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Keywords: Nickel, Hydrogen diffusion, Grain boundary segregation, Crystal orientation, Atomic force microscopy

The effects of crystallographic orientations, grain boundaries (GBs) and the possible contribution of dislocations to the diffusion of hydrogen were studied. Our experimental results show that the (001) crystal orientation has the minimum number of hydrogen induced blisters compared to other crystal orientations. We observed formation of blisters along the slip traces after plastic deformation and some special GBs. It shows that the interaction between dissolved hydrogen and lattice defects (e.g. dislocations and GBs) could cause void formation and ultimately induced intergranular and/or transgranular cracks in nickel. In this work we analyzed hundreds of GBs mostly with a misorientation of less than 60°. It was observed that the random GBs with a misorientation between 30-40° have the fastest hydrogen diffusion rate and are very sensitive to hydrogen segregation. In contrast, random GBs with a misorientation below 25°, low angle GBs and the coincidence site lattice (CSL) GBs are much less prone to blister formation.

Introduction

Hydrogen compromises the structural integrity of many different metals; a behavior complicated by the simultaneous contributions of environmental aspects (e.g. hydrogen partial pressure and temperature), material characteristics (e.g. microstructural stability of alloys, the strength of material and microstructural constituents and surface conditions) and mechanical load (e.g. level and type of applied or residual stresses). In order to understand the hydrogen effects on the mechanical properties, we need detailed information about local hydrogen content and the interaction between traps and hydrogen as well as about the kinetics of hydrogen diffusion.

The interaction between hydrogen and lattice defects was studied during the last years and various mechanisms of hydrogen embrittlement (HE) were introduced. Marriage of the hydrogen and stress may induce hydride formation, which follows with a cleavage-like fracture in materials like Ti, Zr, Hf at the IVb column of the periodic table and V, Nb and Ta at the Vb column of the periodic table. Furthermore, the recombination of solute atomic hydrogen could produce gaseous hydrogen (H 2 ) at the internal pores or sub-surface blisters. Development of high pressure in the voids may cause crack propagation. Simultaneously, hydrogen could ease the creation and agglomeration of vacancies (especially under strain field of the crack front side), and promote formation and linking of microvoids [START_REF] Li | Anisotropy of hydrogen diffusion in nickel single crystals: the effects of self-stress and hydrogen concentration on diffusion[END_REF][START_REF] Tiegel | Crack and blister initiation and growth in purified iron due to hydrogen loading[END_REF][START_REF] Zhang | Hydrogen assisted crack initiation and propagation in a nickel-based superalloy[END_REF][START_REF] Zhou | Chemomechanical Origin of Hydrogen Trapping at Grain Boundaries in fcc Metals[END_REF][START_REF] Zhang | In-situ observation of hydrogen induced crack initiation in a nickel-based superalloy[END_REF]. However, the solute atomic hydrogen could also induce embrittlement in different ways. Two of the most cited mechanisms of the hydrogen embrittlement are hydrogen enhanced de-cohesion (HEDE) and Hydrogen enhanced local plasticity (HELP). While HEDE considers the reduction of cohesive bonding strength between metal atoms due to hydrogen accumulation [START_REF] Oriani | Hydrogen-enhanced load relaxation in a deformed medium-carbon steel[END_REF], HELP considers the effect of hydrogen on facilitation of the movement of dislocations [START_REF] Robertson | An HVEM study of hydrogen effects on the deformation and fracture of nickel[END_REF]. It is due to the formation of a Cottrel atmosphere around the dislocations, which shield the stress field of the dislocations and reduce the interaction between dislocations and other elastic obstacles. In agreement to the HELP mechanism, the experimental results show that dissolved hydrogen atoms increase the dislocation density at the slip traces and make finer dislocation cell structures [START_REF] Martin | Interpreting hydrogen-induced fracture surfaces in terms of deformation processes: A new approach[END_REF][START_REF] Martin | Hydrogen-induced intergranular failure in nickel revisited[END_REF]. Additionally, hydrogen enhance the dislocation slip planarity with the reduction of the stacking fault energy of the partial dislocations in FCC materials and therefore dislocation slip bands will undergo more intensive dislocation activity according to the HELP mechanism. Because hydrogen can stabilize vacancies generated during dislocation multiplication and motion [START_REF] Li | The interaction of dislocations and hydrogen-vacancy complexes and its importance for deformation-induced proto nano-voids formation in α-Fe[END_REF], it causes formation of embryos for the initiation of voids and cracks. Hence, dislocation slip bands may work as Achilles heel for crack initiation and propagation. Based on this scenario, simultaneous contribution of HELP and HEDE may cause degradation of metals [START_REF] Zhang | In-situ observation of hydrogen induced crack initiation in a nickel-based superalloy[END_REF].

