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Abstract: The present paper discussed the impact of hydrogethe mechanical response of
cyclically strained nickel single crystal orientéar multi-slips at different length scales. At
macroscale, as a function of the plastic strai@,hiydrogen seems to induce competition between
softening and hardening of the metal. Then, by iseiog internal stresses induced by long-range
and short-range interactions between dislocatioegrésented by back and effective stresses,
respectively), we noted that hydrogen reduces ffecteve stress but has a more complex
behaviour with the back stress. Therefore, obsemvatwith transmission electron microscope
and nano-indentation tests have been performedydically pre-strained nickel single crystal
with and without hydrogen. The dislocation orgatissainduced by the cyclic tests is similar for
nickel with and without hydrogen. In both cases, dislocation arrangement can be affiliated to a
composite structure with a wall phase containingnigeedge dislocation dipoles and a channel
structure where the mobility and cross-slip eveasftscrew dislocations occurred. From both
approaches, we observed that hydrogen hardensalhphase while it softens the channel phase.
These results are discussed on the base of piastiechanisms.

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

1. Introduction

It is well-known that hydrogen affects the meclkahiproperties of metals inducing the
premature failure of engineering structures untigrcsor cyclic loadings (Blanc and Aubert, 2019;
Gangloff and Somerday, 2011). From the damagedasesf of the different structures, several
models have been proposed to describe hydrogenitdarhent (HE) and have been reviewed in
the non comprehensive literature (Ashby and Hit886; Barnoush and Vehoff, 2010; Feaugas and
Delafosse, 2019; Hirth, 1980; Lynch, 2019, 2011;gkla, 1995; Martin et al., 2019; Nagumo,
2016; Roberston et al., 2009; Robertson et al.5R0h the work of Kirchheim (Kirchheim, 2007a,
2007b) as well as in a more recent review of Feaaga Delafosse (Feaugas and Delafosse, 2019),
this phenomenon is presented as the reduction eofettergy to form or emit defects such as
dislocations, vacancies, vacancy clusters... (BeacH®mn2; Birnbaum and Sofronis, 1994; Carr
and McLellan, 2004; Delafosse and Magnin, 2001; Sastos et al., 2003; Fukai, 2005; Hachet et
al., 2018; Li et al., 2017), or the cohesive andase energies (Kirchheim et al., 2015; Lynch,
1979; Oriani, 1970; Troiano, 1960). These differemidels encompass the interactions between
hydrogen and defects, which have been unified e wlork of Kirchheim (Kirchheim, 2007b,
2007a), through the use of “defactants” conceptvéier, the description of HE in metals becomes
more delicate in case of plastically strained nsetaiich implicates to manage a large variety of
length and time scales of several mechanisms.

Information on the impact of hydrogen on the meatal response of tensile strained nickel
is also available in the literature for single ¢aysoriented for single slip (load axis parallel to
[135]) (Delafosse, 2012; Girardin et al., 2015; dg&ilin and Delafosse, 2004; Windle and Smith,



1968), nickel single crystal oriented for multipdi(Ghermaoui et al., 2019; Girardin et al., 2015;
Windle and Smith, 1968) and polycrystal (Boniszewakd Smith, 1963; Eastman et al., 1982;
Harris et al., 2018; Kimura and Birnbaum, 1987; tence et al., 2017; Mcinteer et al., 1980; Sirois
and Birnbaum, 1992; Wang et al., 2017; Wilcox amdit®, 1964). When the metal is oriented for
single slip, a clear competition between softenamgl hardening effect of hydrogen has been
highlighted depending on the plastic strain (Gimaret al., 2015). The authors managed to explain
the different mechanisms by investigating at lovemgth scales the induced dislocation structures
with and without hydrogen. At low plastic strairydnogen in the Cottrell atmosphere increases the
drag stress of edge dislocation and provokes ahard. This effect has been also illustrated using
discrete dislocation dynamics in nickel (Gu andAi#ady, 2018) and has been evaluated with a
dynamics strain ageing study (Girardin and Delap2004). At larger plastic strain, the solute
induces a shielding effect of dislocations and thremeases the number of dislocations’ sources,
which softens the metal and supports the HELP (blyein-Enhanced Localized Plasticity) model
detailed in previous studies (Beachem, 1972; Bunband Sofronis, 1994; Delafosse and Magnin,
2001). Then, at even larger plastic strain, theitsoteduces the inter-wall dislocation structure,
which has been observed with transmission eleatnaeroscopy (TEM). It induces the second
hardening, which has been confirmed in a more testeidy on polycrystalline nickel (Wang et al.,
2017) and on single crystal oriented for multi-sl@Ghermaoui et al., 2019). Consequently, when
the metal is tensile strained with and without logdm, the results at macroscale are deduced from
the interactions between the solute and dislocati@md also dislocation pattern) visible at the
microscale. To investigate these interactions dred donsequences to the HE processesitu
electrochemical nano-indentation (ECNI) in nickelgée crystal has been used previously in the
literature. Such a technique allows evaluating ¢basequences of the solute for the onset of
plasticity (Barnoush and Vehoff, 2010, 2008). Thaimmresult shows that hydrogen reduces the
required stress for homogeneous dislocation nuoleathrough a combination of different
phenomenological proposed model (Barnoush and Yek@f0). This result has been also obtained
with large-scale molecular dynamics (MD) simulaidsut to a limited extent, in the context of a
guasi-homogeneous dislocations population (Zhal £2016).

