T = 0.4 X
candy = £/0.4.

Table 1: Fatigue test data for nickel-hydrogen systems with several hydrogen concentrations (0
H/Ni, 4x10* H/Ni and 8x10™* H/Ni) with a loading axis parallel to the <001> direction, with Ny the
total number of cycles.

Specimen Technique
Material P Ny vp (1x10%) 7,5 (MPa) used after the
Number )
cyclic test
Al 450 0.3 25.6
A2 300 1.5 34.8 TEM
Ni A3 300 1.7 38.3
A4 300 2.5 42.8 NI

A5 250 7.1 55.6




A6 200 12.7 64.2 TEM

A7 150 14.0 58.8 NI
A8 150 25 60.8 NI
A9 100 49.3 78.1 TEM
A10 100 50.9 72.1 NI
Bl 500 2 31.5 TEM
B2 500 2.2 36.3
B3 200 4.7 46
B4 200 6.2 45.2
B5 200 7.5 52.2 NI
Ni-Ho.0004 B6 150 8.1 52.1
(hydrogen B7 150 8.9 55.3
pre-charged
electrochemically) B8 150 9.9 56.8 TEM
B9 150 20.5 61.1 NI
B10 150 25 62.8
B11 150 32.5 69.6 NI
B12 150 47.6 64.9
B13 100 50.3 70.5 TEM
) Cl 500 2.5 38.5
Ni-Ho.0008
(hydrogen C2 300 6.7 51.8
pre-charged C3 150 25 61.9
chemically)
C4 150 32 68.9
80 .
70 | 111, /2!"? ’
s ,
= 50+
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" m?‘:ooom .
20 , , Mo.0008 ®
104 1073 1072

Figure 2: Cyclic stress-strain curves of pure Ni and Ni-H systems at different plastic shear strain
amplitude. The different hardening stages I, 1lo, Illp and III are indicated. A comparison with the
literature is also provided for <O01> oriented Ni (Bouteau, G., 2013; Buque, 2001).



3.2 Internal stresses

The saturation stress has been decomposed in terms of effective and back stresses (T, and

Ty, respectively) and evaluated from the hysteresis loops of each mechanical tests according to the
method proposed in the work of Dickson et al. (Dickson et al., 1984, 1983) and thoroughly
discussed in the work of Feaugas et al. (Feaugas, 2003, 1999; Feaugas and Haddou, 2007). The
effective stress represents the short-range interaction of dislocations, its mobility is affected by the
elastic field of the cross object only when it is close to this one. In contrast, the back stress
represents the long-range interactions of the defect, which is modified by the elastic field of the
cross object well before being near this one (Feaugas, 2003; Kassner et al., 2013; Mughrabi et al.,
1986).

The determination of the effective and back stresses has been performed on the hysteresis
loops of nickel single crystals with and without hydrogen (an example is given in supplementary
material 1) and the results are represented in figure 3 as a function of the plastic strain amplitudes.
We note the solute reduces the stress T.7¢ for all plastic strain amplitudes and this reduction is
larger with the hydrogen concentration (figure 3(a)). Consequently, hydrogen addition reduces the
short range elastic interactions between dislocations. Thus, this result suggests that hydrogen
increases the mobility of dislocation locally for every plastic deformation and supports the HELP
mechanism. The latter characterised hydrogen embrittlement with an increase of emission and
mobility of dislocations in the presence of the solute according to the shielding model. The
behaviour of the back stress seems more complex because it depends on the plastic strain amplitude
and the hydrogen concentration (figure 3(b)). We note a minor softening of the back stress at the
cyclic hardening stage IIp (yp < ~1.107%) and a hardening of the back stress beyond this limit when
hydrogen has been introduced electrochemically. This change of behaviour should be associated
with other microstructural characterisations in order to understand the processes acting on Ty.
Finally, when hydrogen has been introduced chemically at a larger concentration, a significant
hardening of the back stress is noted for all plastic strain amplitudes.
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Figure 3: Influence of hydrogen on the effective stress 7,7 (a) and back stress Tx (b) of nickel
single crystal. The black arrows highlight the effect of the solute on the internal stresses.