Clustering of vacancies and blister formation could be simultaneously affected by i) the amount of lattice defects (e.g. vacancies, micro-holes), available sources of vacancies (e.g. GBs and dislocations) and the energy needed for the nucleation of new vacancies, ii) the mobility of vacancies to form a blister and finally iii) the local stress condition.

In the case of supersaturated Ni samples with vacancies by cold rolling or electron irradiation [START_REF] Sundar | Positron-Annihilation Studies of Electron-Irradiated, Cold-Worked and Hydrogen-Charged Nickel[END_REF] or alternatively irritation with 14 MeV nickel ions [START_REF] Bullen | Effect of Hydrogen on Void Production in Nickel[END_REF], clustering of vacancies and formation of internal voids was observed at 525°C. For annealed samples with a low concentration of thermal vacancies ( V C ), clustering depends on the energy needed for the nucleation of new vacancies. The vacancy formation energy in bulk Ni was found to be about 1.58 ± 0.01 eV [START_REF] Wycisk | Quenching Experiments in High-Purity Ni[END_REF]. It was shown earlier that the vacancies are able to trap up to six hydrogen atoms [START_REF] Fukai | The metal-hydrogen system : basic bulk properties[END_REF] and that their total binding energy can be as high as 1.87 eV in Ni [START_REF] Zang | Hydrogen-induced vacancies on metal surfaces[END_REF]. Hence hydrogen charging can potentially reduce the formation energies of vacancies to zero [START_REF] Fukai | The metal-hydrogen system : basic bulk properties[END_REF]. The reduction of the formation energy to zero in addition to the potential increase of the entropy of the system (with increase of the density of vacancies) may cause a reduction of the Gibbs free energy of the samples. In this situation, one important reason for the low concentration of vacancies in bulk materials even after hydrogen charging is the slow diffusion rate of vacancies (from vacancy sources like grain boundaries or free surfaces), for example in nickel [START_REF] Salehinia | Effects of Vacancies on the Onset of Plasticity in Metals-An Atomistic Simulation Study[END_REF].

Charging samples with hydrogen even increases the activation energy for the diffusion. This is because of the formation of a hydrogen cloud around the vacancy, which builds a drag force against the diffusion. It is similar to the drag forces exerted by the hydrogen cloud around dislocation defects [START_REF] Song | Mechanisms of hydrogen-enhanced localized plasticity: An atomistic study using alpha-Fe as a model system[END_REF]. The contribution of hydrogen concentration ( 1. [START_REF] Brandon | The structure of high-angle grain boundaries[END_REF] ). For textured Ni poly-crystals, a significant increase of the H D compared to the single crystals was observed [START_REF] Harris | Grain boundary diffusion of hydrogen in nickel[END_REF]. It varies from in the case that either (001) or (111) crystals dominate [START_REF] Cao | Effects of textures on hydrogen diffusion in nickel[END_REF]. The strong difference between the reported H D values shows the importance of lattice defects on the transport of hydrogen. However, the exact role of lattice defects like grain boundaries, dislocation lines or point defects are still under debate [START_REF] Myers | Hydrogen interactions with defects in crystalline solids[END_REF][START_REF] Oudriss | Grain size and grain-boundary effects on diffusion and trapping of hydrogen in pure nickel[END_REF]. They are mostly considered as traps for solute hydrogen atoms but they can also provide paths of faster diffusion or short circuit diffusion (SCD) [START_REF] Oudriss | Grain size and grain-boundary effects on diffusion and trapping of hydrogen in pure nickel[END_REF][START_REF] Oudriss | The diffusion and trapping of hydrogen along the grain boundaries in polycrystalline nickel[END_REF]. This is due to the fact that the less compact arrangement of atoms at the 1D (e.g. dislocations) and 2D (e.g. GBs) lattice defects decreases the required activation energy for the movement of dissolved hydrogen atoms. Therefore, two important parameters, which control the diffusion of hydrogen in materials, are the binding energies between traps and hydrogen atoms and required activation energy to jump from one state to the other state. The binding energy between hydrogen and dislocations in FCC materials like Ni is expected to be less than those of BCC materials [START_REF] Lee | Hydrogen trapping phenomena in metals with B.C.C. and F.C.C. crystals structures by the desorption thermal analysis technique[END_REF]. Therefore it was shown that the hydrogen diffusion rate may increase in Ni after plastic deformation [START_REF] Kurkela | Effect of Plastic-Deformation on the Transport of Hydrogen in Nickel[END_REF]. In contrast it decreases in some BCC materials like a bainitic 2.25Cr-1Mo steel [START_REF] Kurkela | Influence of Plastic-Deformation on Hydrogen Transport in 2 1/4 Cr-1mo Steel[END_REF] or pure iron [START_REF] Zakroczymski | The Effect of Straining on the Transport of Hydrogen in Iron, Nickel, and Stainless-Steel[END_REF]. However, it is important to consider the fact that the characteristics of dislocations at room temperature could be different between BCC and FCC materials [START_REF] Abad | Temperature-dependent size effects on the strength of Ta and W micropillars[END_REF]. While dislocations in FCC have mostly edge character, in BCC they have screw character and therefore the cross slipping and interaction between dislocations is different.