The impact of hydrogen on cyclically strained mickingle crystal has been less extensively
studied than for tensile tests (Castelluccio et2018; Magnin et al., 2001). It is well-known that
cyclic loadings promote the formation of dipolasldcation pattern in nickel single crystal as any
FCC metals and alloys. From the evolution of thersdion stress with the plastic strain amplitude,
different pre-dominant dislocations organisatioagehbeen related (Argon, 1996; Laird, 1996; P. Li
et al., 2011; Mughrabi, 1978), which are similar &l face centred cubic (FCC) metal. They
correspond to different cyclic hardening stagesiciwimave been classified in the literature in the
form of fatigue mechanisms maps (Feaugas and PR0Q9; Pedersen, 1990). When single slip
oriented FCC are cyclically strained, three handgnstages (4l Illo, IIl) have been observed
(Feaugas and Pilvin, 2009; Li et al., 2009; P. Liak, 2011; Mughrabi, 1978). The dislocation
organisation is mainly separated into two phasésgiware called wall structure containing mostly
edge dislocation dipoles and channel structure avttex mobility and cross-slip processes of screw
dislocations occurred (Mughrabi, 1988, 1987, 1983previous study has been performed on the
impact of hydrogen on the mechanical responsengflesislip oriented nickel single crystal (load
axis parallel to [153]) (Magnin et al., 2001). Teelute delays the beginning of stage, livhich
implicates a decrease of the cross-slip probabilidglafosse, 2012) and has been confirmed
through numerical simulations (Gu and El-Awady, 0@Ven et al., 2007). In addition, hydrogen
reduces the saturated stress and softens the foetal plastic strain amplitudes. This softening
effect has been affiliated to a reduction of theermal shear in the persistent slip band (PSB),
assuming hydrogen mainly segregated in wall disioca structures. However, we still have
limited information on the dislocation organisatioduced by fatigue in nickel single crystal in the
presence of hydrogen, the observed softening effelcydrogen is obtained only for one hydrogen
concentration and finally, the impact of hydrogentlee mechanical response of multi-slips oriented



nickel single crystal still remains unknown. Theref we propose this multi-scale study on the
consequences of hydrogen on the mechanical respofssg/clically strained nickel single crystal

oriented for multi-slips (load axis parallel to 406 composed of two articles (part | and part II).
The aim of this article (part 1) is to evaluate expentally the softening or/and hardening effdct o
hydrogen when nickel is cyclically strained, coatet it with the internal stresses and the
dislocation structures induced by fatigue. The sdgpart of this work (companion paper, part Il)
will focus on the understanding of the interactidsetween 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 singletaig/svith a purity of 99.999% provided
by Goodfellow. The specimens have been manufactuygde STEEC Company using the electro-
erosion method (Oudriss et al., 2012). Hydrogends®sn charged using two methods, which were
electrochemical and chemical ways in a double-wlatlell. The experimental procedure for the
electrochemical way consisted in imposing a cathpdiarisation of -10mA/cfin a 0.1M NaOH
deaerated solution on both sides of the (100) aligsfraphic plane for 72 hours at 298K (Li et al.,
2017; Oudriss, 2012). The thickness of the samp@s & mm and the temperature has been kept
constant during hydrogen charging by a thermocagisihe concentrations of hydrogen measured
with thermo-desorption spectroscopy (TDS) was ado0* H/Ni (~7.5 wppm). This result is in
agreement with previous experimental data availableghe literature (Fukai, 2005; Lee and
McLellan, 1984; Oudriss et al., 2012). The secorethwd (the incorporation of hydrogen by the
chemical way) consisted to immerse the specimensannammonium thiocyanate solution
(NH,SCN) with a concentration of 250¢"Lfor 24h at 323K. This inorganic compound is often
used with a lower concentration as a poison torpm@te hydrogen in metal by the electrochemical
way (Akiyama and Li, 2016). The temperature ofdoeble-walled cell has been also kept constant
during hydrogen charging and the concentrationyofrdgen measured with TDS is about 8%10
H/Ni (~13 wppm).

Then, we have performed series of uniaxial cytdists on two pre-charged hydrogen
concentration, the first one electrochemically gedr (with Gy = 4.10* H/Ni) and the second one
chemically charged (€= 8.10* H/Ni) besides the cyclic tests performed on puiekel. The
mechanical tests have been carried out on <OOEnted nickel single crystal specimens (20 mm x
4 mm x 1 mm and a gauge length of 10 mm) with aroriensile testing machine (Kammrath &
Weiss, 5kN) at room temperature. The strain wastrotbed during the cyclic tests with an
extensometer and strain rate has been kept corstahi®® s* in addition to the applied strain
amplitude for all mechanical tests. These condstiomduced an increase of the applied stress
(measured with a 5kN tension/compression modul#) thie number of cycles until a stabilisation.
This stabilisation suggests a homogenisation ofdikcation structures for a given plastic strain
amplitude (Gentet, 2009; P. Li et al., 2011) arelrttechanical tests have been therefore stopped.

