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Multiscale analysis of hydrogen-
induced softening in f.c.c. nickel 
single crystals oriented for 
multiple-slips: elastic screening 
effect
i. M. A. Ghermaoui1,2, A. oudriss2, A. Metsue2, R. Milet2, K. Madani  1 & X. feaugas2

Hydrogen-deformation interactions and their role in plasticity are well accepted as key features in 
understanding hydrogen embrittlement. in order to understand the nature of the hydrogen-induced 
softening process in f.c.c. metals, a substantial effort was made in this study to determine the effect 
of hydrogen on the tensile stress-strain behavior of nickel single crystal oriented for multiple-slips. it 
was clearly established that the hydrogen softening process was the result of a shielding of the elastic 
interactions at different scales. Hydrogen-induced softening was then formalized by a screening factor 
S of 0.8 ± 0.05 for 7 wppm of hydrogen, which can be incorporated into standard dislocation theory 
processes. the amplitude of softening suggests that the shielding process is mainly responsible for the 
stress softening through the formation of vacancy clusters, rather than a direct impact of hydrogen. 
This effect is expected to be of major importance when revisiting the impact of hydrogen on the 
processes causing damage to the structural alloys used in engineering.

The effect of hydrogen on the mechanical behavior of metallic materials has been widely studied1–5. In a large 
majority of these studies hydrogen had a detrimental effect, causing materials to fail at loads well below those 
that induce failure in the absence of hydrogen. This effect is known as “Hydrogen Embrittlement” and essentially 
describes a significant reduction in macroscopic ductility and ultimate tensile strength, as well as a change in the 
fracture mode.

Hydrogen-related failures are attributed to several mechanisms, but the main contribution seems to be the 
result of hydrogen/plasticity interactions as hydrogen enhances localized plasticity (HELP). Many studies support 
a role for the shielding effect in fcc metals2,6–13. Depending on solute content, solute diffusivity and strain rate, 
softening and hardening processes were observed1,8,9,13–21 and formalized in a text book2.

A shielding effect is observed when hydrogen mobility is greater than dislocation mobility, leading to a reduc-
tion in elastic interaction between dislocations and consequently promoting stress softening. In contrast, when 
hydrogen mobility is similar to dislocation mobility, the solute pinning process can occur and promote stress 
hardening due to the solute drag mechanism2,13. A direct link between the fundamental properties of dislocation 
affected by hydrogen and macroscopic behavior is still subjective. Indeed, the influence of the solute on the col-
lective movement and distribution of storage dislocations is a complex subject that would require more in-depth 
analysis22,23.

Some studies showed an impact of hydrogen on the localization of strains observed on the surface as a form 
of deformation bands24,25. The link between this localization and the deformation structures developed during 
tensile loading has only recently been studied in single-slips and the impact on hardening clearly demonstrated22. 
In this orientation, the formation of geometric necessary boundaries (GNBs, defined as a type I pattern26) both 
screen the long-range internal stress fields and decrease the mean free path of mobile dislocations. As a conse-
quence, the formation of GNBs concentrates deformations in specific slip bands. It has been established that 
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hydrogen decreases GNB spacing through a shielding effect which promotes the multiplication of dislocation 
sources at the early stage of deformation. The decrease in GNB spacing directly impacts strain hardening by 
decreasing the length scale22.

In contrast, the impact of hydrogen on strain hardening and the dislocation pattern under multiple-slips is still 
controversial22. In these conditions, without hydrogen, an extensive investigation of dislocation distribution in 
hardening stages II and III illustrated the impact of grain orientation on the morphology of dislocations cells26,27. 
For a tensile axis near the textured fiber (110)-(111), a type III microstructure dislocation pattern is formed with 
similar morphology to that observed in a type I microstructure with GNBs. In contrast to the type I pattern, 
this microstructure is subdivided by ‘non-crystallographic’ boundaries, in accordance with a deviation of the 
boundary plane from primary, conjugate and cross-slip planes28. In contrast to type I and III patterns, grains in 
a polycrystal or single-crystal with a tensile axis in the vicinity of the <001> crystallographic orientation do not 
form extended planar boundaries but a well-defined equiaxed cell with mainly IDBs (Incidental Dislocations 
Boundaries) as dislocation walls due to a high degree of multiple-slips. For these orientations, the effect of a solid 
solution of hydrogen on dislocation organization is unclear. In early work on the subject, no significant modi-
fication was reported in strained polycrystalline microstructures29–31. More recently, Girardin et al. reported a 
decrease in equiaxed dislocation cell size in nickel in single and multiple-slip oriented single-crystals22. This result 
was confirmed by Wang et al.23 for polycrystalline nickel samples subjected to high-pressure torsion (HPT), but 
was not clearly established by Harris et al.32 for polycrystalline nickel samples subjected to tensile straining of 10% 
at 77 K and 300 K. According to Girardin et al., hydrogen seems to have less impact on equiaxed dislocation cell 
size than on GNB spacing (3 times lower)22. The consequences of these observations on hardening rate have not 
been clearly established and are still under debate.

