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The synergistic effect of hydrogen and helium implantations in forming H2 molecules in a Fe-12 wt.%Cr-ODS steel characterized by Raman spectroscopy and SIMS

Introduction

The roles of helium and hydrogen in the degradation of metals under irradiation in nuclear reactor environments have been under investigation for several decades [1], [START_REF] Farrell | Effects of Radiation on Materials: 12 th Int. Symp. ASTM STP[END_REF]. Helium is known to play a role in the nucleation of cavities under irradiation, thus influencing swelling [3], while hydrogen is thought to play a role in stress corrosion cracking of face-centered cubic metals [4] and causes embrittlement of ferritic steels [5][6] [7]. One issue that has particularly interested researchers in the nuclear materials field is the respective roles of helium and hydrogen during cavity formation. Some authors have announced that hydrogen has a minor effect on cavity formation and swelling compared to helium [START_REF] Farrell | Effects of Radiation on Materials: 12 th Int. Symp. ASTM STP[END_REF][8] [9], while others [START_REF] Horton | Proceedings of the Topical conference on ferritic alloys for use in nuclear energy technologies[END_REF] [START_REF] Tanaka | [END_REF] have shown a definite synergistic effect between hydrogen and helium. Lewis et al. showed that after simultaneous irradiation of PE-16 with Ni 2+ , D 2 + and He + at 640°C, only 5% of the deuterium remained [12]. But Garner et al. indicated that quantities of hydrogen much higher than those produced by transmutation can be stored in fcc metals if cavities are formed by neutron irradiation [13]. These authors assumed that the hydrogen molecule would form inside the cavities. In a previous paper, we have detected the formation of the H 2 hydrogen molecule in a Fe-12 wt.%Cr-0.4 wt.%Y 2 O 3 ODS steel irradiated in a Fe 8+ + He + + H + triple-beam mode [18]. In this article, we propose to further investigate the formation of the H 2 hydrogen molecule by irradiating the same material with a single beam of hydrogen and in two dual beam modes. Two combinations of dual beams (24 MeV Fe 8+ / 600 keV H + and 1.0 MeV He + / 600 keV H + ) were chosen in order to discriminate the roles of the iron ions and helium gas in forming H 2 in a ODS steel.

There are a very few techniques capable of the characterization of hydrogen in solid samples. Elemental analyses such as elastic recoil detection analysis (ERDA) and nuclear reaction analysis (NRA) are able to determine absolute hydrogen concentrations [15] [START_REF] Trocellier | Gaseous Hydrogen Embrittlement of Materials in Energy Technologies[END_REF].

However, the maximal depth at which the concentration of hydrogen can be analyzed is 1-2 µm depending on the sample material. The proton-proton scattering technique has a better sensibility, but it is limited to experiment conducted in transmission geometry [START_REF] Peeper | [END_REF].

Furthermore, these elemental techniques are not sensitive to the chemical environment of hydrogen and do not provide any information on the H bonds. In order to characterize H implanted materials, we propose to combine elemental and structural methods. Secondary-Ion Mass Spectrometry (SIMS) provides hydrogen elemental profiles and micro-Raman spectroscopy indicates the possible presence of the H 2 molecule [18].

Samples and methods

The Fe-12 wt.%Cr-0.4 wt.%Y 2 O 3 ODS steel was elaborated at the Universidad Carlos III of Madrid, Spain. The details of the production process have been reported previously [19].

Irradiation and implantation

The implantation experiments were carried out at the Joint Accelerators for Nanosciences and Nuclear Simulation (JANNUS) facility located at CEA Saclay [20]. The specimens were irradiated in single-, dual-and triple-beam modes at room temperature. For the triple-beam irradiation, Fe 8+ , He + and H + beams were used simultaneously [21]. The fluences were 2.1 x 10 15 ions/cm 2 for the 24 MeV Fe 8+ beam and 5.6 x 10 15 ions/cm 2 for the 1.9 MeV He + and 600 keV H + beams. Two different dual-beam irradiations were also undertaken: 24 MeV Fe 8+ and 600 keV H + with respective fluences of 2.2 x 10 15 ions/cm 2 and 5.5 x 10 15 ions/cm 2 , and 1.9 MeV He + and 600 keV H + with respective fluences of 5.6 x 10 15 ions/cm 2 and 5.6 x 10 15 ions/cm 2 . For the single-beam irradiation, specimens were irradiated with 500 keV H + at a fluence of 3,5 x 10 16 ions/cm 2 . The fluence was higher than for the other conditions in order to compensate for a possible hydrogen release by diffusion. Table 1 summarizes the irradiation conditions. 1.9 1.9
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Secondary Ion Mass Spectroscopy

SIMS was used to verify the presence of hydrogen in the implanted samples. The hydrogen profile was measured directly on the samples, using a CAMECA IMS 4f SIMS at GEMaC (Meudon-France). A primary Cs + ion beam (10 keV, 60 nA) was scanned over a 150 µm x 150 µm surface. The incidence angle between the primary beam and the surface was 23°.

