Investigation of interaction of He and D in FeBSi alloy
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Abstract

He and H can be produced by nuclear reaction. In addition, energetic particles of He
and T and D, which are isotopes of H, in the plasma of fusion reactor induce the damage in
the surface of materials, such as erosion, sputtering and blistering. To investigate the
interaction of He and D, amorphous and crystalline FeBSi alloys were irradiated by He or
D2 or He+D; ions with 5 keV. The results of thermal desorption indicated that more He
atoms were trapped in both amorphous and crystalline alloy irradiated by He ions than D
atoms in those alloy irradiated by D ions. Although He and D atoms were trapped FeBSi
alloy irradiated by He+D: ions, desorption peaks of D, and He were separate. Absorption
of D in amorphous alloy was influenced by the presence of He, however, absorption of He

was independent of D> irradiation in both alloys.
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1. Introduction

Interest in the behavior of He, H and its isotopes in solids has increased with
advances in fusion reactor technology. He and H are generated in materials by the
nuclear reaction of (n, o) and (n, p), which increases with increasing neutron energy.
In addition, He and D and T, which are isotopes of H, are also introduced directly
into plasma-facing materials (PFMs) by the plasma in fusion reactors. He atoms are
insoluble in most metals and alloys, and the presence of He atoms in metals may
have a great impact on the microstructure. He, which has a strong interaction with
vacancies [1, 2], forms a high density of helium bubbles and induces void swelling.
In addition, He atoms also promote the nucleation of dislocation loops [3, 4]. It is
reported that H atoms prevent the reaction of vacancies and dislocations with free

interstitials, as a result increasing nucleation dislocation loops [5].

In most of candidate first wall and divertor materials for fusion system, such as
austenitic steels, ferritic steels and copper alloys, He and H are produced
simultaneously by not only fission neutrons but also fusion neutrons. Consequently,
it is impossible to know how He and H influences nucleation and growth of
dislocations and voids, and whether there is an interaction between He and H or not
during microstructural evolution. To separate the intrinsic effects of He or H and the
synergetic effects of He and H on microstructructural evolution, B addition and
isotopic tailing methods are used to investigate the He effect on void swelling [6-11].
These experimental results show that both He and H enhanced the void swelling, and
He effect on void swelling was more prominent. However, it is difficult to

distinguish separate effects and synergetic effects of He and H in materials where



both He and H are produced during irradiation. Recently, interaction of He and H in
Fe was investigated by Geng et al. using ab initio density functional theory
calculations [12]. It is attraction interaction between He and H in bulk, and repulsion
interaction in grain boundary in bcc Fe. In order to clear the interaction between He
and H, amorphous and crystalline FeBSi alloys were irradiated by He or D> or
He+D: ions, and then, desorption of He and D> was analyzed by annealing the
irradiation samples. The reason for substitution of H by D, isotope of H, is that the

sensitivity of D is higher than H.

2. Experimental procedure

The amorphous alloy Fe79B16Sis (Metglas 2605S-3) was obtained in the form of sheets
25 um thick, which was prepared by contact with a simple copper roller in an atmosphere
of argon. The crystallization temperature (Tc) of the as-quenched Fez9B16Sis alloy was
~788 K. Crystalline FeBSi alloy specimens were prepared in a vacuum furnace by rapidly
heating amorphous ribbons to 923 K for 0.5 hours. The amorphous and crystalline samples
were irradiated by single irradiation with 5 keV He" ions or 5 keV D;" ions, and double
irradiations with 5 keV He* + 5keV D" ions or 5 keV D," + 5keV He™ ions using an
Omegatron gun, in which mono-energetic He™ and D>" ions were collimated and mass-
analyzed. The irradiation dose for each ions was 1.0x10%° ions/m?. The displacement
damage region was 50 nm from the incident surface, and the peak of displacement damage
was 15 nm according to the calculations using TRIM code [13], where the threshold
displacement energy in FeBSi amorphous alloy was assumed to be 40 eV. Afterwards,

thermal desorption spectroscopy (TDS) analysis was performed by heating the samples to



1253 K using infrared irradiation. The ramping rate of the temperature was fixed at 1 K/s.
During heating, The gas releases were monitored by a quadruple mass analyzer. The
quadruple mass analyzer used in the present study was not high resolution, therefore, the
small mass difference between D, and He (D2: m=4.0282 amu and “He: m=4.0026 amu)
could not distinguished by our QMS. In order to distinguish the gas of D2 and He, the gas
with atomic mass of 3, which comes from gas of HD, was monitored. It is possible to form

HD during D release, but it is impossible to form HD during He release.

3. Results and discussion

Fig. 1 shows D, thermal desorption from amorphous (a) and crystalline FeBSi (b) after
5 keV Dy irradiation to 1.0x10%° Do/m?. In both alloys, only one peak appeared clearly at
temperature of about 340 K, which was thought that D, was trapped by the surface defects
produced by the irradiation [14]. In addition, the background of D> thermal desorption in
amorphous alloy was higher than that in crystalline alloy at the temperature below 650 K.
Desorption of mass 3 in the same alloys is also shown in Fig. 1. The sharp peaks of mass 3
overlapped those of mass 4. Desorption of mass 4 increased desorption of mass3 because
gas of HD is related to gas of D. The broad peak of mass 3, on the other hands, was not
related to desorption of D». It comes from desorption of H absorbed by surroundings.