In this study, a substantial effort was made to investigate the effect of hydrogen in solution on the tensile 
stress-strain behavior of nickel oriented for multiple-slips (001) using a multi-scale approach. The underlying 
mechanisms for hydrogen-induced softening are discussed in relation to systematic experiments and analyses of 
hardening rate, internal stress, apparent activation volume and the organization of dislocations.

Figure 1. Stress-strain curve (a) and hardening rate as a function of shear stress (b) for Ni and Ni-H. The zoom 
on (b) highlights the hardening process, which occurs at the early stage of deformation. The slopes on picture 1b 
correspond to the hardening rate in stage II (θII) and can be used to define the domain of stages I, II and III.
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Results
Mechanical tests. The mechanical behavior of Ni and Ni-H (001) single-crystals at 300 K was assessed based 
on a standard shear stress-strain curve (τ versus γ) and changes in work-hardening (θ) (Fig. 1). The latter is gener-
ally defined using a Kocks-Mecking diagram (Fig. 1b) where the τ.θ vs τ curve can be used to define the different 
hardening stages33,34. The linear behavior observed in stage II offers the opportunity to define two other stages: a 
pseudo-stage I and a stage III before and after stage II. With the addition of hydrogen, the early stages of plastic 
strain showed an increase in flow stress and an extended pseudo-stage I in terms of deformation. This behavior 
has previously been reported by Girardin et al. for nickel single-crystal oriented for single-slip8,9,22. The increase 
in the initial magnitude of flow stress (1.5 MPa for nickel at 300 K according to Windle et al. 196818) near the 
elasto-plastic transition was around 20 MPa with the addition of hydrogen (Fig. 1a). This value corresponds to 
the maximum viscous drag stress of a solute atmosphere calculated from static strain ageing experiments used to 
measure the saturated dislocation pinning force as a function of hydrogen content8,9,35.

The partition of the stress-strain curve into hardening stages was initially based on studies of a deformed sin-
gle crystal single slip-oriented. The extension of these notions to multiple slip orientation single crystals and poly-
crystals is a subject that has led to many debates in the past. The transition between stage I and stage II is thought 
to be connected to the strong activity of a second slip system which crosses the first. At the early stage of plasticity 
(pseudo stage I), for orientation in the vicinity of the [001] orientation, only one set of slip lines was observed on 
the surface in accordance with the occurrence of two collinear slip systems36,37. Based on these considerations, 
pseudo stage I is defined as a transition between the onset of plasticity (yield stress) and stage II, with a predomi-
nance of only one slip system at the early stage of deformation, despite the multi-slip orientation. The delay in the 
emergence of stage II with the addition of hydrogen is generally associated with the fact that hydrogen favors pla-
nar glide due to a decrease in the probability of cross-slip, and prolongs the “pseudo single slip regime”. This effect 
can be attributed to a shielding of the pair interactions between partial dislocations induced by hydrogen solute2.

Figure 2. Normalized activation volume V/b3 as a function of shear strain for Ni and Ni-H (a). Normalized 
activation volume as a function of the ratio 1/τ*2 where τ* is the thermal component of short-range internal 
stress.
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In stages II and III, stress softening was observed with the addition of hydrogen (Fig. 1a). This was expressed 
as a decrease in hardening rate θII in stage II (194 MPa for Ni and 124 MPa for Ni-H) and a delay in the transition 
between stages II and III (stress/strain 70 MPa/0.51 for Ni-H and 63 MPa/0.26 for Ni). Stage III is generally asso-
ciated with a recovery mechanism in relation to cross-slip activity. According to Escaig’s model38, it was related 
that τIII increases as function of the stacking fault width. As a consequence, the fact that τIII was higher for Ni-H 
than Ni was due to the effect of hydrogen on stacking fault energy, and/or on the dissociation width of screw dis-
location and the ease of planar slip, which delayed the occurrence of cross-slip2.

thermal activation processes. The isothermal stress relaxation technique can be used to determine the 
activation parameters for dislocation slip in nickel and the ways in which hydrogen can affect this. The normal-
ized activation volume V/b3 as a function of stress is shown in Fig. 2. Adding hydrogen increased the activation 
volume in the strain range studied (Fig. 2a). Given the thermally activated mechanisms involved in crystal plas-
ticity, the change in V/b3 versus (1/τ*)n could be used to identify the physical mechanism associated with disloca-
tion motion (n is a coefficient and τ* is thermal part of the stress). A linear relation was obtained for n = 2, which 
suggests that for pure Ni and Ni-H the dominant barriers were probably forest dislocations (Fig. 2b). Additionally, 
the slope of V/b3 versus (1/τ*)2 doesn’t depend on hydrogen content and was 2147 MPa2. In accordance with a 
pinning model, the forest-hardening process39,40 can be expressed as V/b3 = (π/8) [Mαµk0]2(τ*)−2 with α the 
elastic interaction coefficient, µ the shear modulus, M the Taylor factor (M = 3) and k0 a constant relative to the 
pinning distance (or mean free path) expressed as k0/ ρ  in the specific case of a forest dislocation distribution (ρ 
is the dislocation density). Consequently, the B = (π/8) [Mαµk0]2 slope remained constant with the addition of 
hydrogen. At the early stage of deformation, the strain rate was very low and so the energy of the obstacle could 
be deduced as V × τ*. The energy associated with the glide across the forest dislocation was 0.43 eV and 0.23 eV 
for Ni and Ni-H, respectively, which highlights a softening effect in terms of the energy barrier for dislocation 