In this paper, we have tried to shed more light on the contributions of crystal orientations and lattice defects and especially GBs on the hydrogen diffusion rate with the aid of a newly developed electrochemical charging setup. The information about the segregation susceptibility of lattice defects could give us the opportunity to classify various GBs and hence make a clear recipe for the engineering of them [START_REF] Bechtle | Grain-boundary engineering markedly reduces susceptibility to intergranular hydrogen embrittlement in metallic materials[END_REF].

Experiments

Pure polycrystalline nickel samples of 3 mm thickness were cut with electrical discharge machining (EDM). Afterwards, a cylindrical hole with a diameter of 12 mm was milled into the bottom, leaving a round membrane at the top with a thickness of 0.5 mm (Fig. 1a). After grinding the top surface with 600, 1200, 2500 and 4000 grit emery paper, the sample was heat-treated at 1240°C in vacuum for 144 hours to obtain coarse grains. The surface was then ground again and finally electropolished with a solution containing 1M sulfuric acid solved in methanol. The resulting final thickness of the membrane was about 150-200 µm.

The grain orientations and types of GBs were studied with the aid of the EBSD method. The EBSD measurement at the cross-section was performed after cutting samples with EDM followed by a grinding and polishing of the surface. Furthermore, a cross section of blisters was milled with a focused ion beam (FIB) with a liquid gallium (Ga + ) source after local Pt coating.

A transmission electron microscope was used to perform STEM images. The device was equipped with a cold field emission gun and a STEM probe corrector. The chemical composition and the thickness of the passive layer were evaluated with the spatially resolved electron energy loss spectroscopy (EELS) technique. The microchip was mounted on a standard single tilt TEM sample holder, and the sample was imaged with an acceleration voltage of 200 kV.

The electrochemical cell in Fig. 1b was used to perform hydrogen charging from the bottom of the membrane. The electrochemical hydrogen-charging step was carried out with a constant current density of 14.5 A/m² using a 0.25 mol H 2 SO 4 solution containing 5 g/l KI. Iodine ions (I ) are known to be a hydrogen recombination poison, suppressing the formation of H 2 gas [START_REF] Barnoush | Hydrogen embrittlement, revisited by in situ electrochemical nanoindentation[END_REF].

To remove the hydrogen bubbles that inevitably form at the charging side of the sample, the sample was put upside down and the solution was steadily pumped in and out. The micro-and nanoscopic properties of samples were evaluated every 2 hours via an optical microscope and an atomic force microscope (AFM).