Fig. 2 shows He thermal desorption from amorphous (a) and crystalline FeBSi (b) after
5 keV He irradiation to 1.0x10%° He/m?. Compared with D, irradiation, He thermal
desorption peaks, which were higher than D> thermal desorption peak, appeared at high
temperatures besides the peak at low temperature of about 330 K. The peak at 330 K arose
from He that was trapped by the surface defects similar to D> thermal desorption as shown

in Fig. 1. The peak at 780 K as shown in Fig. 2 (a) was related to the crystallization of



amorphous FeBSi, which released trapped He from the amorphous free volume [14]. In
addition, the peaks at about 970 K and 1220 K were attributed to trapped He being released
from interstitial-related and void-related defects in amorphous alloy and interstitial-type
dislocation loops and voids in crystalline alloy, respectively. Similar to Fig. 1, desorption of
mass 3 is also shown in Fig. 2. Desorption peak of mass 3 did not appear, although the
background of it increased with increasing temperature.

Thermal desorption of masses 3 and 4 in amorphous alloy irradiated sequentially by 5
keV D2 and He ions and 5 keV He and D ions are shown in Fig. 3 (a) and (b), respectively.
Thermal desorption spectrum of mass 4 was the same as He thermal desorption from
amorphous irradiated by 5 keV He ions as shown in Fig. 2 (a) except the peak at
temperature of 450 K. Compared with thermal desorption spectrum of mass 3, which is
thought to come from HD, in samples irradiated by 5 keV D> and He and by only He as
shown in Fig. 2 (a), the peak at temperature of 450 K came from release of D2, since
thermal desorption spectrum of mass 3 shows the peak at the same temperature although
the peak was not remarkable. There is also an unclear peak of mass 4 and 3 in thermal
desorption spectrum at temperature of 450 K in amorphous irradiated by 5 keV He and D>
ions as shown in Fig. 3 (b). This peak is also thought to come from release of D». These
results indicate that He irradiation induces sorption of D> in amorphous alloy. Defects can
be produced in both irradiations with 5 keV He and D>, which trap D atoms, and no D
atoms trapped by interstitial or vacancy-related defects were released at temperature of 450
K as shown in Fig. 1. Thus, D> atoms came from the thermal desorption peak are not
trapped by defects produced by He irradiation, they are bounded with He atoms. On the

other hands, there is not peak of mass 3 at temperature higher than 900 K, therefore, the



peaks at high temperature are thought to come from release of He atoms. In other words,
the effect of D> atoms on sorption of He in amorphous alloy is not predominant.

The desorption of masses 3 and 4 in crystalline alloy is the same as that in amorphous
alloy as shown in Fig. 4 (a) and (b), where samples were irradiated sequentially by 5 keV
D2 and He ions and 5 keV He and D> ions, respectively. The peak at temperature of 400 K,
which shifted to low temperature compared with that in amorphous alloy, is thought to
come from D3 release in both irradiations. The peaks at higher temperatures are thought to
come from He release. These results also indicate that He irradiation influences D> sorption,
however, D> irradiation does not affect He sorption in crystalline alloy.

H.T. Lee et al. reported that He retention and release were affected very little by the
presence of D, but the presence of He enhanced D trapping in the near surface of W
irradiated simultaneously by D and He [15]. They also indicated that D atoms were trapped
possible at interstitial sites surrounding He-vacancy defects. Although the samples are
different in our study, the results of the present study agree with those reported by H.T. Lee
et al.. Geng et al. also supported that D atoms were trapped He-vacancy defects in W.
They estimated the trapping energy to a substitutional He atom for the first H was as large

as -0.96 eV [16].

4. Conclusion

Interaction of He and D in amorphous and crystalline FeBSi alloys was investigated by
single irradiation with 5 keV He" ions and 5 keV D" ions, and double irradiations with 5
keV He' + 5keV D;" ions and 5keV D" + 5 keV He" ions, respectively. Sorption of He

atoms was more predominant than that of D atoms in both alloys under single irradiation



with 5 keV. Pre-irradiation with 5 keV D" ions did not influence the sorption of He atoms,

on the other hand, pre-irradiation with 5 keV He* ions increased the sorption of D atoms.
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Figure Captions
Fig. 1 D> thermal desorption in amorphous (a) and crystalline FeBSi (b) alloys after 5

keV D irradiation to 1.0x10%° Dy/m?.

Fig. 2 He thermal desorption in amorphous (a) and crystalline FeBSi (b) alloys after 5

keV He irradiation to 1.0x10%° He/m?.

Fig.3 Thermal desorption of masses 3 and 4 in amorphous FeBSi alloy sequentially

irradiated by 5 keV D> and He ions (a) and 5 keV He and D> 1ons (b).

Fig.4 Thermal desorption of masses 3 and 4 in crystalline FeBSi alloy sequentially

irradiated by 5 keV D> and He ions (a) and 5 keV He and D; ions (b).
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