2.2 Microstructural characterisation using transmission el ectron microscopy

We investigated the microstructure developed ey dixclic tests at several plastic strain
amplitudes of pure nickel and electrochemically-gnarged nickel using TEM. The induced
dislocation arrangement has been investigated uaintEOL JEM 2011 electron microscope
operating at 200kV. Foils for TEM have been thinmeda double twin-jet electro-polisher using
electrolytes at the conditions described previogBaugas, 1999; Miyata, 2003). Different plastic
shear strain amplitudes have been observed in riggeipt study, which is attributed to different
cyclic hardening stages ¢llllo, 111) with different dislocation features. The chaterisation of the



developed dislocations structures with and withordrogen has been determined statistically. This
approach has been used in previous studies to ilbesthe dislocation arrangement of
polycrystalline nickel (Feaugas and Haddou, 200dgh¢s and Hansen, 2000) and nickel single
crystal (Girardin et al., 2015; Oudriss and Feapg@46). The dislocation densitipshave been
determined using standard intersection method (Amlet, S., 1971; Oudriss, 2012; Underwood,
1973) from TEM images collected by Digital Microgha™ software.

2.3 Nano-indentation details and contact mechanism

Nano-indentation (NI) tests have been performeccyslically pre-strained nickel single
crystal and nickel-hydrogen systems, which havenlsged several months. All surfaces of each
sample have been electropolished at room temperdtuing 20s with a potential of 30V in a 1M
methanolic HSO, solution to remove the strained surface layer riBash and Vehoff, 2010;
Stenerud et al., 2017). The sample surfaces haga bleecked by scanning probe microscopy
(SPM) to ensure the surface roughness was smaligentm conduct the NI tests and the surface
condition has been identified for all specimensr(@®ash and Vehoff, 2008). Then, the indents have
been performed in a Hysitron Triboindenter witlf @be-corner shaped tip. This tip was chosen
because it has a smaller ideal projected area aawchpia Berkovich and 90° conical-shaped tips
(Barnoush and Vehoff, 2008; Fischer-Cripps, 200he applied load function of each indentation
consisted of a loading rate of 200N isp to the maximum load of 50uN. The maximal loas h
been kept constant during 3s in order to obseryecagep effect during the loading (Barnoush,
2008), then it has been reduced to 10% of the maxinoad for 1.25s for drift correction (Stenerud
et al., 2017). The feedback during testing has lse¢no open-loop (no feedback). In this way, no
feedback has been used to control the load or igadement during the testing (Ebenstein and
Wabhl, 2006).

Some series of NI tests have been linked to eleathanneling contrast imaging (ECCI) in
order to study the indents hitting the differerdlocation structures developed from cyclic loading.
The indents have been investigatéd ECCI in the environmental scanning electron micope
(ESEM, Quanta 650 FEG, Thermo Fisher Scientific, ltSA) (Hajilou et al., 2017; Wan et al.,
2018). A solid-state four-quadrant backscatter tedac (BSE) detector has been used at an
accelerating voltage of 30kV. The contrast was ratled to an optimum state by using optimum
working distance and tilting the specimen to a tveaumn diffraction condition. The BSE contrast
normally consists of the information from the atomumber and local misorientation. Since the
investigated specimen had a uniform phase constitugo atomic number information was
released. In addition, since the specimen was pedpdy electropolishing to remove the
deformation layer from grinding and mechanical glulng, only the contrast from the local plastic
strain (introduced by defectse.: dislocations in the present study) could be oles®in the present
results. Therefore, this set-up is suitable andole@s adopted to check the indents on the cyglicall
deformed area (Wan et al., 2018; Wan and Barndlf).

The load-displacement (L-D) curves of NI tests separated in 3 stages, which are the
elastic loading, the discrete transition betweastet and plastic regions (pop-in) and the continue
elastoplastic loading (Barnoush and Vehoff, 201@08). The initial elastic response, before the
pop-in event, is described by the contact mechathgwry with the Hertzian fit (Hertz, 1881).

4
P= §Eﬂ/Rh3 (1)

with P and h the indentation load and depth, respectively. flddriced Young's moduluB, has
been determined accordingly to the Oliver and Phrethod (Oliver and Pharr, 1992; Renner et al.,
2016; Vlassak and Nix, 1994). From equation (18, itidenter tip radiuR has been calculated and



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

1/3
_ 6Ppop—inE7g (2)
Po = 7T3R2

with P,,,_i, the applied load when the pop-in occurred. Theentation effect of the
crystallographic plan was pointed out in the litera experimentally and numerically in the case of
FCC crystals (Liu et al., 2008; Renner et al., 30Iterefore, Gao and co-workers introduced an
indentation Schmid factor for circular contagy,,, in order to evaluate the maximum resolved
shear stress acting on slip systems at the onsplasficity (Gao and Bei, 2016; T. L. Li et al.,
2011):

Trax = Do X Snk (3)

with (hkl) the crystallographic plane of the maariS,,,= 0.243 in case of indentation of (001)
crystallographic plane to activate a/2<011>{111ip "dystems for nickel single crystal (T. L. Li et
al., 2011).

3. Results
3.1 Cyclic response

The uniaxial cyclic tests have been performediokeh single crystal with several hydrogen
concentrations (0 H/Ni, 4x10H/Ni, 8.10* H/Ni) until we observed a negligible variation thie
stress with the number of cycle N (saturation $t&igure 1 presents the amplitude of shear stress
7 as a function of the ratio NfNwith N; (equal to at least 300 cycles whes7x10* and 150
when y»=25x10% for nickel and nickel-hydrogen systems. When vaeiation of the stress is
negligible (stationary state), hysteresis loopsarhples with and without hydrogen is obtained and
presented isupplementary material 1

At low plastic strain amplitudey§=7x10%, the amplitude of shear stress of the last cycle
for Ni-H systems is lower than the stress of trst ta/cle for pure Ni. However, at larger plastic
strain amplitude ¥,=25x10%, a minor increase of this stress is observed whersolute is pre-
charged into the host metal. Then, we have detewinthe saturated stresg, for a given plastic
shear strain amplitude, for Ni, Ni-Hp oo04and Ni-H 000 These values are all regroupedahle 1,
which also specifies which samples have been amdlysing TEM and NI after the cyclic
deformations.