3.3 Dislocations organisation

The microstructures associated with the cyclic hardening stages Ilo, IIlo and III of nickel
single crystal and nickel-hydrogen systems pre-charged electrochemically have been observed using
TEM and their microstructures are presented in figure 4. The dislocation organisation developed for
all hardening stages is in agreement with the literature (Argon, 1996; Laird, 1996; P. Li et al., 2011).
It is separated into two phases (wall and channel phases), as previously detailed (Mughrabi, 1988,
1987, 1983). The nickel-hydrogen systems have been pre-charged electrochemically during 72h,
inducing a hydrogen concentration of 4x10* H/Ni before the cyclic tests. Then, the samples have

been aged several weeks at room temperature before the TEM observations.
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Figure 4: Microstructure induced by cyclically strained nickel (left) and nickel-hydrogen systems
(right) at stages Ilp (top), lllp (middle) and III (bottom).

The first comparison of the TEM images reveals no significant qualitative difference
between the dislocation organisation of nickel and nickel-hydrogen systems. This observation
suggests that the solute has a minor impact on the microstructures induced by fatigue when its
initial hydrogen concentration is 4x10* H/Ni. We have effectuated a throughout statistical analysis
of the distribution of each microstructure and evaluated their dislocations density for all TEM
images in order to discuss the quantitative impact of hydrogen on the dislocations organisation.
During this study, we have evaluated the size distribution of each phase (wall and channel) for both
systems at each cyclic hardening stage (more than 150 measurements have been performed for one
distribution). Supplementary material 2 presents the size distribution of walls e and channels A of
nickel and nickel hydrogen systems for all stages. The average sizes of the wall <e> and channel
<A> have been determined from these distributions and we have calculated the fraction of walls
with the following equation (Oudriss and Feaugas, 2016):

<e>

= @)
<e>+ <A>

fw

The different fractions of wall structures of cyclically pre-strained Ni and Ni-H systems are
presented in table 2. For all the hardening stages, the fraction of wall phase decreases with the



incorporation of hydrogen. This behaviour is mostly due to a decrease of the inter-wall spacing (see
supplementary material 2 for more information).

Table 2: Fraction of walls f,, in nickel with and without hydrogen for the different cyclic hardening
stages.

Stage [Ip  Stage IIlp  Stage III
Ni 34.2 % 27.9 % 28.7 %
Ni-H 16.7 % 25.5 % 23.9 %

Then, the dislocations densities in the wall (p,,) and channel (p.) phases have been
determined and the results are represented in figure 5. At least, 15 grids with a total length L of
100um (for some measurements total length of the grid was equal to 300um) have been
superimposed on each phase of a strained sample in order to obtain a representative result of the
dislocations density.
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Figure 5: Measured dislocation densities in wall (p,,) and channel (p.) structures for the stages Ilo,
Mo and III of pure Ni (blue) and Ni-H systems (red).

The standard deviation of dislocation density in channel phases is relatively large (> 60 %
for some cases) for each p, measured because the defects are less visible in this phase. This
observation has already been pointed out in a previous study (Oudriss and Feaugas, 2016).
However, the consequence of the defect is still noted for all phases in the different hardening stages.
Indeed, we observe a decrease of the dislocations density in channels p, and an increase of p,, when
hydrogen has been pre-charged in nickel single crystal for all plastic strain amplitudes.

These statistical studies present a significant impact of hydrogen on the dimensional
characteristics of the induced heterogeneities (f;,), but also on the dislocations densities (p,, and
pc)- Nevertheless, it is decisive to evaluate the impact of the solute on the local mechanical
characteristics of each microstructure. Therefore, NI tests have been performed on pre-strained
nickel single crystals with and without hydrogen at several plastic strain amplitudes.

