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Abstract

Polycrystalline 3C SiC was irradiated and observed in-situ via Transmission Electron Microscopy with a
20keV He ion beam at 400, 800, 1000 and 1200°C at the Microscopes and lon Accelerators for Materials
Investigations facility. During the 400, 800, 1000 and 1200°C irradiations, black-spot damage was observed
at3.1,1.1, 2.1 and 2.1 dpa respectively. Helium bubbles were observed after 6.3 dpa at 400°C and 2.1 dpa
at 800°C, and He platelets were seen after 1.1 dpa at 800, 1000 and 1200°C but not observed during the
400°C irradiation. This work shows for the first time, the preferential nucleation of platelets within
stacking faults in 3C SiC. The dependence of He platelet diameter with temperature and dose has also
been observed.

1. Introduction:

The proposed next generation of nuclear power stations will comprise Generation-IV [1], and fusion
reactors pushing the limits of current reactor technology due to higher temperatures [2], pressures [1],
and neutron fluxes [3]. Silicon carbide (SiC) is being considered for use as a plasma facing material in fusion
reactors [4] and as a cladding for fission reactors due to its low activation [5], low oxidation rate [6], and
high melting temperature of 2700°C [7]. 3C SiC is currently being used in Tristructural Isotropic (TRISO)
fuel particles. TRISO fuel particles are small spheres (approximately 1 mm in diameter) consisting of five
main components: A inner fuel kernel (typically UO,); a porous C layer used to harbour fission products; a
pyrolytic C (PyC) layer to protect the inner core from corrosion during the deposition of the 3C SiC layer;
a layer of 3C SiC to withhold the high pressure gas released from the fuel; and finally another layer of PyC
to protect the SiC from corrosion and to act as a backup layer to withhold the fission gasses should the
SiC fail [8][9]. One advantage over conventional fuel pellets is that fission products are confined within
the porous layer of the TRISO particles meaning that the fuel cladding cannot absorb the fission gasses
and swell. The porous layer also makes it harder for the fission gasses to get into and poison the core. This
also reduces the possibility of cracks due to differences in thermal expansion between the fuel and the
cladding as the fuel particles are free to expand within the porous carbon in the TRISO particles also
allowing for higher operating temperatures [10]. TRISO fuel particles are currently being used in the
Japanese High Temperature Engineering Test Reactor [11][12] and in China’s High Temperature Gas-
Cooled Test Reactor [13]. SiC has been proposed to replace Zr cladding in Light Water Reactors (LWR) after
the series of explosions at the Fukushima reactor caused by the high oxidation rate of Zr in a Loss of
Coolant Accident (LOCA) [14]. This is because of the superior corrosion resistance of SiC when compared



to Zr due to a protective SiO; scale that forms on the SiC surface when subjected to high pressure steam
at LWR LOCA related temperatures [15][16].

Decay products such as He can arise in SiC after fission reactions of the Si and C atoms due to the neutron
bombardment from the fuel, and these decay products can potentially further embrittle the material in
fission and fusion reactors [17]. Handbooks tabulating the He concentration via transmutations in pure Si
and C, found using FISPACT-Il code [18] were used to calculate the He concentration in SiC for a
Pressurised Water Reactor (PWR). The FISPACT-II code calculated transmutations for each element using
the average flux calculated for the fuel assembly in the P4 PWR reactor at the Paluel site in France. Silicon
carbide irradiated in the average P4 flux (3.25x10' n.cms?) for a ‘full power year’ will attain 10 appm He
[19]. For the case of fusion, SiC in the Demonstration Reactor will obtain =1200 appm He due to
transmutations and 150 dpa of damage after the components’ lifetime of 5 years [20]. Also, plasma-wall
interactions (PWIs) can occur in tokamak reactors due to plasma instabilities that can lead to plasma
striking the plasma-facing materials (PFMs) and implanting high concentrations of He [21][22][23].
Because of the He build-up due to transmutations in fission/fusion reactors, and PWIs in the case of fusion,
it is of great importance that the accumulation and mobility of He in SiC be understood, especially as He
build-up in SiC is known to embrittle the material [24]. Studies on the formation of He platelets in SiC have
been predominantly on the hexagonal polytypes, 4H and 6H [7,14,33—-39,25-32]. When platelets become
oversaturated with He, they have such an immense pressure (around 28 GPa) that they distort the
adjacent planes in the matrix [24]. This distortion can be observed in TEM as strain fields. Fewer He
platelet studies have been performed on the cubic SiC polytype, 3C [31,40,41]. Platelets in 3C SiC have
been seen after annealing a sample to 1000°C that had been implanted with 65 keV He ions at 277°C to
8000 appm He [40], and also after a sample was implanted with 15.7 MeV He ions to 1000 appm He and
annealed to 1050°C [31]. Platelets have also been seen in 3C SiC without annealing with simultaneous 5.1
MeV Si and 1 MeV He ion irradiation at 1000°C to approximately 600 appm He [41]. Heavier ion
irradiations have not resulted in platelet formation although bubbles have still been observed. Krypton
bubbles have been seen after 4 MeV Kr irradiation after annealing to 1600°C [42], and Xe bubbles have
also been observed in 3C SiC crystals after 800 keV Xe ion irradiation at room temperature [43]. Although
all common SiC polytypes (3C, 4H and 6H) are promising candidates for nuclear materials ([44][7][45]), 3C
SiC has a greater resistance to thermal shock than 4H or 6H [6], an important property in the case of LOCAs
in a fission reactor [6], and for plasma striking the PFM in a fusion reactor arising from plasma instabilities
[46].