The cyclic stress-strain curves (CSSC) of nickithvand without hydrogen were obtained
from the analysis of the hysteresis loops and #reypresented ifigure 2. In the case of pure
nickel, the results are in good agreement with ffata the literature (Bouteau, G., 2013; Buque,
2001). In addition, the cyclic hardening curve atkel highlights the different hardening stages
which are |, I§, lllp and Il and corresponds to the predominance a$lachtion organisation (Li et
al., 2009; P. Li et al., 2011).

When hydrogen has been introduced by chemicaleeadrochemical ways, a competition
between softening and hardening is noted with tastip strain amplitude. A decrease of the
saturation stress is observed for stageatd Il (yp < ~3.10%°) and a minor increase of is
obtained in stage lll. Although a larger hydrogemcentration is noted when the solute is
introduced chemically, the cyclic stress-strainvesrof both nickel-hydrogen systems are similar.



Thus the hydrogen concentration seems to have armaffect onr,. In addition, the introduction
of hydrogen in nickel single crystal shifts thensaion between the stageg Hnd Il at larger
plastic strain amplitudes. This result is a maaspst evidence of the effect of the solute on the
decrease of the cross-slip probability, alreadyeoled on single slip oriented nickel single crystal
in the literature (Castelluccio et al., 2018; Dekse, 2012; Magnin et al., 2001).
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Figure 1: Shear stress as function of the ratid{N¥hen the plastic strain amplitude is equal to
7x10* (a) and 25x10 (b). The shear stressand shear straip have been deduced to longitudinal
cyclic stress-strain curve (&) using geometric considerations (Schmid and Bb@50):7 = 0.4 X

o andy = €/0.4.

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

Specimen Technique
Material P Ny v (1x10% 1, (MPa) used after the
Number .
cyclic test
Al 450 0.3 25.6
A2 300 15 34.8 TEM
Ni A3 300 1.7 38.3
Ad 300 2.5 42.8 NI
A5 250 7.1 55.6




Ab6 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
Al10 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
B11l 150 32.5 69.6 NI
B12 150 47.6 64.9
B13 100 50.3 70.5 TEM
, C1 500 2.5 38.5
Ni-Ho.0008
pre-charged C3 150 25 61.9
chemically)
C4 150 32 68.9
80 Z
70 111, ,/'2!”?/ *
60| /;.;,E’;’ III
é_“ 4 n -
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Figure 2: Cyclic stress-strain curves of pure Ni &i-H systems at different plastic shear strain
amplitude. The different hardening stagesd, lll; and 1l are indicated. A comparison with the
literature is also provided for <001> oriented Ro(teau, G., 2013; Buque, 2001).



3.2 Internal stresses

The saturation stress has been decomposed in téreffective and back stressesq: and
Ty, respectively) and evaluated from the hysterexpd of each mechanical tests according to the
method proposed in the work of Dickseh al. (Dickson et al., 1984, 1983) and thoroughly
discussed in the work of Feaugasal. (Feaugas, 2003, 1999; Feaugas and Haddou, 2006&). T
effective stress represents the short-range irtteraof dislocations, its mobility is affected blyet
elastic field of the cross object only when it i®se to this one. In contrast, the back stress
represents the long-range interactions of the tlevduch is modified by the elastic field of the
cross object well before being near this one (Fegaug003; Kassner et al., 2013; Mughrabi et al.,
1986).

The determination of the effective and back sggdsas been performed on the hysteresis
loops of nickel single crystals with and withoutdngygen (an example is given snipplementary
material 1) and the results are representefilgare 3 as a function of the plastic strain amplitudes.
We note the solute reduces the stregs for all plastic strain amplitudes and this redoictis
larger with the hydrogen concentratidig@re 3(a)). Consequently, hydrogen addition reduces the
short range elastic interactions between dislonatiorhus, this result suggests that hydrogen
increases the mobility of dislocation locally foreey plastic deformation and supports the HELP
mechanism. The latter characterised hydrogen ethelbmiént with an increase of emission and
mobility of dislocations in the presence of theusel according to the shielding model. The
behaviour of the back stress seems more compleaubedt depends on the plastic strain amplitude
and the hydrogen concentratidiggre 3(b)). We note a minor softening of the back stresthat
cyclic hardening stagedl(y, < ~1.10%) and a hardening of the back stress beyond this$ \hen
hydrogen has been introduced electrochemicallys Thiange of behaviour should be associated
with other microstructural characterisations inavrdo understand the processes actingrgn
Finally, when hydrogen has been introduced chetyicl a larger concentration, a significant
hardening of the back stress is noted for all mattain amplitudes.
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Figure 3: Influence of hydrogen on the effectiveessz., (a) and back stress;, (b) of nickel
single crystal. The black arrows highlight the effef the solute on the internal stresses.