3.4 Nanoindentation with ECCI

First, NI tests with ECCI have been performed on the pre-strained sample in order to
individualise the mechanical behaviour of indents when they hit the different induced dislocation
phases. Figure 6(a) presents the indents conducted of sample B5 (table 1), which is a cyclically pre-
strained nickel-hydrogen system with a plastic strain amplitude of 7.5 x 10*. This sample is at the
transition between stages Ilp and IIlp, where dipolar walls are visible. For this series of 25 indents,
4 presented non-usable L-D curves, 5 indents hit a wall phase (which are represented with blue



numbers), 11 touched a channel phase (which are represented with red numbers) and the last 5
indents hit a channel too close to a wall phase (they are represented with green numbers) and were
therefore not taken into account. The corresponding L-D curves of the indents hitting the wall and
channel phases are represented in figure 6(b). A tip radius R of 181 nm has been evaluated from the
Hertzian fit applied to the elastic part of these curves (until Py,,_j, for each curve). R has been kept
constant in order to determine the reduced Young’s modulus E;..

Wall —
Cell

Force (UN)
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Depth (nm)

Figure 6: ECCI of indents made on cyclically pre-strained Ni-H systems (yp=7.5 x 10%) (a).
Corresponding load-displacement curves of indents that are hitting wall or channel phases (b).

Table 3 presents the results when the indenter hits wall and channel phases. We note a minor
variation of the reduced Young’s modulus (<10 %) between both microstructures. It can be
explained because the reduced Young’s modulus has been evaluated from the unloading part of the
L-D curves where the plastic zone of the indent is beyond the dimensional limits of the different
phases. However, a difference of average value is obtained for the pop-in load P,4p,—in, Which is

transmitted on the maximum resolved shear stress T25>.. We note a deviation of ~16% between the
average values of 7R3> of the indents in a wall or a channel phase. Moreover, one can note that
larger critical stress is obtained when the indenter hits a channel phase than the wall phase, such
counter-intuitive result is discussed in the next section. Therefore, a statistical study has been
performed to identify the average behaviour of indenter touching the different microstructure at

different hardening stages of nickel single crystals with and without hydrogen.



Table 3: Pop-in load, reduced Young’s modulus and maximum resolved shear stress of the different
indents hitting wall and channel phases of cyclically pre-strained Ni-H systems.

Indent Number Ppop—in (UN) E, (GPa) TRSS (GPa)
6 17.40 172 3.52
8 11.31 208 3.47
Indenter hitting wall 9 18.89 163 3.50
structures 13 16.03 179 3.53
14 19.51 155 3.41
<> 16.63 175 3.49
2 22.81 188 4.10
3 17.79 215 4.12
4 31.49 188 4.56
5 24.45 178 4.04
10 19.47 183 3.81
Indenter hitting channel 11 20.81 178 3.84
structures 15 22.27 187 4.04
16 20.49 211 4.26
17 21.32 179 3.87
19 22.80 207 4.36
20 19.65 200 4.06
<> 21.63 191 4.04

3.5 Statistical study on the maximum resolved shear stress of wall and channel structures

We previously observed different average maximum stresses <tX>5,> depending on where
the indenter hits the dislocation organisation induced by fatigue. Therefore, we choose to perform a
statistical study of <255 > on cyclically pre-strained Ni and Ni-H systems at different plastic strain
amplitude (specimens presented in table 1) in order to analyse the evolution of the internal stress
induced by the different phases with and without hydrogen. Moreover, we have performed a
statistical study on nickel single crystal without any deformation, which is used as a reference state
in this study. Figure 7(a) presents the <tZ55 > distribution of more than 100 indents, which has
been hitting the reference state sample. The black curve with red dots represents a fitted Gauss
function f;:

—(thax = <tmax>)*

202

&)

fc =AXexp

with A the maximum amplitude of the curve, <tR35.> and o2 the average maximum resolved shear

stress and the variance of the distribution, respectively. In case of nickel without any deformation,
we obtain <tR55 > = 3.9 GPa with equation (5) and figure 7(a). This value corresponds to the



critical stress required to nucleate dislocations in a homogenous medium, without initial strain.
Then, at least 60 indents have been analysed on the pre-strained samples in order to determine the
<tRSS > distributions of cyclically pre-strained Ni and Ni-H samples presented in supplementary
material 3. When the sample is cyclically pre-strained at stages Il and III, the 7RSS, distribution is
systematically deconvoluted into two Gauss functions (an example is given in figure 7(b)), related
to the dislocation structures of each phase.
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Figure 7: Maximum resolved shear stress distribution of a {001} oriented pure nickel without
hydrogen (reference state). Corresponding Gaussian function which fit the measured data (a).
Typical 1, distribution of cyclically pre-strained sample at stages Illo or III. Two Gauss functions
are used to fit the measured data (b).

Then, we evaluated the average maximum stresses <tZ35 >, and <tZ3° >, from those
Gauss functions for each distribution and correspond the average maximum stress when the
indenter hits the different phases (<t&55.>; = <tB55 > and <t855>, = <tB35.>.) . The
measured average maximum stress and standard deviation of all distributions are reported in table
4.

Table 4: Measured average stresses <tXs>.>; and standard deviations o; of the different strained
structures in nickel and nickel-hydrogen systems.

<tBS >, (GPa) o, (GPa) <tR35.>_(GPa) o, (GPa)
Ni 3.57 0.07 4.2 0.04
Ni-H 3.28 0.03 3.8 0.03

1o




Ni 3.35 0.04 4.15 0.07
Ni-H 33 0.07 4.1 0.05

I

NI tests have been conducted on cyclically pre-strained pure nickel and nickel-hydrogen
systems at several stages. We note a stress distribution similar to a Gaussian function for nickel
without any deformation, pre-strained nickel and nickel-hydrogen systems in stage IIp. When the
mechanical tests have been performed on pre-strained samples in stages Illp and III, a
deconvolution of the distribution is obtained with the mean values of TRS>. represented in table 4.
According to the NI tests conducted with the ECCI, the deconvolution of the distribution is induced
by the different phases (wall and channel). Therefore, it is possible to determine internal stress

needed to emit dislocations in each phase and it is presented in the next section.
4. Discussion

In the present work, we have performed uniaxial cyclic tests on <001> oriented nickel single
crystals with and without hydrogen. We have noted a competition between softening and hardening
of the metal in the presence of the solute depending on the plastic strain amplitude at the
macroscale. Then, we have performed a statistical study of the dislocation organisation observed
using TEM and internal stresses using NI at the microscale. The first part of this discussion is
dedicated to these results from both length scales in order to evaluate the stress induced by each
phase in all hardening stages for pure nickel and nickel-hydrogen systems. In the second part of this
section, we discuss the results obtained from TEM analysis with the maximum resolved shear stress
determined using NI.

4.1 Effect of hydrogen of the stress induced by the different phases

The uniaxial cyclic tests performed on multi-slips oriented nickel single crystal with different
hydrogen concentrations presented a softening of the metal for the hardening stages Ilp and Il with
a delay of deformation Illp when the solute is incorporated. These observations are similar to the
ones noted for cyclically strained nickel single crystal oriented for single slip in previous studies
and have been affiliated to a delay of cross-slip events in the presence of hydrogen (Delafosse,
2012; Magnin et al., 2001). However, at larger plastic strain amplitude (at stage III), we have
observed a minor hardening of the metal with hydrogen. In order to explain such behaviour, we
have calculated the internal stresses representing the short and long-range interactions of
dislocations from the different hysteresis loops. We noted the effective stress (stress increased by
dislocations in channel phase) decreases with the hydrogen concentration, in another term, a
decrease of the elastic interactions between dislocations which significates a possible increase of the
dislocation mobility locally and supports the proposed HELP model. The consequence of hydrogen
on the back stress is more complicated to explain, therefore a TEM characterisation of the
dislocation organisation of pure nickel and nickel-hydrogen systems electrochemically pre-charged
has been performed. From the statistical study performed on the TEM micrographs of cyclically
pre-strained Ni and Ni-H systems, we observed that hydrogen reduces the fraction of wall structures
but increases the dislocations density in this phase. Furthermore, the solute decreases the
dislocations density in channel structures for a given plastic strain amplitude.