The impact energy used was +15000 eV and the sample was held at a high negative potential (-5000 V). The analyzed zone was limited to a 33 µm diameter circle centered on the swept area in order to avoid crater edge effects. In this experimental condition, the mass resolution was M/ΔM = 300. After the analysis, the average crater depth was measured with a profilometer (DEKTAK 8) in order to convert signal versus time to signal versus depth. The detection limit of hydrogen is 6×10 18 cm -3 under a pressure of 10 -7 Pa in the analysis chamber, as determined by calibration with a standard specimen [24].

These SIMS conditions used for an optimal detection of hydrogen were not suitable for the measurement of the implanted helium profile. However, using a high positive potential (+5000 eV) on the target and an impact energy of the primary Cs + ions at 5000 eV, CsHe + molecular ions can also be detected [25]. In these conditions, the mass resolution (M/ΔM = 400) was lower but sufficient to discriminate the interferences between molecular ions of interest and other species. The advantage is the ability to detect Cs 2 H + and CsHe + molecular ions simultaneously leading to H and He profiles. This experimental configuration was used for the sample irradiated in the He + / H + dual mode.

The absolute quantification of hydrogen concentrations via SIMS analysis was difficult due to the lack of reference materials and the non-negligible diffusion of hydrogen at room temperature. For this reason, the SIMS profiles were normalized and presented in arbitrary units. However, a semi-quantitative analysis can be proposed based on the number of counts per second.

Raman Spectroscopy

In order to access the dihydrogen molecule profile, a transverse specimen was prepared by the focused ion beam method with a dual-beam (SEM/FIB) Helios NanoLab 650 from FEI using gallium ions. The area of interest was first coated with a Pt film. All the preparation steps were monitored in SEM mode with a 5 kV-1.6 nA electron beam. Controls with ion beam were performed at low current (30 kV-7.7 pA) and for short durations to avoid sample alteration.

Machining was done with a gallium ion beam of 30 keV-9.3 nA under normal incidence. Postpolishing was performed with a 30 kV-80 pA gallium ion beam. The final size of the lamella is 20 µm large, 10 µm high and 1 to 1.5 µm thick. This relatively high thickness was selected to prevent hydrogen escape after preparation. This total size allowed us to observe a zone spanning from the irradiated surface to 10 µm of depth.

Characterization via Raman spectroscopy was carried out on the FIB specimens with a Renishaw Invia Reflex device equipped with a Leica DM2500 microscope at the JANNUS laboratory in Saclay [26] [27]. Raman scattering measurements were performed using the 532 nm line of a frequency-doubled Nd-YAG laser with an output power of around 1 mW to avoid sample heating. Samples were placed on a motorized XYZ stage, allowing accurate displacements (accuracy of 100 nm in all directions). The laser was focused on a 0.5 µm x 0.5 µm spot and collected through a 100× objective with a numerical aperture of 0.85. In these conditions, the spatial resolution was close to 0.5 µm. A line-scan of Raman spectra was performed over the transverse specimen from the surface to several micrometers deeper than the expected implantation depth, thus including the whole irradiation zone. The scan was done by displacing the cross-sectional samples under the microscope with steps of 0.1 µm or 0.2 µm.

The exposure time for each spectrum was 100 s. Line mappings were then obtained from Raman spectra recorded at different depths. The spectral window between 3700 and 4500 cm - 1 was chosen in order to focus our investigation on H-related Raman bands and particularly the H 2 molecule Raman shift at the frequency of 4385 cm -1 [18] [28]. The spectral resolution was under 1 cm -1 .

Results and discussion

The SIMS H profiles are presented Figure 1. The analyses confirm the presence of hydrogen in all specimens of Fe-12 wt.%Cr-0.4 wt.%Y 2 O 3 ODS steel irradiated in all conditions (single, dual and triple beams). 1. For comparison, H distributions calculated by SRIM [22] are reported (in grey).