Figure 3. Effective stress (a) and back stress (b) as a function of shear strain for Ni and Ni-H.
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mobility. Combette, Sirois and Birnbaum reported similar behavior in polycrystalline nickel35,41. Additionally, the 
thermal component of the short-elastic interaction τ* represented only 10% of the short-range interactions 
(effective stress τeff = τ* + τµ with τµ the athermal component of the stress) on the strain range investigated, which 
allowed us to then consider the athermal component of the effective stress measurements and the contribution of 
other internal stresses.

internal stress. The effective τeff and back stress τX investigated by Dickson’s partition applied to each 
unloading sequence is shown in Fig. 3. Both stresses can be associated with the internal stress that developed 
with the formation of a dislocation pattern. According to the composite model27,42,43, effective stress represents 
the stress required locally for a dislocation to move (short-range interactions) in cells (“soft phase”). In contrast, 
back stress is linked to the local straining process (plastic strain incompatibilities between the “hard phase”, the 
dislocation walls, and the “soft phase”, the cell) that introduces long-range interactions with mobile dislocations in 
the cell42,44. Hydrogen content affects both components, with a decrease in these stresses with the addition of the 
solute. Expressed differently, these results show a softening effect on the athermal components of stress (τX and 
τeff ≈τµ in accordance with the fact that τ* represents only 10% of the short-range interactions). The hydrogen 
softening process observed on the short-range interactions with mobile dislocations (τeff) could be related to the 
shielding mechanism in which hydrogen reduces elastic pair interactions between two dislocations6–11.

Recent investigations into the impact of hydrogen on elastic properties (E, μ the Young modulus and shear 
modulus, respectively) demonstrated that point defects produced by the incorporation of hydrogen had a higher 
impact on the elastic constant than the solute6–11. The decrease in elastic properties with the addition of hydrogen 
has been well documented recently in the superabundant vacancies (SAV) mechanism11. Vacancy formation and 
clustering induce a long-range internal strain which reduces apparent elastic stiffness coefficients to a greater 
extent than hydrogen self-stress. Consequently, the softening behavior observed for short-range interactions in 
dislocations can be directly related to the point defects and clusters of vacancies produced during the initial 
incorporation of hydrogen, as confirmed by TEM observations11,45 and our present measurement (around 3.8 
10−4 V/Ni for the unstrained sample after a hydrogen pre-charging to 7 wppm compared with 2.8 10−24 V/Ni at 
PH2 = 1 bar and 300 K for pure nickel single crystals46). This interpretation is mainly based on the hypothesis that 
vacancy concentration does not change during strengthening, which is not the case, as previously shown47,48. In 
the present work, Cv was measured for a plastic strain of 0.7 for a sample with (around 10−4 V/Ni) or without 
hydrogen (around 3.10−5 V/Ni). These first results show that pre-charging sample had a vacancy concentration 
one order higher than a pure strained nickel sample without hydrogen. Additionally, the initial SAV introduced 
with pre-charging hydrogen (around 3.8 10−4 V/Ni for the unstrained sample after hydrogen pre-charging to 7 
wppm) seemed to be decreased by the strengthening process (around 10−4 V/Ni), which suggests that vacan-
cies and vacancy clusters are partially annihilated by dislocations. Consequently, the process which consists in a 

Figure 4. TEM illustration of the organization of dislocations for a plastic strain of 0.7 with a hydrogen pre-
charging sample at 7 ± 0.5 wppm (a). Normalized e and λ distributions with x equals e or λ (b). The probability 
density function normalized by the average dimension <x> P versus x/<x> has an asymmetric morphology. 
This scaled distribution corresponds to a gamma distribution (GD): = . 


− 

β
α

βΓ . α+f X X exp( ) X1
1

 where 

X = x/<x>, σ2 is the variance with β = σ2 = 1/(1 + α) and Γ is defined as an Euler integral26,27.
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reduction of apparent elastic stiffness coefficients by the vacancies seems to be more effective for samples with an 
initial incorporation of hydrogen in the unstrained sample than a strained sample with and without pre-charging 
sequence.