Moreover, from the internal stresses evaluated with the hysteresis loops at macroscale and
the microstructural characterisation of the previous section, it is possible to determine the stress
induced by each phase t,, and 7.. The microstructures of cyclically pre-strained nickel single
crystals with and without hydrogen are similar to dislocation structures observed in the literature in
the case of FCC crystals. Therefore the plastic flow is easier in the channel than in the wall phase
(Feaugas, 2003; Mughrabi, 1988, 1983). Hence, we can suppose:



Te = Teff (6)

with 7. the stress induced by the channel phase and 7.5 the effective stress determined previously.
Besides, we have noted the dislocation organisation induced by fatigue is composed of 2 phases for
all plastic strain amplitudes. Therefore, we suppose the mechanical behaviour of the different
phases is also similar to a composite (Feaugas, 2003; Mughrabi, 1988, 1983), hence:

Tas:foTW+(1_fw)xTc_>Tw:Tas_(l;fW)XTC (7)

with t,, the stress induced by wall structure. Figure 8(a) presents the different stresses induced by
each phase as a function of the plastic strain amplitude for nickel and nickel-hydrogen systems. The
evolution of the stress-induced by both phase is similar to the evolution of the dislocation densities
with the incorporation of the solute. We note an increase of the stress induced by wall structures and
a decrease of the stress-induced by the channel structures in the presence of hydrogen.

Since, hydrogen has the same effect on dislocations densities and stress induced by each
phase for all plastic strain amplitudes, the a-factor defined as the ratio of both values can be
evaluated with the following equation (Mughrabi, 2016; Nabarro et al., 1964; Taylor, 1934).

T;
= b ®)

with u and b the isotropic shear modulus (equal to 96 GPa from the elastic constants determined by
DFT calculations in previous work (Hachet et al., 2018)) and the Burgers vector of a dislocation
(equal to 0.25 nm). Figure 8(b) presents the evolution of this factor, which represents a global
hardening of the metal due to dislocation interactions. Moreover, we assumed the shear modulus did
not vary for nickel-hydrogen systems since we quantified a minor effect of hydrogen on the elastic
properties of nickel single crystal in previous work (Hachet et al., 2018, 2019). In this study, the
calculated factor remained between 0.2 < a; < 0.45 for both phases at all plastic strain amplitudes
for nickel with and without hydrogen. This result is in agreement with the literature, notably the
synthesis work of Mughrabi (Mughrabi, 2016). Moreover, even if a; seems to decrease with the
plastic deformation, an increase of the factor is noted in these works between the stages Ilp and IIlo,

this is mostly due to an increase of 7; larger than ./ p;. Finally, we have observed a minor difference

between a;(Ni) and «;(Ni-H) for all plastic strain amplitudes, suggesting that hydrogen has a
negligible effect on the hardening coefficient of dislocations coefficient induced by fatigue.

a;

From this multi-scale analysis, we observed that hydrogen increases the dislocations density
and the stress induces by wall structures, which means that hydrogen hardens this dislocation
structure. However, the solute reduces the dislocations density and the stress induces by channel
structures and softens this phase. In order to comfort those results, we compare them with the
nanoindentation results, where we have distinguished different mechanical behaviour depending on
where the indenter has hit the microstructure. This subject is discussed in the next section.
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Figure 8: Stress (a) and geometrical a-factor (b) induced by wall and channel phases for the
hardening stages Ilo, I1lp and III for pure nickel (blue) and Ni-H systems (red).