The measured hydrogen distributions coincide in depth with the ones calculated by SRIM [22]. However, the measured distributions are flatter and broader than the calculated profiles. These experiments confirm the observations of Lewis et al. [12], indicating that the hydrogen atoms diffuse to some extent but are trapped in the microstructure at room temperature. The traps may be dislocations, dislocation loops, cavities, small solute atom clusters [29].

When recording the SIMS signals, a maximum of 2.05 x 10 4 counts per second was measured at the hydrogen implantation peak for the single-beam irradiation with a fluence of 3.5 x 10 16 H + ions/cm 2 (Table 1). For the multi-beam irradiations, the number of counts per second at the implantation peak was between 2.32 x 10 4 and 2.83 x 10 4 counts per second for fluences of 5.6 x 10 15 H + ions/cm 2 (Table 1). The SIMS intensity is of the same order of magnitude for the multi-beam irradiations as for the single-beam irradiation although the fluence was approximately seven times lower. This probably indicates a higher trapping efficiency in the multi-beam irradiated specimens, related to a higher density or a larger size of the traps, or the formation of traps absent in the H + single-beam irradiated specimen.

Raman spectra were measured on a cross-sectional FIB specimen from the ODS steel irradiated in all modes: single, dual and triple-beam irradiations. Raman spectra on the H + single-beam and Fe 8+ + H + dual-beam irradiated samples do not show any significant signal between 3400 and 4500 cm -1 whereas the Raman spectra for the He + + H + dual-beam irradiated sample reveals a peak centered at 4385 cm -1 (Fig. 2). This result demonstrates the presence of H 2 molecules at 3-4 µm deep under the surface of the ODS steel irradiated in He + / H + dual mode. The presence of dihydrogen was previously observed in the same ODS steel irradiated in Fe8+/He + / H + triple mode [18] (Fig. 3). To our knowledge it was for the first time that H 2 had been detected in steel by Raman spectrometry. The presence of H 2 is in agreement with the implantation depth. The larger and deeper profile of H 2 observed for the dual irradiated specimen may be due to a laser effect during the Raman measurements. Despite our precautions, it is possible that the laser beam induced the diffusion of molecules. The results of this study show that hydrogen is present in all irradiated samples, but H 2 molecule forms only when a helium beam is also used. Helium is probably necessary to form cavities in ferritic steels at the damage doses and temperatures used in this study. For instance, after irradiation with H + ions at room temperature, Arakawa et al. found only dislocation loops and no cavities [31]. This is in good accordance with Ishizaki et al. [32], who observed that a helium ion irradiation was indeed more efficient to form micro-cavities than a hydrogen ion irradiation in iron. In general, both experimental [START_REF] Tanaka | [END_REF] [33] and theoretical results [34][35] show that helium induces cavity nucleation in metals. So, during a first stage, small helium-vacancy clusters (cavity nuclei) form.

During a second stage, once the cavities are formed, it is probable that hydrogen will start being trapped at the surface of the cavity. Indeed, a hydrogen atom will tend to place itself at free surfaces in metals, since its formation energy reaches a minimum as a function of electron density there which cannot be reached in the bulk [36]. Recent calculations by Hayward and Fu showed that hydrogen tends to coat the surface of vacancy clusters in pure iron [37]. As pointed out by Jourdan and Crocombette, helium atoms will tend to aggregate in the center of cavities, in order to avoid free electrons [38]. Thus one can imagine that if both hydrogen and helium are present, helium will agglomerate in the center of cavities, and is then surrounded by a shell of hydrogen atoms.

Then, during a third stage, the continual influx of hydrogen to cavities leads to saturation of the surfaces with hydrogen. H 2 molecules may then form inside the cavities [37], leading to their detection by Raman spectroscopy. The H 2 molecules have a high dissociation energy of 432 kJ/mol [39], so once they are formed, they may further stabilize the cavities.

According to this proposed scenario, we propose the following explanation for our experimental results. During the H + single-beam irradiation and the Fe 8+ + H + dual-beam irradiation, the density and size of cavities formed is not significant. Such irradiations are known to produce black dots and dislocation loops but no cavities [31]. It is possible that dislocation type defects trap hydrogen to some extent. However, they do not induce the formation of H 2 molecules, since no H 2 vibration is detected by Raman spectroscopy after irradiation with Fe 8+ and H + ions or H + ions alone. Even in the case of the Fe 8+ + H + dualatoms.