Results

Fig. 2a shows an EBSD map of a tested sample. The EBSD measurement revealed that an average grain size of about 500 µm in the thin membrane (marked by a broken circle) was achieved after the heat treatment. The small thickness of the membrane reduces the time necessary to reach hydrogen saturation on the top surface. It also enhances the probability of having a single grain reach all the way from the bottom to the top of the specimen as the EBSD measurements of the cross section of the samples confirm (Fig. 2b). However, it is not guaranteed that all the grains and GBs go through the whole thickness. Therefore, the presented results in this paper are based on the characterization of hundreds of GBs.

Post-mortem bright field TEM images and the EELS measurements were performed on FIB prepared cross sections after charging samples with hydrogen. The results show the existence of a passive layer with a thickness of about 10nm (Fig 3a andb). However, it is important to note that even a thin homogeneous passive layer may strongly reduce the outgassing of hydrogen [START_REF] Condon | Hydrogen Bubbles in Metals[END_REF].

We observed the formation of blisters in the middle of grains (the black points or flakes in the optic micrograph) and at some special GBs after only 6 hours of charging (continuous black lines at the GBs). Fig. 4a illustrates the misorientations of the GBs with blisters. Two different overlays of Fig. 4a and SEM base images, namely band contrast image and EBSD map, are presented in Fig. 4b andc respectively. In Fig. 4b andc, all twin boundaries (Σ3) are marked in red, Σ5 green, Σ7 blue, Σ9 violet and Σ11 yellow. The coincidence site lattice (CSL) boundaries were detected based on the Brandon criteria [START_REF] Brandon | The structure of high-angle grain boundaries[END_REF].

Upon increasing the charging time, the number and size of the blisters increase steadily depending on the crystal orientation and type of the GBs. Fig. 5a shows an AFM image of a blister which was formed inside a grain. The FIB cross section of a blister (Fig. 5b-d) reveals that the blister was formed at the bulk-passive layer interface both inside the grains and at the grain boundaries. This is in agreement with other studies, which show spallation at the interface between an Al substrate and a protective oxide [START_REF] Xie | In situ study of the initiation of hydrogen bubbles at the aluminium metal/oxide interface[END_REF].

An overlay of an AFM image with the EBSD map of the same region (Fig. 6a) after 48 hours of charging shows the strong impact of crystal orientation on the form and density of blisters. We tried to quantify the hydrogen content at each crystal orientation by measuring the fraction of the surface area, which is covered by the H 2 caused blisters. Statistics gathered across multiple sample surfaces (Fig. 6b) indicate that the maximum surface coverage with blisters was about 37% at a crystal orientation close to (011) which was only slightly higher than in the (111) orientation. The minimum coverage was seen for (001) crystals. Our experimental method could only be used for an approximate qualitative comparison of the diffusion rate of various crystal orientations because it did not consider the exact volume change due to the blister formation in each orientation. Furthermore, the influence of factors like bulk-oxide interface energies and actual hydrogen diffusion paths (in the case of SCD through dislocation, the orientation of dislocation may play a role) on the formation of blisters are not taken into account. These aspects will be discussed in more detail in the following section.

The green bars in fig. 7 shows the number of GBs in the area presented in Fig. 4a. It is measured using the EBSD results. Additionally, the probability of blister formation at each range of misorientation is plotted with blue bars. It is calculated with dividing the number of GBs containing blisters to the total number of GBs in each misorientation range. The results are based on a very short charging time. However, the observed tendency after a longer charging time and for various tested samples was similar. Although there is a huge number of Σ3 boundaries (~120 GBs) on the studied sample, only one of them showed the formation of blisters. This shows an extremely low segregation susceptibility of the twin boundaries (Σ3). A low segregation susceptibility of LAGBs and random GBs with a misorientation below 25° could be also observed. In contrast, we observed an excessive formation of blisters at the GBs with a misorientation between 30-40°.