3.3 Didlocations organisation

The microstructures associated with the cycliadbaing stages dJ 1llo and Il of nickel
single crystal and nickel-hydrogen systems pregdthelectrochemically have been observed using
TEM and their microstructures are presentefigare 4. The dislocation organisation developed for
all hardening stages is in agreement with theditee (Argon, 1996; Laird, 1996; P. Li et al., 2p11
It is separated into two phases (wall and chanhatgs), as previously detailed (Mughrabi, 1988,
1987, 1983). The nickel-hydrogen systems have Ipeercharged electrochemically during 72h,
inducing a hydrogen concentration of 4518/Ni before the cyclic tests. Then, the sampleseha
been aged several weeks at room temperature dbiEM observations.
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Figure 4: Microstructure induced by cyclically stred nickel (left) and nickel-hydrogen systems
(right) at stages dl(top), llly (middle) and 111 (bottom).

The first comparison of the TEM images reveals significant qualitative difference
between the dislocation organisation of nickel amckel-hydrogen systems. This observation
suggests that the solute has a minor impact ommileeostructures induced by fatigue when its
initial hydrogen concentration is 4xtH/Ni. We have effectuated a throughout statistaalysis
of the distribution of each microstructure and eatdd their dislocations density for all TEM
images in order to discuss the quantitative immddbhydrogen on the dislocations organisation.
During this study, we have evaluated the sizeibigion of each phase (wall and channel) for both
systems at each cyclic hardening stage (more tB@nreasurements have been performed for one
distribution).Supplementary material 2 presents the size distribution of watl&nd channelg of
nickel and nickel hydrogen systems for all staJéwe average sizes of the wale> and channel
<A> have been determined from these distributionsveadave calculated the fraction of walls
with the following equation (Oudriss and Feaug&4,68):

<e>
T o<e>+ <>

fw (4)

The different fractions of wall structures of dgelly pre-strained Ni and Ni-H systems are
presented irtable 2 For all the hardening stages, the fraction ofl yhlhse decreases with the



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

Table 2: Fraction of wallg, in nickel with and without hydrogen for the diféat cyclic hardening
stages.

Stage Iy Stage Il Stage Il
Ni 34.2 % 27.9 % 28.7 %
Ni-H 16.7 % 25.5 % 23.9 %

Then, the dislocations densities in the wall, and channel f.) phases have been
determined and the results are representdjume 5. At least, 15 grids with a total length of
100um (for some measurements total length of thd gas equal to 300um) have been
superimposed on each phase of a strained samplelén to obtain a representative result of the
dislocations density.
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6 Py (Ni-H) —e—
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Figure 5: Measured dislocation densities in waj})(and channelg) structures for the stages, |l
[llo and Il of pure Ni (blue) and Ni-H systems (red).

The standard deviation of dislocation density marmel phases is relatively large (> 60 %
for some cases) for eagh measured because the defects are less visibleisnphase. This
observation has already been pointed out in a @uevistudy (Oudriss and Feaugas, 2016).
However, the consequence of the defect is stikahddr all phases in the different hardening stages
Indeed, we observe a decrease of the dislocatemsitgt in channelp, and an increase pf, when
hydrogen has been pre-charged in nickel singlagarier all plastic strain amplitudes.

These statistical studies present a significanpaich of hydrogen on the dimensional
characteristics of the induced heterogeneitfgs, (but also on the dislocations densitips, @nd
pc:)- Nevertheless, it is decisive to evaluate theaotpof the solute on the local mechanical
characteristics of each microstructure. Therefdietests have been performed on pre-strained
nickel single crystals with and without hydrogersateral plastic strain amplitudes.

3.4 Nanoindentation with ECCI

First, NI tests with ECCI have been performed ba pre-strained sample in order to
individualise the mechanical behaviour of indentsew they hit the different induced dislocation
phasesFigure 6(a) presents the indents conducted of sample B5 (figblehich is a cyclically pre-
strained nickel-hydrogen system with a plasticisteanplitude of 7.5 x 16 This sample is at the
transition between stages dnd llb, where dipolar walls are visible. For this seé25 indents,

4 presented non-usable L-D curves, 5 indents itk phase (which are represented with blue



numbers), 11 touched a channel phase (which aresepted with red numbers) and the last 5
indents hit a channel too close to a wall phasey(dre represented with green numbers) and were
therefore not taken into account. The correspontiiycurves of the indents hitting the wall and
channel phases are representeiigure 6(b). A tip radiusR of 181 nm has been evaluated from the
Hertzian fit applied to the elastic part of theseves (untilP,,,_;, for each curve)R has been kept
constant in order to determine the reduced YoumgdulusE, .

Force (UN)

Depth (nm)

Figure 6: ECCI of indents made on cyclically prested Ni-H systemsy$=7.5 x 10 (a).
Corresponding load-displacement curves of indérasdre hitting wall or channel phases (b).

Table 3 presents the results when the indenter hits wallcdnannel phases. We note a minor
variation of the reduced Young’s modulus (<10 %jween both microstructures. It can be
explained because the reduced Young's modulus é&s évaluated from the unloading part of the
L-D curves where the plastic zone of the inderttegond the dimensional limits of the different
phases. However, a difference of average valuetaired for the pop-in loa#,,,_;,, which is
transmitted on the maximum resolved shear strg%s. We note a deviation of ~16% between the
average values af?3> of the indents in a wall or a channel phase. Meggoone can note that
larger critical stress is obtained when the indehies a channel phase than the wall phase, such
counter-intuitive result is discussed in the neactt®n. Therefore, a statistical study has been
performed to identify the average behaviour of mde touching the different microstructure at
different hardening stages of nickel single crystaith and without hydrogen.