Dislocation patterns. To improve our understanding of the effect of solute on back stress τX softening, we 
analyzed the organization of dislocation by TEM for a plastic strain of 0.7 with a hydrogen pre-charging sample 
at 7 ± 0.5 wppm (Fig. 4). We observed equiaxed cells (type I pattern, Fig. 4a), which is a common feature for a 
single-crystal strengthened with tensile loading near <001>27. As previously reported, a fixed area was scanned 
and statistical analyses were performed to obtain average wall thickness (e), cell size (λ) and density of dislocation 
in the wall and cell phases, ρw and ρc respectively (Fig. 4c). The normalized distribution of <x> P versus x/<x> 
is presented for x equals e or λ (P is the probability of obtaining a size x) and can be described by a gamma distri-
bution with a variance σ2, as shown in Fig. 4b (details in references22,26,27). For Ni-H, the variance was 0.11 for e 
and 0.12 for λ. These values are not so different and correspond to the value obtained in our previous work with 
strained nickel without hydrogen and oriented for multiple-slips (001)27. As was extensively discussed previ-
ously, this variance corresponds to the formation of Incidental Dislocation Boundaries (IDBs) in a quasi-random 
dislocation trapping phenomenon. Consequently, the addition of hydrogen to this tensile orientation did not 
modify the formation process of type I dislocation cells (equiaxed cells with incidental dislocations trapped in 
walls). In contrast, the average wall thickness <e> and cell size (λ) were affected by the solute content (<e> 
(Ni) = 227 nm and <e> (Ni-H) = 193 nm, and in the other part <λ> (Ni) = 875 nm and <λ> (Ni-H) = 639 nm). 
Both decreased with hydrogen content, as previously reported by Girardin et al.22 and Wang et al.23,  
but the effect was less pronounced than for Geometrical Necessary Boundary (GNBs) spacing22 (see Figure 8a of 
reference22). The average density of dislocation decreased on addition of hydrogen (<ρc> (Ni) = 4.8 1013 m−2 and 
<ρc> (Ni-H) = 3.6 1013 m−2, and in the other part <ρw> (Ni) = 9. 1014 m−2 and <ρw> (Ni-H) = 5.2 1014 m−2). 
The impact was more significant for the dislocation density in walls than in cells. According to the composite 
model initially proposed by Mughrabi and developed by various authors42,43, we can deduce the stress improved 
by dislocation in walls τw as:

τ
τ τ

=
− − ⋅f

f
(1 )

(1)
w

w eff

w

where fw = e/(e + λ) is the “hard phase” fraction (wall phase) and the hypothesis of the stress applied is expressed 
as τ τ τ= + −f f(1 )w w w c and that τc = τeff. Using the average value obtained for each parameter τ, τeff, and fW at a 
plastic strain of 0.7, Eq. (1) gave a value of τw for Ni and a Ni-H of 397 and 257 MPa, respectively. As was observed 
in terms of dislocation density in the walls ρw, hydrogen also induced a softening in terms of local stress in this 
phase τw. To measure the consequence of these microstructural features on long-range internal stress (LRI), we 
used the composite model42,43. Based on this model, long-range internal stress can be expressed as42,44:

τ τ τ αµ ρ ρ= − = −LRI f bf( ) ( ) ( ) (2)X w w c w w c

with α an average value of a coefficient which describes the elastic interaction between slips, b is the Burgers vector 
and fw = e/(e + λ) the “hard phase” fraction (wall phase), which was 20.5%. and 23.2% for Ni and Ni-H, respectively. 
According to Eq. (2), the decrease in long-range internal stress is mainly associated with a decrease in dislocation 
density in the walls through a shielding effect, leading to a reduction in elastic interactions between dislocations and 
consequently promoting a reduction in dislocation trapping frequency. As a consequence, despite the fact that hydro-
gen reduced the length scales (e, λ) associated with the dislocation pattern and increased the fraction of wall fW, the 
decrease in hardening rate θΙΙ was attributed mainly to a reduction in long-range internal stress induced by IDBs. This 
result is different from that reported for the GNBs that developed during tensile strained nickel single-crystals oriented 
for single-slips22. In this orientation, the formation of GNBs defined the mean free path of mobile dislocations as λ. 
The biggest impact of hydrogen in this situation was a large decrease in GNB spacing (λ) and consequently an increase 
in strain hardening in stage II. As a result, hydrogen content had a different impact on GNBs and IDBs in relation to 
the processes which initiate their formation. For GNBs, the length path λ between walls is the main factor affected by 
hydrogen, whereas for IDBs, the dislocation density in walls is largely dependent on hydrogen solute.

Discussion
The hydrogen softening observed on stress τ, activation volume V/b3 and hardening rate θΙΙ can be discussed in 
term of the elastic shielding process with the classic “textbook of plasticity” (elementary processes of dislocation 
theory) introduced by Delafosse2. According to this approach, the shielding effect, based on a degradation of the 
apparent elastic properties, is characterized by a screening index S(ai) = ai(H)/ai(0) with ai(H) and ai(0) a physical 
and/or mechanical parameter ai, (see below) with and without hydrogen, respectively.

