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The effect of high-energy irradiation with Kr (107 MeV) and Xe (167 MeV) ions with fluence up to 5
x 10" was studied. The samples showed radiation resistance of the phase composition to irradiation.
Irradiation leads to deformation of the crystal lattice. The value of deformation under irradiation with
Xe ions is 1.1 times greater for parameter a and 1.3 times for parameter c than with Kr ions, which is
due to the high damaging ability of Xe ions.
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1. INTRODUCTION

Due to its superior high-temperature strength, high thermal conductivity, chemical inertness, and
small neutron capture cross section, silicon carbide (SiC) is suitable for use as structural com-
ponents in nuclear fusion reactors, or as an encapsulating material for nuclear fuel in light water
reactors and gas-cooled fission reactors, and also in radioactive nuclear waste disposals. Thus,
the study of the radiation resistance of the structural-phase state and the nature of the evolution
of defects in silicon carbide after simulated ion irradiation of fission fragments is a relevant task
(Xu et al., 2012).

2. MATERIALS AND EXPERIMENTAL DETAILS

The samples were prepared at the Lykov Institute of Heat and Mass Transfer. The main stages of
the preparation of reaction-bound Si/SiC ceramics are schematically shown in Fig. 1.

Two commercially available fractions of silicon carbide powder were used as raw material:
coarse M50 grade with characteristic grain size of 50 um and fine M5 grade with grain size of 5
um (Volzhsky Abrasive Works, Russia). The ratio of large and small fractions was 5:3. Silicon
carbide powder (88 wt.%) was mixed with a thermoplastic binder based on paraffin P-2 (12
wt.%) and was cast into the mold. Thermal removal of the binder was carried out in air at 600°C.
Bakelite varnish based on resole resins LBS-1 (plant named after Yu.M. Sverdlov, Russia) was
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FIG. 1: The main stages of the preparation of SiC ceramics

used for impregnation of a porous SIC matrix after removal of the binder. The impregnation tem-
perature was 40°C, the pressure was 0.5 MPa. After the impregnation stage, the workpiece was
dried in the air at 160°C for 4 hours. Then the workpiece was subjected to pyrolysis in a vacuum
furnace (VacETO, Russia) at a temperature of 1200°C and a pressure of 0.13 Pa for 2 hours.

The same vacuum furnace was used for the final siliconizing stage, which was carried out at
a temperature of 1800°C and a pressure of 0.13 Pa for 4 hours. For this purpose, the sample was
placed in a closed graphite crucible and covered with a homogeneous layer of electronic purity
silicon powder (Semiconductor Plant, Ukraine), which melted when heated and penetrated into
the porous structure of the C/SiC workpiece. A chemical reaction took place between liquid
silicon and carbon in the pores with the formation of secondary silicon carbide, which bound the
initial particles of primary silicon carbide powders. The remaining space remained filled with
silicon. After siliconizing, the sample surface became rough and inhomogeneous, so mechanical
grinding and polishing were used to remove residual silicon and create appropriate conditions for
further study of ceramics (Grinchuk et al., 2018).

The analysis of the obtained samples of silicon carbide ceramics showed that it contains
about 78% of silicon carbide and less than 2% of single residual pores with a characteristic size
of up to several microns. Figure 2 shows a micrograph of the sample section from an optical mi-
croscope. Dark areas correspond to silicon carbide, light areas correspond to silicon.

The samples were irradiated with Kr ions with an energy of 107 MeV and Xe ions with
an energy of 167 MeV at room temperature at the IC-100 linear heavy ion accelerator at JINR
(Dubna, Russia). The integral radiation doses were: 1 x 10*2 1 x 10" cm? for krypton, and 1 x
10%, 1 x 10, 5 x 10" sm™2 for xenon.

The structural and phase state of the initial and irradiated silicon carbide samples was stud-
ied by X-ray diffraction analysis (XRD) and Raman scattering (Raman). X-ray analysis was per-
formed on an Ultima IV diffractometer using the geometry of a parallel beam in copper (CuKa)
radiation with a wavelength of 0.154179 nm. The Raman was carried out at room temperature
using a spectral-analytical complex based on a scanning confocal microscope “Nanofinder High-
End.” The excitation wavelength was 532 nm, and the excitation depth exceeded 10 microns.