Discussions

4-1. Formation and growth of blisters

The formation of nanoscopic blisters between passive layer and bulk sample were observed for Al in previous studies with the aid of in-situ TEM measurements [START_REF] Xie | In situ study of the initiation of hydrogen bubbles at the aluminium metal/oxide interface[END_REF]. It was shown that the segregation of hydrogen atoms at the oxide-bulk interface decreases the adhesive forces and hence enhances the atomic diffusion rate at the interface. In this situation, the surface energies of various crystal orientations play a crucial role in the number of nanoscopic blisters. While (111) is expected to have the minimum surface energy in a FCC lattice (because the number of the interatomic bonds is only reduced from 12 to 9) other low index planes, namely (001) and (011), have higher energies and are thermodynamically less stable. Therefore, these grain orientations might be expected to form surface steps and cavities with a size of some nanometers, so that low energy (111) surfaces locally constitute the interface on the metal side. We observed some degree of surface roughness at the nanoscopic blisters in our TEM measurements (marked in Fig. 5c), which may support this idea. However, the contribution of the surface energy alone cannot explain the observed tendency of the surface coverage with blisters presented in Fig. 6b 

H H H C J D x δ δ = -
Eq. 1

Interstitial hydrogen atoms in nickel reside mostly at octahedral sites [START_REF] Tang | Atomistic simulations of the interactions of hydrogen with dislocations in fcc metals[END_REF], which are isotropic in FCC crystals. Nevertheless, the elastic modulus is anisotropic, which reduces the symmetry of the corresponding stress field. This phenomenon is a possible reason for diffusion anisotropy in nickel, which is most pronounced in (111) and least severe in (001) among all different crystal orientations [START_REF] Li | Anisotropy of hydrogen diffusion in nickel single crystals: the effects of self-stress and hydrogen concentration on diffusion[END_REF]. As discussed in Ref. [START_REF] Li | Anisotropy of hydrogen diffusion in nickel single crystals: the effects of self-stress and hydrogen concentration on diffusion[END_REF], the hydrogen diffusion flux follows the same tendency.

Another crucial factor for blister formation and their growth is the interface (bulk-oxide) diffusion of hydrogen. Due to the difference of the surface energies, the interface diffusion is also asymmetric. However, the interface diffusion is much faster than bulk diffusion, and hence it does not control the observed asymmetric distribution of blisters in different crystal orientations.

Another reason for the observed asymmetry is the boundary conditions e.g. different concentration gradient at different crystal orientation.

As soon as the cavities reach a critical size ( C R ), the internal gas pressure (P) may reach a critical value that is necessary to blister the oxide layer. Considering the hydrogen pressure of hundreds of MPa at the blisters, the tensile stress right in front of a blister may cause it to grow [START_REF] Xie | In situ study of the initiation of hydrogen bubbles at the aluminium metal/oxide interface[END_REF].

2 2 4 2 3 Y C C t P R R σ γ > + Eq. 2
where Y σ and t are the yield stress and thickness of the passive layer, and γ is the energy of oxide-bulk interface. The stress field around a blister could also i) cause the nucleation of dislocations especially in soft materials like Cu or even in pure iron [START_REF] Tiegel | Crack and blister initiation and growth in purified iron due to hydrogen loading[END_REF] and/or ii) facilitate hydride formation in materials which are prone to hydride formation like uranium, zirconium, titanium etc. [START_REF] Condon | Hydrogen Bubbles in Metals[END_REF]. However, our bright field TEM images (Fig. 5b) did not confirm the formation of dislocations in any of the studied blisters.

4-2. The impacts of crystal defects on blister formation

Fig. 4a shows the formation of blisters after just 6 hours of hydrogen charging. It seems to be an evidence for short circuit diffusion through dislocations and/or certain GBs. Previous simulations also show the possibility of pipe diffusion near the Sockley partial cores [START_REF] Tang | Atomistic simulations of the interactions of hydrogen with dislocations in fcc metals[END_REF]. It is worth to mention that the average distance between blisters is ten times higher than the expected distance between dislocations in an annealed sample. This could be related to the fact that only a fraction of all dislocations is geometrically orientated in a way that provides short diffusion paths. In order to validate the short circuit diffusion through dislocation, a sample was plastically deformed. The AFM image in Fig. 8 shows the formation of a huge number of blisters along the slip traces (marked as slip system 1) formed after plastic formation. In contrast, no blister was formed along slip system 2 that confirms the importance of the orientation of dislocation on the transport of hydrogen.

Lattice defects like dislocations or GBs are known to work as traps for hydrogen atoms.