By extending the linear-elastic theory of the equilibrium between interstitial solid solution atoms and host 
metal lattices used in several studies6–10, we have recently determined the degradation of elastic properties as a 
function of hydrogen alone, monovacancies and vacancy cluster concentrations using an analytical approach 
verified by DFT calculations11. This degradation is due more to vacancy clusters than hydrogen itself11. According 
to recent experimental data11,49, the screening index for elastic properties (E, Young modulus) S(E) = E(H)/E(0) 
decreases linearly with hydrogen content to a value around 0.82 when hydrogen solubility is reached. Despite the 
fact that the reduction of apparent elastic stiffness coefficients by the vacancy clusters is more effective for samples 
with an initial incorporation of hydrogen than after a pre-strained one, the vacancy concentration obtained at a 
strain of 0.7 (CV = 10−4 V/Ni) gave a screening index of S(E) = E(H)/E(0) = 0.9511. The screening index impacts 
all the elementary plasticity processes.

https://doi.org/10.1038/s41598-019-49420-6
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Recently, an extensive collection of experimental data was gathered for nickel to improve the well-known 
self-organization process of dislocation resulting from a monotonic deformation of (001) nickel single crystals27. 
Length scales and scaling laws for dislocation cells developed during tensile loading were established. It was 
shown that the parameters λ and e were inversely proportional to the square root of the dislocation density ρc and 
ρw, respectively, with the same slope A (λ = Αρc

−1/2 and e = Αρw
−1/2) of 3.9 in multiple slip conditions for a (001) 

nickel single crystal orientation and polycrystalline microstructure26,27. In the present work, with the addition of 
hydrogen, from 100 measurements we obtained a similitude law with a slope A of 3.2 (Fig. 5). This value is lower 
than pure nickel straining in the same conditions with a shielding parameter of S(A) = 0.82. By combining the 
strengthening relation based on the composite model and similitude relations defined previously, shear stress is 
obtained27:

τ αµ λ= −Ab(2 ) (3)1

Based on the knowledge of shielding coefficients associated with τ, μ, λ and A we can evaluate the impact of 
hydrogen on the strengthening coefficient α using Eq. (3): S(α) = S(τ) × S(λ)/[S(A) × S(μ)]. For a hydrogen con-
tent of 7 wppm and a shear strain of 0.7, a screening factor S(α) of 0.75 was obtained with S(τ) = 0.8, S(λ) = 0.73, 
S(A) = 0.82 and S(μ) = 0.95 (according to the recent data of Hachet et al.11). As shown, S(α) < 1, indicating that 
hydrogen lowered the strengthening coefficient α which defines the elastic interaction between dislocations.

The relationship between length scale λ (cell size) and hardening rate θ is the final similar relation we can 
develop. It is based on two sets of equations: one describing the change in dislocation density as a function of 
strain and the second being the Taylor relationship. If annihilation processes are not taken into account, it was 
demonstrated previously27 that hardening rate is then given by:

θ αµ
ρ

λ αµ
=












=−k k

A2 2 (4)c

1

with k a constant which depends on the number of slip systems operating during strengthening and expresses 
the capacity to produce dislocations during strengthening. Consequently, based on Eq. (4), the shielding coeffi-
cients associated with k can be expressed as S(k) = S(θ) × S(A)/[S(α)) × S(μ)] and gave 0.74, with a hardening 
rate θII in stage II of 194 MPa for Ni and 124 MPa for Ni-H (S(θ) = 0.64), S(A) = 0.82, S(α) = 0.75 and S(μ) = 0.95. 
Consequently, hydrogen directly impacted the kinetics of dislocation multiplication (k).

The last impact of hydrogen on elementary processes of plasticity can be questioned on the basis of the change 
in activation volume. According to Fig. 2, the B slopes obtained for Ni-H and Ni on the V/b3 versus τ* diagram 
are the same (Fig. 2b). Using the expression of B as a function of α, μ and k0, we can deduce S(k0) = 1/(S(μ) × 
S(α)). The “screening index” associated with the mean free path of dislocations k0/ ρ . S(k0) = 1.57 was higher 
than 1, which illustrates that the addition of hydrogen increased the mean free path of dislocations.

To conclude, hydrogen solute promotes a shielding process which induces softening behavior in both phases 
(walls and cells) for multiple slip conditions of tensile strengthening of (001) nickel single crystals. The amplitude 
of this effect is characterized by a screening index S(ai) with a value of around 0.75 to 0.85, which impacts the 
kinetics of dislocation multiplication (k) and the elastic properties and strengthening coefficient (μ, α), respec-
tively. Additionally, an increase in the mean free path of dislocation was obtained.

The prediction of the amplitude of softening by the shielding model initially introduced by Sofronis et al.6 
is in progress, but at this stage it is important to say that our recent work11,21 shows that the degradation of 
Young’s modulus with the introduction of hydrogen is mainly due to the vacancy cluster formation (SAV) process. 