3. RESULT AND DISCUSSIONS

Figure 3 shows an X-ray image of an unradiated silicon carbide sample. Studies of the phase com-
position showed that the initial samples are a multiphase system: SiC-6H: hexagonal (P63mc)
syngony, Si: cubic (Fd-3m) syngony, SiC-15R: trigonal (R3m) syngony, and FeSi,: tetragonal
(P4/mmm) syngony (Fig. 3). The main phase is SiC-6H (about 80%), the content of the SiC-15R
phase is about 10%, Si is less than 8%, and FeSis is less than 2%.
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FIG. 2: The section of reaction-bound ceramics. Optical microscope, reflected light, 50 x lens
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FIG. 3: XRD of the initial SiC sample

Figure 4 shows the results of modeling the irradiation of silicon carbide samples in the stop-
ping and range of ions in matter (SRIM). SRIM calculations showed that the projective range of
Kr and Xe ions are 12.4 and 13.9 microns, the maximum energy losses for ionization in the near-
surface region are 12 and 18 keV/nm, and the maximum of the vacancy distribution corresponds

to 12 and 18 vacancies/(nm*ion), respectively.
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FIG. 4: Simulation results of irradiation of SiC samples with Kr (a) and Xe (b) ions in SRIM
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The X-ray analysis of samples after irradiation with Kr and Xe ions showed high radiation
resistance of the phase composition when irradiated with Kr (107 MeV) and Xe (167 MeV) ions
with doses up to 5 x 10* cm ™. The decay of existing phases or the formation of new ones was not
observed. Irradiation with Kr and Xe ions leads only to a change in the crystal lattice parameter
of the phases of silicon carbide samples.

Figure 5 shows the dependence of the relative change of lattice parameters (Ac/c) and (Aa/
ag) on the dose of krypton and xenon ions irradiation. The lattice parameters a and ¢ were calcu-
lated using the Rietveld method. The lattice parameters of the unirradiated SiC-6H were used as
ag and cy. The relative change in the lattice parameters a and c are associated with the deforma-
tion of the lattice.

It is seen that irradiation with high-energy Kr and Xe ions leads to a significant increase in
lattice deformation (compressive stresses), which is due to the formation of radiation defects and
thelr clusters (Singh et al., 2019). With a further increase in the dose of Kr ion irradiation to 1 x
10™ cm™, the lattice deformations ((c-c )/c ) does not change and ((a-a )/a ) increases slightly.
With an increase in the dose of Xe ion irradiation to 1 x 10* cmZand 5 x 10% cm™, the lattice
deformations ((c-cq)/co) and ((a-ag)/ag) increase with increasing dose, which is due to an increase
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FIG. 5: Dependence of lattice deformations (a-ag)/ag and (c-cq)/cq (for 6H-SIC) at different doses of SiC
irradiated with Kr (a) and Xe (b) ions
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in the degree of overlap of ion tracks and an increase in the number of radiation defects. It is also
seen that after irradiation with Xe ions, the values of deformations ((a- ao)/ao) and (gc Co)/Co) are
1.3 and 1.1 times higher, respectively, than with Kr ions at a dose of 1 x 103 cm™* (Zikirina et
al., 2021). Large values of deformations during irradiation with Xe ions are due to their higher
damaging ability (formation of vacancies, energy losses for ionization). The obtained data on the
deformation of the lattice are averaged over the depth of implantation.

Figure 6 shows the Raman scattering spectra for silicon carbide samples irradiated with Kr
and Xe ions. For the convenience of comparison, the spectra are shown on the same graph.

As a wurtzite structure, the 6H-SiC phase has active phonon combination modes, which can
be divided into longitudinal (LO) and transverse (TO): A; (LO), E; (TO) and E, (TO).

Four peaks of the first order of Si-C oscillations were detected in SiC samples at apprOX|—
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dered Si-C bonds (Fig. 6).

lon irradiation leads to a slight decrease in the intensity of Si-C peaks and an increase in their
full width at half maximum. This is due to the formation and accumulation of radiation defects in
the SiC sample (Xu et al., 2018). Figure 6 also shows a clear shift of the lines E; (TO) and E, (TO)
to the region of the Raman shift reduction, which indicates the occurrence of positive deformations,
which correspond to the deformation Aa/a,. For the peaks A; (LO), which correspond to the defor-
mation ((c-co)/cy), its displacement to the region of decreasing Raman shift is also visible.

4. CONCLUSION

Samples of silicon carbide ceramics representing a multiphase system are synthesized: SiC-6H,
Si, SiC-15R, and FeSi,. The main phase is SiC-6H (~ 80%).
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FIG. 6: Raman scattering spectrum of the initial and irradiated SiC samples
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Stability of structural parameters is observed in the samples, which indicates radiation resis-
tance of silicon carbide samples upon irradiation with high-energy Kr (107 MeV) and Xe (167
MeV) ions with doses up to 5 x 10** cm™.

It was found that irradiation with Kr and Xe ions leads to a significant increase in lattice
deformation in SiC-6H, and the level of deformations increases during the transition from Kr
ions to Xe ions.

The Raman method revealed a shift and a change in the shape of peaks corresponding to
Si-C bonds, which is associated with the occurrence of deformations in the SiC-6H structure after
ion irradiation. It can also be noted that the results of studies using X-ray diffraction analysis and
Raman scattering methods are in good agreement with each other and complement each other.

The conducted studies of irradiated silicon carbide samples allow us to conclude that the
SIC-6H phase has a high radiation resistance to high-energy irradiation with heavy ions.
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