On the other hand, after He + + H + dual-beam irradiation and Fe 8+ + He + + H + triplebeam irradiation, the presence of H 2 molecules is indicated by the same vibration frequency, 4385 cm -1 . This indicates that in both cases H 2 molecules are present, and that they form in the same kind of trap, probably cavities. The idea that cavities are an efficient trap for hydrogen is in good accordance with results by Garner et al. in austenitic stainless steels : they showed that specimens where cavities were detected after irradiation tend to retain quantities of hydrogen far over the solubility limit and even higher than the quantity thought to be produced by transmutation reactions [13]. More recent work by Judge et al. has confirmed the X-750, using electron energy loss spectroscopy in a transmission electron microscope [START_REF] Judge | On the Potential Synergies of Helium and Hydrogen on the Nucleation and Stability of Cavity Clusters in Inconel X-750 Irradiated in a High Thermal Neutron Flux Spectra[END_REF].

He + + H + dual-beam irradiation and the Fe 8+ + He + + H + triple-beam irradiation can be and hydrogen interact with vacancies, even if there is no Fe 8+ ion bombardment.

beam irradiation, for which the vacancy production rate is much higher, cavities do not nucleate easily, as helium is absent. The excess vacancies recombine with self-interstitial presence of H 2 molecules around a helium rich core in cavities in a neutron irradiated Inconel considered as somewhat equivalent in terms of formation of cavities and creating the right environment for H 2 molecule appearance. Indeed, during the He + + H + dual-beam irradiation,

for each H + ion arriving near the implantation peak, there are 50 vacancies produced at the damage peak according to SRIM. At the H + implantation peak (3.12 µm deep), there are 1.9x10 20 cm-3 H + ions produced per second, whereas at the damage peak (2.92 µm deep) there are 9.5x10 21 cm -3 vacancies produced per second. This shows that the injected helium

Conclusion

We have performed single-, dual-and triple-beam ion irradiations of a Fe-12wt.%Cr-ODS steel and characterized the hydrogen distribution in the specimens by SIMS. The Raman spectra were measured on FIB cross-sectional specimens, enabling the detection of a peak at a frequency of 4385 cm -1 , which corresponds to the H 2 molecule.

SIMS analyses confirm that hydrogen is present in the ODS steel after irradiation at helium co-implantation is necessary to form the H 2 molecule. This study confirms that Raman spectroscopy is an effective tool to detect H 2 in irradiated steels.

Figure 1 :

 1 Figure 1: Hydrogen profiles (red circles) measured by SIMS in a Fe-12 wt.%Cr-0.4 wt.%Y 2 O 3 ODS steel after ion irradiations with (a) H + single-beam, (b) Fe 8+ /H + dual beam, (c) Fe 8+ /He + /H + triple-beam, (d) H + /He + dual beam. Helium profile (blue circles) measured by SIMS is also represented in (d). Details of the irradiation conditions are reported in text and in Table1. For comparison, H distributions calculated by SRIM[22] are reported (in grey).

Figure 2 :

 2 Figure 2: Raman spectra at various depths of the Fe-12 wt.%Cr-0.4 wt.%Y2O3 ODS steel irradiated in the H + /He + dual beam mode

Figure 3 :

 3 Figure 3: Raman spectra map as a function of depth in a Fe-12 wt.%Cr-0.4 wt.%Y 2 O 3 ODS steel irradiated in (a) H + /He + dual beam mode (this study) and (b) Fe 8+ /He + /H + (from [18]).

Figure 4

 4 Figure4shows the comparisons of the hydrogen distributions detected by SIMS and the H 2 distributions detected by Raman spectroscopy after the He + + H + dual-beam and triple-beam

Figure 4 :

 4 Figure 4: Comparison of H profile as detected by SIMS and H 2 profile as detected by Raman spectroscopy mapping on the He + + H + dual and triple beam irradiated specimen.

Irradiation Single beam H + Dual beam Fe 8+ + H + Dual beam He + + H + Triple beam Fe 8+ + He + + H + H + energy (keV) 500 600 600 600 He + energy (MeV)

  

15 at/cm²

  

	35	5.5	5.6	5.6

He implantation dose -10 15 at/cm²

  

	5.6	5.6

Fe implantation dose -10 15 at/cm²

  

	2.2	2.1

Table 1 :

 1 Irradiation conditions as performed at JANNUS Saclay.
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