Figure 5. Correlation between thickness e and spacing λ and the density of dislocations in walls ρw and in inter-
wall spacing ρc (Ni-H, γ = 0.7), respectively.
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The present results suggest that clusters of superabundant vacancies (SAV) are probably the main defect, which 
explains the softening at different microstructural scales: forest hardening (short-range interactions) and dislo-
cation patterning (long-range interactions). In this work, the measurement of vacancy density showed that the 
density introduced by the hydrogen pre-charging step is important (3.8 10−4 V/Ni) but was partially restored 
during strengthening. Thus, the question of the change in the initial vacancy concentration during strengthening 
is important and needs further investigation.

conclusion
To summarize, the impact of the addition of hydrogen on the tensile behavior of nickel single-crystals oriented 
to promote multiple-slips was different from that of the same crystal oriented for a single-slip. Stress softening 
was related to a decrease in short and long-range internal stress. This is discussed in terms of a modification in 
the dislocation pattern and the shielding effect which occurs in both phases (wall and cell). The effect was for-
malized in a textbook of mechanisms of plasticity by a screening factor S equal to 0.8 ± 0.05. Additionally, it was 
suggested that clusters of superabundant vacancies (SAV) were probably the main defects, which explains the 
hydrogen-induced softening process. This last point needs to be supported by additional measurements.

Methods
Sample preparation. The material investigated was high purity (100) single-crystal Ni (99.999%) in the 
form of a cylindrical bar provided by Goodfellow. Tensile specimens oriented along the <100> crystallographic 
direction were machined by STEEC using the electro-erosion method. Mechanical and electro-chemical polish-
ing was performed as part of the procedure we used in our previous work36,50. An estimation of the dislocation 
density of the as-received material gave an average value of less than 10−10 m2.

charging hydrogen conditions. The electrochemistry charging method was used to obtain a hydrogen 
content of 7 ± 0.5 wppm in 0.1 M NaOH at 298 K under galvanostatic polarization (−10 mA/cm2) for 72h51. 
Solutions were continuously deaerated by argon gas at 1.4 bar.

Hydrogen content was measured using Thermal Desorption Spectroscopy (TDS). These analyses were per-
formed with a Jobin Yvon Horiba EMGA-621W hydrogen analyzer composed of an impulsion furnace system 
coupled with a thermal conductivity detector. Initial or after-straining conditions, vacancy concentration induced 
by hydrogen incorporation (SuperAbundant Vacancies SAV46,52) and/or tensile strain were measured using 
Differential Scanning Calorimetry (DSC)11,45,51. After the introduction into the Q100 TA Instruments DSC test 
bench, the sample was heated from room temperature up to 673 K at increments of 10 K/min. The change in heat 
flow as a function of the temperature highlighted the presence of an exothermic peak associated with the annihi-
lation of vacancies. Based on the fact that the area of this peak corresponds to the stored energy of the vacancies, 
the concentration of vacancies was deduced53.

Mechanical tests. Three kinds of mechanical tests were performed using the typical fatigue micro-machine 
(Kammrath & Weiss, 5 kN) at a strain rate of 10−3 s−1. A standard tensile test, a multi-step stress relaxation test 
and a sequence of loading-unloading steps were carried out to determine strain hardening, the change in appar-
ent activation volume and internal stress for different levels of plastic strain. Strain hardening under tension of fcc 
alloys is traditionally characterized using the Kocks and Mecking representation τ.θ versus τ where θ = dτ/dγp is 
the hardening rate33. The stress relaxation test is one of the common methods used to study time-dependent duc-
tility. Since the total strain remains constant during the relaxation test, the plastic strain rate can be deduced as 
follows: d dt d dt/ /p E

1γ τ= − . Consequently, the apparent activation volume for each stress relaxation step up to the 
stabilization of stress was: =













γ

τ

∂

∂



V k Ta B
Ln( )p  with 


γp the plastic strain rate, and the thermal component of effective 

stress τ* was evaluated. Back stress τX and effective stress τeff were determined from the unloading sequence 
feature on the τ versus γ curve, as previously illustrated42,44. This stress partition was performed after unloading at 
different plastic strain levels. During the unloading sequence, a linear regime (the elastic domain) was observed 
until a reverse yield stress τr was reached. Then the partition could be expressed as follows:

τ
τ τ τ

τ τ τ=
−

+ = −
2 2

and (5)eff
r

X eff

⁎

These components offer the opportunity to question the contribution of long-range internal stress improved by 
mobile dislocations τX, and short-range τeff interactions required locally for a dislocation to move, respectively. 
The latter internal stress is typically decomposed in terms of τµ the athermal component and τ* the thermal com-
ponent, as follows: τeff = τ* + τµ.

teM statistical analysis of some topological parameters. The organization of dislocation was investigated 
using a JEOL JEM 2011 electron microscope operating at 200 kV. Foils for transmission electron microscopy (TEM) 
were thinned in a double twin-jet electro-polisher using electrolytes under the conditions described previously26,27,42. 
The mapping zone was generally equivalent to 100 × 200 mm2 and about 50 images were collected from the same 
part of the TEM foil. A statistical analysis of dislocation density and distribution (size of cells and wall thickness) was 
conducted on 50 to 100 measurements for each plastic strain studied. Dislocation densities were measured using the 
standard intersection method27,42 from TEM micrographs collected by Digital Micrograph™ software. The possible 
errors and the imprecision in measurements of the dislocation densities by TEM combined with the line intersection 
method have recently been discussed27 and support the present analyses.
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impact statement. Hydrogen-induced softening of internal stress was first clearly established in tensile 
strengthening nickel single crystal oriented for multiple-slips. This effect is mainly associated with the shielding 
of elastic interactions in relation to the SAV process.