Therefore, the question may arise about the reasons for the observed pipe diffusion. In general, the hydrogen diffusion rate can be written as follows 0 exp

H H H B E D D k T   = -     Eq. 3
where 0 H D is a pre-exponential factor which is related to the jumping rate of hydrogen atoms and H E is the activation energy.

L H E of non-trapped hydrogen atoms depends on the energy needed for local lattice distortion to allow a successful progressive jump. Earlier,

L H E was measured to be about 0.4 eV for single crystals at a wide range of temperatures [START_REF] Oudriss | Grain size and grain-boundary effects on diffusion and trapping of hydrogen in pure nickel[END_REF]. The strong binding energy of hydrogen to traps may increase the activation energy ( T H E ); simultaneously, if the available free volume is big enough, there is no need for lattice distortion and hence the activation energy decreases. For example, an activation energy of about 0.22 eV was measured for some GBs in Ni [START_REF] Oudriss | Grain size and grain-boundary effects on diffusion and trapping of hydrogen in pure nickel[END_REF]. Additionally, the available free volume may significantly influence the local hydrogen content. In summary, the existence of free volume affects the hydrogen concentration and its gradient ( , where x δ presents the thickness of the sample.

Much like edge dislocations, GBs usually provide free volume for hydrogen to be trapped inside.

GBs are often subdivided into low-angle GBs (LAGBs, with a misorientation angle <15°) and high-angle GBs (HAGBs, >15°). However, when focusing on their interaction with hydrogen, a distinction between "special" (very regular boundaries providing characteristic dislocation structures and/or little free volume) and "random" GBs is more convenient. The CSL boundaries (especially those in pure twist or tilt boundary alignment) have good atomic fit and hence low energy, lower susceptibility to solute segregation [START_REF] Bouchet | Grain boundary plane and intergranular segregation in nickel-sulfur system[END_REF] and lower diffusivity [START_REF] Priester | Geometrical Speciality and Special Properties of Grain-Boundaries[END_REF]. In agreement to the previous results, fig. 7 shows a very low rate of blister formation at the LAGBs and Σ3 GBs.

Random GBs can be pictured as "amorphous phases" with properties close to those of glassforming liquids. They could also be considered as arrays of dislocations [START_REF] Sutton | Interfaces in Crystalline Materials[END_REF] and could be modeled using disclinations [START_REF] Fressengeas | Continuous modeling of the structure of symmetric tilt boundaries[END_REF]. Based on disclination models the GBs could be considered as edge dislocations with stress and strain fields which are the driving force for solute segregation.

A very sophisticated model for the symmetric tilt GBs and their interaction with hydrogen atoms was recently developed by Zhaou et. al [START_REF] Zhou | Chemomechanical Origin of Hydrogen Trapping at Grain Boundaries in fcc Metals[END_REF]. It was shown that there are two issues regarding the contributions of GBs to the local hydrogen content; i) their energy, which influences the hydrogen binding energy and ii) their provided excess volume per unit area which correlates to the energy required for lattice distortion. Additionally, simulations were performed to study the segregation susceptibility, the GB structural character and the associated misorientation using the disclination models [START_REF] Dingreville | On the interaction of solutes with grain boundaries[END_REF]. Dingreville and Berbenni observed a correlation between the segregation susceptibility of tilt GBs and structure units (or the atomic arrangement) at the GBs. However, Olmsted et. al observed just a rough correlation between the energy of a GB and its available excess volume [START_REF] Olmsted | Survey of computed grain boundary properties in facecentered cubic metals: I. Grain boundary energy[END_REF]. An exact prediction of the change of energy based on the excess volume or vice versa has been shown to still be impossible [START_REF] Olmsted | Survey of computed grain boundary properties in facecentered cubic metals: I. Grain boundary energy[END_REF]. Hence, using the misorientation angle, which has been considered as a criterion for presenting the energy of GBs, is not very helpful.

However, as a first approximation, we used this criterion to categorize various GBs. A more precise evaluation of the energy of the GBs could be gained with a method like thermal etching. Fig. 7 shows high sensitivity of GBs with a misorientation between 30-40°. In this interval, there are three different coincidence site lattices, namely Σ5, Σ7 and Σ9 with 36.9°, 38.2° and 38.9° angular misorientation, respectively. However, the GBs with blisters were not detected as CSL boundaries (Fig. 4b andc). This proves the fact that GBs with the same misorientation angle but different boundary planes may have different energies and provide different excess volume.