4.2 Deconvolution of the pop-in distribution due to the different phases

The NI investigation focused on the discrete onset of the plasticity of L-D curves when the
indenter hits different microstructures. We noted an increase of this critical stress when the indenter
touched a channel phase and a decrease when it touched a wall phase by performing NI tests with
ECCI. This difference of behaviour can be affiliated with different pop-in mechanisms presented in
the literature (Bei et al., 2016; Gao and Bei, 2016). In their work, they observed strain-softening
and strain-hardening mechanisms in the single crystal by changing the size of the indenter tip
(which change the stressed volumes). When dislocations were present within the stressed volume
of the indenter, they acted as nucleation sources for pop-in events and reduced the measured
strength from the theoretical value for pop-in events. This configuration is similar to the situation
where the indenter touched the wall phase in our study. The large dislocations density served as
nucleation sources, which has reduced the maximum stress t255.. Hence, even though the wall
phase is a dislocation rich area, a lower maximum stress is obtained. Moreover, in the work of Bei
et al., a strain-hardening mechanism has been also observed due to an increase of the dislocations
density and correspondingly the yield stress increased, at the bulk limit (Bei et al., 2016; Gao and
Bei, 2016). This situation is close to the observed configuration in this work, when the indenter
touched channel structures. The stress fields induced by dislocations led to an increase of the critical
stress TR but the dislocations density is too small for them to act as nucleation sources. These
mechanisms are valid for NI tests, where long-range stresses are measured in the dislocation phase
at the early stage of plasticity (i.e.: first pop-in indent) on a surface perpendicularly to the axial
stress. Hence, when the indent hit the channel phase, the indenter compressed a structure
compressed by the long-range interactions of wall phase. Such mechanical tests induced an increase
of the critical stress, which has been observed for all NI tests. However, the noted effect stands for



long-range internal stress only. During the fatigue tests, the plastic flow is still easier in channel
than in wall phases.

A statistical study has been performed on cyclically pre-strained nickel and nickel-hydrogen
systems with different plastic strain amplitude. The distribution of the critical stress TZ55. of strain-
free and hydrogen-free nickel had a Gaussian shape and the average <tR5>.> has been evaluated at
3.9 GPa. It corresponds to the stress needed to nucleate dislocations in a homogeneous environment
in pure nickel. When the metal is pre-strained at stages Illp and III, a deconvolution of the
distribution into two Gaussian functions has been noted for pure nickel and nickel-hydrogen
systems. Each Gaussian function corresponds to the indenter hitting one phase induced by cyclic
tests and has been confirmed with the NI series linked with ECCI. From the average maximum
stresses <tR3>.>;,i € {c,w} of the different distributions, the long-range internal stress the
different microstructure 7y;, i € {c, w} can be evaluated according to figure 9(a) and obtained with
the following equation:

<Tmax>i = Tmax + Txo 1 € {c,W} ©)

with 255 equal to 3.9 GPa. The long-range internal stresses Ty; is linked to the induced

heterogeneities from the dislocation structures developed with fatigue. Figure 9(b) presents the
corresponding long-range internal stress of the different structure from the composite model, which
can be determined from the TEM results with the following equations (Feaugas and Gaudin, 2001;
Mughrabi, 1983; Oudriss, 2012):

Txc = ﬂbfw(awm - ac\/z) (10)
Txw = Tas — Tw

Table 5 presents Ty; evaluated from the &S5, distributions available in supplementary

material 3 and ty; calculated from equation (10).

Table 5: Ty.and Ty, determined using NI and TEM for pre-strained nickel and nickel-hydrogen
systems at stages Illo and II1.