References
 1. Robertson, I. M., Birnbaum, H. K. & Sofronis, P. Hydrogen effects on plasticity, in: Hirth, J. P. & Kubin, L. (Eds), Dislocations in 

Solid, Elsevier, Amsterdam, chapiter 91, 249–293 (2009).
 2. Delafosse D. Hydrogen effects on the plasticity of face centered cubic (fcc) crystals, in: Gangloff, R. D. & Somerday, B. P. (Eds), 

Gaseous Hydrogen Embrittlement of Materials in Energy Technologies: Mechanisms, Modelling and Future Developments, 
Woodhead Publishing LtD, Cambridge, 247–285 (2012).

 3. Robertson, I. M. Hydrogen Embrittlement Understood, Metall. Mat. Trans. A 46, 2323–2341 (2015).
 4. Nagumo, M. Fundamentals of hydrogen embrittlement, Springer, Singapore, (2016).
 5. Ashby, M. F. & Hirth, J. P. Perspectives in Hydrogen in Metals: Collected Papers on the Effect of Hydrogen on the Properties of 

Metals and Alloys, Elsevier (1986).
 6. Birnbaum, H. K. & Sofronis, P. Hydrogen enhanced localized plasticity - a mechanism for hydrogen-related fracture. Mater. Sci. Eng. 

A 176, 191–202 (1994).
 7. Chateau, J. P., Delafosse, D. & Magnin, T. Numerical simulations of hydrogen–dislocation interactions in fcc stainless steels.: part I: 

hydrogen–dislocation interactions in bulk crystals. Acta Mater. 50, 1507–1522 (2002).
 8. Girardin, G. & Delafosse, D. Measurement of the saturated dislocation pinning force in hydrogenated nickel and nickel base alloys. 

Scr. Mater. 51, 1177–1181 (2004).
 9. Girardin, G. & Delafosse, D. Solute-dislocation interactions: modelling and experiments in hydrogenated nickel and nickel base 

alloys. Mater. Sci. Eng. A 387–389, 51–54 (2004).
 10. Cai, W., Sills, R., Barnett, D. & Nix, W. Modeling a distribution of point defects as misfitting inclusions in stressed solids. J. Mech. 

Phys. Solids 66, 154–171 (2014).
 11. Hachet, G., Metsue, A., Oudriss, A. & Feaugas, X. Influence of hydrogen on the elastic properties of nickel single crystal: A numerical 

and experimental investigation. Acta Mater. 148, 280–288 (2018).
 12. Sills, R. B. & Cai, W. Free energy change of a dislocation due to a Cottrell atmosphere. Phil. Mag. 98(16), 1491–1510 (2018).
 13. Gu, Y. & El-Awady, J. A. Quantifying the effect of hydrogen on dislocation dynamics: A three-dimensional discrete dislocation 

dynamics framework. J. Mech. Phys. Solids 112, 491–507 (2018).
 14. Boniszewski, T. & Smith, G. C. The influence of hydrogen on the plastic deformation ductility, and fracture of nickel in tension. Acta 

Metall. 11, 165–178 (1963).
 15. Wilcox, B. A. & Smith, G. C. The Portevin-Le Chatelier effect in hydrogen charged nickel. Acta Metall. 12, 371–376 (1964).
 16. Kimura, A. H. & Birnbaum, K. The effects of cathodically charged hydrogen on the flow stress of nickel and nickel-carbon alloys. 

Acta Metall. 35, 1077–1088 (1987).
 17. Eastman, J., Heubaum, F., Matsumoto, T. & Birnbaum, H. K. The effect of hydrogen on the solid solution strengthening and softening 

of nickel. Acta Metall. 30, 1579–1586 (1982).
 18. Windle, A. H. & Smith, G. C. The Effect of Hydrogen on the Plastic Deformation of Nickel Single Crystals. Metal Science Journal 

2(1), 187–191 (1968).
 19. Yagodzinskyy, Y., Saukkonen, T., Kilpeläinen, S., Tuomisto, F. & Hänninena, H. Effect of hydrogen on plastic strain localization in 

single crystals of austenitic stainless steel. Scripta Mater. 62, 155–158 (2010).
 20. Yagodzinskyy, Y. et al. Effect of hydrogen on plastic strain localization in single crystals of nickel and austenitic stainless steel in: 

Somerday, B, Sofronis, P. & Jones, R. (Eds), Proceedings of 2008 International Hydrogen Conference, ASM International, 97–104 
(2009).

 21. Feaugas, X. & Delafosse, D. Chapter 9: Hydrogen and Crystal Defects Interactions: Effects on Plasticity and Fracture, in: Mechanics 
- Microstructure - Corrosion Coupling. Elsevier Publisher, pp. 199–222 (2019).