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

Indent Number  P,op—in (UN) E, (GPa) TRSS (GPa)
17.40 172 3.52
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
<e> 16.63 175 3.49
22.81 188 4.10
17.79 215 4.12
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
<e> 21.63 191 4.04

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

We previously observed different average maximtnesses<tZ35.> depending on where
the indenter hits the dislocation organisation cetliby fatigue. Therefore, we choose to perform a
statistical study o&R55 > on cyclically pre-strained Ni and Ni-H systemsliferent plastic strain
amplitude (specimens presentedable 1) in order to analyse the evolution of the interstaess
induced by the different phases with and withoutirogen. Moreover, we have performed a
statistical study on nickel single crystal with@umy deformation, which is used as a reference state
in this study.Figure 7(a) presents thectRSS,> distribution of more than 100 indents, which has
been hitting the reference state sample. The btacke with red dots represents a fitted Gauss
functionf;:

—(thax = <tmax>)*

202

fc =AXexp (5)

with A the maximum amplitude of the curver?S5.> anda? the average maximum resolved shear
stress and the variance of the distribution, retspeyg. In case of nickel without any deformation,
we obtain<zZ5 > = 3.9 GPa with equation (5) arigure 7(a). This value corresponds to the



critical stress required to nucleate dislocatiomsaihomogenous medium, without initial strain.
Then, at least 60 indents have been analysed opréastrained samples in order to determine the
<tRSS >, distributions of cyclically pre-strained Ni and-Nisamples presented $mpplementary
material 3. When the sample is cyclically pre-strained agjssally and 111, thetZSS. distribution is
systematically deconvoluted into two Gauss fundian example is given figure 7(b)), related

to the dislocation structures of each phase.
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Figure 7: Maximum resolved shear stress distributod a {001} oriented pure nickel without

hydrogen (reference state). Corresponding Gaudsiaction which fit the measured data (a).
Typical ,, distribution of cyclically pre-strained samplesahges Il§ or Ill. Two Gauss functions

are used to fit the measured data (b).

Then, we evaluated the average maximum stress&s$’,>; and <tZ55 >, from those
Gauss functions for each distribution and corredptime average maximum stress when the
indenter hits the different phasestfss, >, = <tB5.>, and <R3 >, = <R3 >.) . The
measured average maximum stress and standardideveétall distributions are reported table
4.

Table 4: Measured average stresse$...>; and standard deviations of the different strained
structures in nickel and nickel-hydrogen systems.

<tRS > (GPa) o, (GPa) <15 >.(GPa) o, (GPa)
Ni 3.57 0.07 4.2 0.04
Ni-H 3.28 0.03 3.8 0.03

o




Ni 3.35 0.04 4.15 0.07
Ni-H 3.3 0.07 4.1 0.05

NI tests have been conducted on cyclically prais¢d pure nickel and nickel-hydrogen
systems at several stages. We note a stress digtribsimilar to a Gaussian function for nickel
without any deformation, pre-strained nickel andkel-hydrogen systems in stage. When the
mechanical tests have been performed on pre-strasamples in stages dlland lll, a
deconvolution of the distribution is obtained witile mean values af%s>, represented itable 4.
According to the NI tests conducted with the EQB¢, deconvolution of the distribution is induced
by the different phases (wall and channel). Theegfd is possible to determine internal stress
needed to emit dislocations in each phase angiesented in the next section.

4. Discussion

In the present work, we have performed uniaxialicytests on <001> oriented nickel single
crystals with and without hydrogen. We have notedrmapetition between softening and hardening
of the metal in the presence of the solute dependin the plastic strain amplitude at the
macroscale. Then, we have performed a statisttadlysof the dislocation organisation observed
using TEM and internal stresses using NI at theresmale. The first part of this discussion is
dedicated to these results from both length sdalesder to evaluate the stress induced by each
phase in all hardening stages for pure nickel ackkihydrogen systems. In the second part of this
section, we discuss the results obtained from TEMa&is 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-slipgented nickel single crystal with different
hydrogen concentrations presented a softeningeofrital for the hardening stagesdhd Il with

a delay of deformation 4lwhen the solute is incorporated. These obseratwa similar to the
ones noted for cyclically strained nickel singlgstal oriented for single slip in previous studies
and have been affiliated to a delay of cross-slipnés in the presence of hydrogen (Delafosse,
2012; Magnin et al., 2001). However, at larger fdastrain amplitude (at stage Ill), we have
observed a minor hardening of the metal with hydrogn order to explain such behaviour, we
have calculated the internal stresses represerttieg short and long-range interactions of
dislocations from the different hysteresis loop® Wéted the effective stress (stress increased by
dislocations in channel phase) decreases with ytgogen concentration, in another term, a
decrease of the elastic interactions between distots which significates a possible increase ef th
dislocation mobility locally and supports the prepd HELP model. The consequence of hydrogen
on the back stress is more complicated to expltierefore a TEM characterisation of the
dislocation organisation of pure nickel and nickgtirogen systems electrochemically pre-charged
has been performed. From the statistical studyopedd on the TEM micrographs of cyclically
pre-strained Ni and Ni-H systems, we observedhidtogen reduces the fraction of wall structures
but increases the dislocations density in this @hdsurthermore, the solute decreases the
dislocations density in channel structures fonegiplastic strain amplitude.