Unfortunately, a direct comparison between the random and CSL boundaries in one angular range was not possible because (apart from Σ3) CSL boundaries were very rare on the evaluated surface. Our results show lower hydrogen content of LAGBs and Σ3 boundaries. It may enhance their resistance to intergranular crack formation which was confirmed experimentally on nickelbased superalloy 718 [START_REF] Jothi | An investigation of micromechanisms in hydrogen induced cracking in nickel-based superalloy 718[END_REF] and numerically for tilt GBs of pure nickel bi-crystals [START_REF] Jothi | Influence of grain boundary misorientation on hydrogen embrittlement in bi-crystal nickel[END_REF].

All in all, our experimental results show a substantial difference between GBs and short-circuit diffusion through them. The diffusion aided by free volume at some special GBs enhances hydrogen segregation at the bulk -oxide layer interface (Fig. 5d). It follows with the reduction of adhesion and nucleation of blister at the interface.

Conclusion

Our experiments show that the existence of free volume at the core of dislocations and some special GBs could work as short circuit diffusion and increase the hydrogen flux. This causes the first blisters. The increase of the pressure in a blister may stimulate debonding of the oxide-bulk interface, which causes the growth of blisters.

Additionally, an anisotropic distribution of blisters was observed at different grain orientations.

(001)-oriented grains have the minimum density of blisters and (111) the highest density. It could be due to the anisotropic diffusion coefficient of hydrogen in nickel or alternatively due to the breakage of the symmetry because of variation of the surface and boundary conditions.

Hydrogen blisters were formed rapidly and very frequently at the random GBs with a misorientation between 30-40°. In contrast, low angle grain boundaries and CSL boundaries were not sensitive to blister formation. The results provided in this paper could give us the opportunity to classify various grain orientations and grain boundaries based on their sensitivity to hydrogen induced cracking and hydrogen embrittlement and hence develop a clear recipe for the engineering of grain boundaries. 

  -) was estimated based on simulations in Ni single crystals for two different temperatures to be 5 7

  H J . Hence, studying the hydrogen diffusion rate and hydrogen flux requires a deep knowledge of the atomic arrangements at defects. Our current understanding of the core structure of dislocations is based on computer simulations that show a tendency for vacancy-like defects to form along the dislocation core. The core radius may increase by about one Burgers vector after hydrogen charging. It enhances H C at the charging side of the specimen and hence
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 2 Fig.2. a) The EBSD map of a tested sample after heat treatment. The thin membrane is marked by a broken circle. b) EBSD measurements from the cross section of two membranes.

Fig. 3 .

 3 Fig. 3. a) The STEM micrograph shows the amorphous character of the passive oxide layer and b) EELS spectroscopy shows the Ni and oxygen content of passive layer and bulk Ni.

Fig. 4 .

 4 Fig. 4. a) An optical micrograph performed after 6 hours of hydrogen charging. The misorientation of the GBs with blisters are written in the image. b and c) An overlay of the optical micrograph and SEM base images, namely the band contrast and the EBSD map. All Σ3, Σ5, Σ7, Σ9 and Σ11 boundaries are marked in red, green, blue, violet and yellow respectively.

Fig. 5 .

 5 Fig. 5. a) The AFM image shows the topography changes after 48 hours of hydrogen charging. b and c) show the STEM images of a blister cross section cut with FIB. Image 5b shows a high resolution image of the area marked in Fig. 5c. d) shows the formation of a blister at a HAGB. The normal orientation of the left grain is close to (001) and the right grain close to (111).
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 67 Fig. 6. a) Overlay of an AFM image on the EBSD map shows the strong impact of crystal orientation on the number and density of blisters. Each crystal is numbered and its exact orientation is marked in the inverse pole figure (IPF) triangle. b) The portion of each crystal orientation (marked in IPF triangle) which is covered with blisters after 48 hours of hydrogen charging.

Fig. 8 .

 8 Fig. 8. The AFM image shows formation of blisters along slip system 1 in a Ni sample after plastic deformation.
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