 22. Girardin, G., Huvier, C., Delafosse, D. & Feaugas, X. Correlation between dislocation organization and slip bands: TEM and AFM 
investigations in hydrogen-containing nickel and nickel–chromium. Acta Mater. 91, 141–151 (2015).

 23. Wang, S., Nagao, A., Edalati, K., Horita, Z. & Robertson, I. M. Influence of hydrogen on dislocation self-organization in Ni. Acta 
Mater. 135, 96–102 (2017).

 24. Aubert, I., Olive, J.-M. & Saintier, N. The effect of internal hydrogen on surface slip localisation on polycrystalline AISI 316L stainless 
steel. Mater. Sci. Eng. A 527, 5858–5866 (2010).

 25. Aubert, I., Saintier, N., Olive, J.-M. & Plessier, F. A methodology to obtain data at the slip-band scale from atomic force microscopy 
observations and crystal plasticity simulations. Application to hydrogen-induced slip localization on AISI 316L stainless steel, Acta 
Mater. 104, 9–17 (2016).

 26. Feaugas, X. & Haddou, H. Effects of grain size on dislocation organization and internal stresses developed under tensile loading in 
fcc metals. Philos. Mag. 87, 989–1018 (2007).

 27. Oudriss, A. & Feaugas, X. Length scales and scaling laws for dislocation cells developed during monotonic deformation of (001) 
nickel single crystal. Int. J. Plast. 78, 187–202 (2016).

 28. Winther, G., Huang, X. & Hansen, N. Crystallographic and macroscopic orientation of planar dislocation boundaries—correlation 
with grain orientation. Acta Mater. 48, 2187–2198 (2000).

 29. McInteer, W. A., Thompson, A. W. & Bernstein, I. M. The effect of hydrogen on the slip character of nickel. Acta Metall. 28, 887–894 
(1980).

 30. Robertson, I. M. & Birnbaum, H. K. Effect of hydrogen on the dislocation structure of deformed nickel. Scr. Metall. 18, 269–274 
(1984).

 31. Robertson, I. M. & Birnbaum, H. K. An HVEM study of hydrogen effects on the deformation and fracture of nickel. Acta Metall. 34, 
353–366 (1986).

 32. Harris, Z. D. et al. Elucidating the contribution of mobile hydrogen-deformation interactions to hydrogen-induced intergranular 
cracking in polycrystalline nickel. Acta Mater. 158, 180–192 (2018).

 33. Kocks, U. & Mecking, H. Physics, phenomenology of strain hardening: f.c.c. case. Prog. Mater Sci. 48, 171–273 (2003).
 34. Keller, C., Hug., E. & Feaugas, X. Microstructural size effects on mechanical properties of high purity nickel. Int. J. Plast. 27, 635–654 

(2011).
 35. Combette, P. & Grilhé, J. Mém. Scient. Rev. Métallurg. LXVII 491–505 (1970).
 36. Lekbir, C., Creus, J., Sabot, R. & Feaugas, X. Influence of plastic strain on the hydrogen evolution reaction on nickel (100) single 

crystal surfaces to improve hydrogen embrittlement. Mater. Sci. Eng. A 578, 24–34 (2013).
 37. Takeuchi, T. Work-hardening of copper single-crystals with multiple glide orientations, Mater. Trans. Jpn Inst. Metals 16, 629–640 

(1975).
 38. Escaig, B. Cross-slip of screw dislocations in F.C.C. structures. J. Phys. 29, 225–239 (1968).
 39. Friedel, J. Dislocations, Pergamon Press, Oxford (1964).
 40. Hirth, J. P. & Lothe, J. Theory of Dislocations, Krieger Publishing, Malabar (1982).

https://doi.org/10.1038/s41598-019-49420-6


1 0Scientific RepoRtS |         (2019) 9:13042  | https://doi.org/10.1038/s41598-019-49420-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

 41. Sirois, H. K. & Birnbaum, H. K. Effects of hydrogen and carbon on thermally activated deformation in nickel. Acta Metall. Mater. 40, 
1377–1385 (1992).

 42. Feaugas, X. On the origin of the tensile flow stress in the stainless steel AISI 316L at 300 K: back stress and effective stress. Acta 
Mater. 47, 3617–3632 (1999).

 43. Mughrabi, H. Dislocation wall and cell structures and long-range internal stresses in deformed metal crystals. Acta Metall. Mater. 
31, 1367–1379 (1983).

 44. Haddou, H. & Feaugas, X. Grain-size effects on tensile behavior of nickel and AISI 316L stainless steel, Metall. Trans. A 34, 
2329–2340 (2003).

 45. Li, L. J., Oudriss, A., Metsue, A., Bouhattate, J. & Feaugas, X. Anisotropy of hydrogen diffusion in nickel single crystals: the effects of 
self-stress and hydrogen concentration on diffusion. Sci. Rep. 7, 45041 (2017).

 46. Metsue, A., Oudriss, A. & Feaugas, X. Hydrogen solubility and vacancy concentration in nickel single crystals at thermal 
equilibrium: New insights from statistical mechanics and ab initio calculations. J Alloys Comp. 656, 555–567 (2016).
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