Moreover, from the internal stresses evaluatett wie hysteresis loops at macroscale and
the microstructural characterisation of the presisection, it is possible to determine the stress
induced by each phasg, andt.. The microstructures of cyclically pre-straineckal single
crystals with and without hydrogen are similar islatation structures observed in the literature in
the case of FCC crystals. Therefore the plastiw i easier in the channel than in the wall phase
(Feaugas, 2003; Mughrabi, 1988, 1983). Hence, wesgppose:



Te = Teff (6)

with 7. the stress induced by the channel phaserggdthe effective stress determined previously.
Besides, we have noted the dislocation organisatiduced by fatigue is composed of 2 phases for
all plastic strain amplitudes. Therefore, we supptise mechanical behaviour of the different
phases is also similar to a composite (Feaugas§; 200ghrabi, 1988, 1983), hence:

Tas:fwxrw+(1_fw)XTC_)Tw:TaS_(l;fW)XTC (7)

with 7, the stress induced by wall structuFégure 8(a) presents the different stresses induced by
each phase as a function of the plastic strain itudpl for nickel and nickel-hydrogen systems. The
evolution of the stress-induced by both phasenmslai to the evolution of the dislocation densities
with the incorporation of the solute. We note atr@ase of the stress induced by wall structures and
a decrease of the stress-induced by the channetwstes in the presence of hydrogen.

Since, hydrogen has the same effect on dislocatitmsities and stress induced by each
phase for all plastic strain amplitudes, tladactor defined as the ratio of both values can be
evaluated with the following equation (MughrabilBQNabarro et al., 1964; Taylor, 1934).

T;

" ubp ®)

with u andb the isotropic shear modulus (equal to 96 GPa fitmerelastic constants determined by
DFT calculations in previous work (Hachet et aD18)) and the Burgers vector of a dislocation
(equal to 0.25 nm)Figure 8(b) presents the evolution of this factor, which représ a global
hardening of the metal due to dislocation intecaxgi Moreover, we assumed the shear modulus did
not vary for nickel-hydrogen systems since we gtiadta minor effect of hydrogen on the elastic
properties of nickel single crystal in previous Wwd@Hachet et al., 2018, 2019). In this study, the
calculated factor remained betwe@f < a; < 0.45 for both phases at all plastic strain amplitudes
for nickel with and without hydrogen. This resudtin agreement with the literature, notably the
synthesis work of Mughrabi (Mughrabi, 2016). Moregveven ifa; seems to decrease with the
plastic deformation, an increase of the factorated in these works between the staggarit Ilb,

this is mostly due to an increaserpflarger than/p;. Finally, we have observed a minor difference

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

a;

From this multi-scale analysis, we observed tlydrdgen increases the dislocations density
and the stress induces by wall structures, whiclanmehat hydrogen hardens this dislocation
structure. However, the solute reduces the dislmastdensity and the stress induces by channel
structures and softens this phase. In order to adntfiose results, we compare them with the
nanoindentation results, where we have distingdigh#erent mechanical behaviour depending on
where the indenter has hit the microstructure. Shigect is discussed in the next section.
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Figure 8: Stress (a) and geometricafactor (b) induced by wall and channel phases tfa
hardening stageslllllo and Il for pure nickel (blue) and Ni-H systemsd].

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

The NI investigation focused on the discrete ow$ehe plasticity of L-D curves when the
indenter hits different microstructures. We notadrecrease of this critical stress when the indente
touched a channel phase and a decrease when lietbacwall phase by performing NI tests with
ECCI. This difference of behaviour can be affilchtgith different pop-in mechanisms presented in
the literature (Bei et al., 2016; Gao and Bei, 2016 their work, they observed strain-softening
and strain-hardening mechanisms in the single arysf changing the size of the indenter tip
(which change the stressed volumes). When distotatvere present within the stressed volume
of the indenter, they acted as nucleation sourocespbp-in events and reduced the measured
strength from the theoretical value for pop-in @geithis configuration is similar to the situation
where the indenter touched the wall phase in aunlystThe large dislocations density served as
nucleation sources, which has reduced the maximwesssZ>S.. Hence, even though the wall
phase is a dislocation rich area, a lower maximtrass is obtained. Moreover, in the work of Bei
et al., a strain-hardening mechanism has been also @ubelve to an increase of the dislocations
density and correspondingly the yield stress irsgdaat the bulk limit (Bei et al., 2016; Gao and
Bei, 2016). This situation is close to the obsereedfiguration in this work, when the indenter
touched channel structures. The stress fields gdlby dislocations led to an increase of the aiitic
stresstR3>. but the dislocations density is too small for thearact as nucleation sources. These
mechanisms are valid for NI tests, where long-rastgesses are measured in the dislocation phase
at the early stage of plasticity.€: first pop-in indent) on a surface perpendiculadythe axial
stress. Hence, when the indent hit the channel ephtiee indenter compressed a structure
compressed by the long-range interactions of wadlsp. Such mechanical tests induced an increase
of the critical stress, which has been observedlloN| tests. However, the noted effect stands for



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

A statistical study has been performed on cydiigaie-strained nickel and nickel-hydrogen
systems with different plastic strain amplitudeeTdistribution of the critical stres%>>. of strain-
free and hydrogen-free nickel had a Gaussian shagé¢he averaget?SS.> has been evaluated at
3.9 GPa. It corresponds to the stress needed teatedislocations in a homogeneous environment
in pure nickel. When the metal is pre-strained tages Iy and 1ll, a deconvolution of the
distribution into two Gaussian functions has beeted for pure nickel and nickel-hydrogen
systems. Each Gaussian function corresponds tintienter hitting one phase induced by cyclic
tests and has been confirmed with the NI seridsetinwith ECCI. From the average maximum
stresses<tR35 >. i € {c,w} of the different distributions, the long-range eimal stress the
different microstructurey;, i € {c,w} can be evaluated accordingfigure 9(a) and obtained with
the following equation:

<Tmax>i = Tmax + Txi 1 € {c,W} )

with 7R3% equal to 3.9 GPa. The long-range internal stressesis linked to the induced
heterogeneities from the dislocation structuresetitged with fatigueFigure 9(b) presents the
corresponding long-range internal stress of thiemiht structure from the composite model, which
can be determined from the TEM results with théofeing equations (Feaugas and Gaudin, 2001;
Mughrabi, 1983; Oudriss, 2012):

Txe = ubfyy ([P — ac\/pc) (10)

Txw = Tgs — Tw

Table 5 presentsry; evaluated from theZSS. distributions available irsupplementary
material 3 andty; calculated from equation (10).

Table 5:t4.and 1y, determined using NI and TEM for pre-strained nicked nickel-hydrogen
systems at stagesdknd IIl.

NI TEM

Tx. (MPa) 1y, (MPa) Tx. (MPa) Txw (MPQ)

e Ni 300 350 34 88
Ni-H 100 400 32 95

" Ni 300 450 46 110
Ni-H 200 550 45 148

We note that similar results are obtained on thpact of hydrogen on the long-range
internal stresses of wall and channel phases with approaches. When the solute is incorporated,
Txc IS reduced andy,, is increased for both stages léind 11l. Therefore, hydrogen softens channel
phase, while it hardens the wall phase. Finéilhyre 9(c) presents a comparison of the long-range
stresses induced by each phase in nickel and AngkiEbgen systems measured using TEM and NI.
We noted also a good correlation between the lange stresses determined with both techniques,
which can confirm the results with both approacléswever, a correction factor equal to 4.13 is
still needed. This difference should depend oraasition scale factor, which has not been taken



into account withry; determination from theZ3s. distributions. During TEM, the measurement of
the back stress is performed on the dislocatiarctires induced by fatigue in its loading direction

As for NI, the indents are performed on a planeictvhis in a different direction (the normal is

perpendicular to the loading direction). The indualslocation structures are anisotropic and
consequently the long-range internal stresses ghmuanisotropic and induced probably this factor.
A finite element analysis should be performed ideorto calibrate this factor. This work is in

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

5. Conclusion

To summarise this study, we have performed cyebts <001> oriented nickel and nickel-
hydrogen systems with two hydrogen concentratiom.odserved that hydrogen softens the metal at
stages Y and Il and induces a minor hardening at stage lll. Thedrang and softening effects
have been discussed in terms of effective and Baelsses partitioning. The softening effect has
been attributed to a reduction of the short-rangeractions (decrease of effective stress:)
leading to an elastic shielding, which is in reatiwith the HELP embrittlement model. A more
complex behaviour has been observed for the baeksst,, which needs further investigations at
lower length scale.

From the TEM characterisations, fatigue tests ¢eda dislocation organisation similar for
nickel and nickel-hydrogen systems, which corregptmna composite structure composed of wall
and channel phases. In the presence of the seolet@bserved the fraction of the wall phase is
always reduced for all plastic strain amplitudessiBes, we also noted hydrogen increases the
dislocations density and stress induce by wall plag decreases the dislocations density and the
stress induces by channel phases for all plasamsamplitudes. Hence, hydrogen hardens the wall
phase while softening the channel phase.

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



plastic strain amplitudes. Similar behaviours hbeen obtained for NI and TEM, which comfort
the results on the impact of hydrogen on the diffedislocation structures.

From this study, the origin of the softening araddening effects of hydrogen is still not
characterised. Therefore, further analysis shoelgpé&formed at a lower length scale in order to
evaluate the interaction between the differentcsfenduced by the incorporation of hydrogen and
by fatigue. Furthermore, the evolution of the batiess depending on the different hydrogen
concentration is still not explained and will bevestigated in the second part of the companion
work.
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Highlights of the influence of hydrogen on cyclic plasticity of <001> oriented nickel single crystal.
Part I: Dislocation organisations and internal stresses.

The consequences of hydrogen on the cyclic hardening of nickel single crystal oriented for
multi-slips have been determined.

Hydrogen softens nickel single crystal at hardening stage II, and IIl, and induced a minor
hardening at stage III.

The softening effect has been attributed to a reduction of the short-range interactions of
dislocations.

The dislocation structure induced by cyclic tests can be affiliated to a composite structure
composed of wall and channel phases for both nickel and nickel-hydrogen systems.

From both transmission electron microscopy and nano-indentation tests, hydrogen hardens
wall phase while it softens channel phase.



Highlights of the influence of hydrogen on cyclic plasticity of <001> oriented nickel single crystal.
Part |: dislocation organisations and internal stresses.

The consequences of hydrogen on the cyclic hardening of nickel single crystal oriented for
multi-slips have been determined.

Hydrogen softens nickel single crystal at hardening stage 11 and 111y and induced a moderate
hardening at stage I11.

The dislocation structure induced by cyclic tests can be affiliated to a composite structure
composed of wall and channel phases for both nickel and nickel-hydrogen systems.

From both transmission electron microscopy and nano-indentation tests, it is demonstrated
that hydrogen hardens wall phase while it softens channel phase. Both effects is discurssed
in relation with plasticity process.