NI TEM
Txc (MPa) Txw (MPa) Txc (MPa) Txw (MPa)
N1 300 350 34 88
Iy
Ni-H 100 400 32 95
- N1 300 450 46 110
Ni-H 200 550 45 148

We note that similar results are obtained on the impact of hydrogen on the long-range
internal stresses of wall and channel phases with both approaches. When the solute is incorporated,
Ty 18 reduced and ty,, is increased for both stages Illp and III. Therefore, hydrogen softens channel
phase, while it hardens the wall phase. Finally, figure 9(c) presents a comparison of the long-range
stresses induced by each phase in nickel and nickel-hydrogen systems measured using TEM and NI.
We noted also a good correlation between the long-range stresses determined with both techniques,
which can confirm the results with both approaches. However, a correction factor equal to 4.13 is
still needed. This difference should depend on a transition scale factor, which has not been taken



into account with Ty; determination from the t255_ distributions. During TEM, the measurement of
the back stress is performed on the dislocation structures induced by fatigue in its loading direction.
As for NI, the indents are performed on a plane, which is in a different direction (the normal is
perpendicular to the loading direction). The induced dislocation structures are anisotropic and
consequently the long-range internal stresses should be anisotropic and induced probably this factor.
A finite element analysis should be performed in order to calibrate this factor. This work is in
progress.

—
QO
Nant
o
©
&
—
(¢)
-

. . 600 T T T T T T I,
03 —> Un-strained Ni L
£ 025 <5, Txw © L e J
g . & 500 P
& = .
g 015 — 400 - . |
” zZ 2
%H 0.1 ZG = ,,,.
o . £ 300t - o ]
0 : s z P
25 3 35 4 45 5 55 < -
¥ e (GP2) 5 200 | 5 y=4.1 N3_x ----- |
(b)  wall Channel Wall & L oxe(N)
A £ 100} .- xc(NEH) - m ]
E . Tux(Ni) o
Txw ot tx(Ni-H) o
T=0 MPa O 1 1 1 I 1 1 I
0 20 40 60 80 100 120 140 160
Ty and ty,, from TEM (MPa)

Figure 9: Long-range stresses evaluated from maximum resolved shear stress distribution (a).
Equivalent long-range induced by wall and channel phases (Feaugas and Gaudin, 2001; Mughrabi,
1983) (b). Comparison between long-range stresses determined using TEM and NI techniques (c).

5. Conclusion

To summarise this study, we have performed cyclic tests <O01> oriented nickel and nickel-
hydrogen systems with two hydrogen concentration. We observed that hydrogen softens the metal at
stages Ilp and IIlp and induces a minor hardening at stage III. The hardening and softening effects
have been discussed in terms of effective and back stresses partitioning. The softening effect has
been attributed to a reduction of the short-range interactions (decrease of effective stress T,ry)
leading to an elastic shielding, which is in relation with the HELP embrittlement model. A more
complex behaviour has been observed for the back stress 7y, which needs further investigations at
lower length scale.

From the TEM characterisations, fatigue tests induce a dislocation organisation similar for
nickel and nickel-hydrogen systems, which correspond to a composite structure composed of wall
and channel phases. In the presence of the solute, we observed the fraction of the wall phase is
always reduced for all plastic strain amplitudes. Besides, we also noted hydrogen increases the
dislocations density and stress induce by wall phase but decreases the dislocations density and the
stress induces by channel phases for all plastic strain amplitudes. Hence, hydrogen hardens the wall
phase while softening the channel phase.

We have also performed NI linked with ECCI on cyclically pre-strained nickel and nickel-
hydrogen systems in this study. We have highlighted different pop-in mechanisms depending on the
dislocation structures of the material and evaluated their long-range internal stress for different



plastic strain amplitudes. Similar behaviours have been obtained for NI and TEM, which comfort
the results on the impact of hydrogen on the different dislocation structures.

From this study, the origin of the softening and hardening effects of hydrogen is still not
characterised. Therefore, further analysis should be performed at a lower length scale in order to
evaluate the interaction between the different defects induced by the incorporation of hydrogen and
by fatigue. Furthermore, the evolution of the back stress depending on the different hydrogen
concentration is still not explained and will be investigated in the second part of the companion
work.
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