2. Experimental:
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Fig 1. Plots indicating the vacancies created, and the He implanted throughout the 3C SiC samples by the
20keV He ion beam (data taken from SRIM calculations) [47].

Expected operating temperatures for PFMs in fusion reactors are in the range of 500-1100°C and so
irradiation temperatures for this experiment were chosen to cover this range [2]. For the irradiations
carried out at 400, 800 and 1000°C, 100 nm thick samples were created from a small block of chemical
vapor deposited (CVD) polycrystalline 3C SiC with a nominal purity >99.9995% (Dow Chemical Co., high-
resistivity grade). Electron transparent lamella were cut out and attached to Mo grids using the Focused
lon Beam (FIB) lift-out technique. Focused lon Beam samples were also intended to be used at 1200°C,
but upon heating these bent extensively becoming unusable. Thus, a different technique was used to
produce samples for experiments at 1200°C. Thin sheets (approx. 1 mm thick) were cut from a 3C SiC
block with a Well (model 3214) diamond wire saw. A Gatan (model 601) ultrasonic disc cutter was then
used to cut 3 mm diameter discs out of the 3C SiC sheets, that were then thinned down to a thickness of
100 um using an Escil (model ESC 300 GTL) manual polisher. The samples were then dimpled to a thickness
of around 30 um before being finally polished in a Gatan Precision lon Polishing System until a hole
appeared in the centre of the discs. These discs maintained their structural integrity at 1200°C. Samples
were then screened in either a 300 kV JEOL 3010 Transmission Electron Microscope (TEM) or a 300 kV
Hitachi H-9500 TEM to ensure that they were electron transparent, and to note any crystal defects before
irradiation.

The Microscopes and lon Accelerators for Materials Investigations (MIAMI) 2 system was used for all
irradiations and all in-situ TEM imaging [48]. MIAMI 2 features a Hitachi 9500 TEM with two ion beamlines
each able to provide ions to irradiate specimens whilst under TEM examination, and the main beamline



used in this work is capable of accelerating positive singly—charged ions up to 350 keV. A Gatan 652
double-tilt heating holder was used for sample heating and imaging for the 400, 800 and 1000°C
irradiations to make it easier to find low-index zones in diffraction patterns due to its double tilt
capabilities. As the Gatan 652 double-tilt only has heating capabilities up to 1000°C, a Gatan 628 single-
tilt heating holder was used for the heating and imaging of samples used in the 1200°C irradiations. To
monitor the flux, the ion beam current was measured before and after the experiment using a Current
Metering Rod located at the sample position in the TEM, and a skimming aperture located approximately
15 cm above the sample was used to monitor the current during the experiment. Due to samples being
monitored in-situ via TEM, only thin films could be irradiated meaning that the effects of close surfaces
needed to be considered.

Stopping and Range of lons in Matter (SRIM) Monte Carlo computer code was used to calculate the
displacements per atom (dpa) and the concentration of He atomic parts per million (appm) implanted into
the samples [49]. A 20 keV He beam was used to give a relatively uniform damage distribution throughout
the samples, as shown in figure 1. A flux of 9x10%3 ions.cm?.s? was used for the 400, 800 and 1000°C
irradiations, and due to a technical issue in the MIAMI 2 system, the lower 4x10% ions.cm?.s* was used
for the 1200°C irradiation. All samples were irradiated to the same fluence of 2.4x10' ions.cm™to give a
peak He concentration of 80,000 appm (assuming that no He left the system), as this was the calculated
He implanted into a PFM in the Large Helical Device [50] when using data from M. Tokitani et al [23] and
SRIM (plasma flux = 10%® ions.cm=2.s%, 2 keV He, 2 second discharge time). The samples were irradiated at
18.7° from perpendicular to the sample surface via the main beamline of MIAMI 2. The 18.7° irradiation
angle and displacement energies of 20 and 35 eV for carbon and silicon respectively [51], were
implemented into the SRIM calculation, and 99,999 ions with the ‘Detailed Calculation with full Damage
Cascade’ code was used for calculating dpa. The sample thickness was also set to 100 nm and the lattice
and surface energies were both set to 0 eV, and the total average damage throughout the samples in all
experiments was calculated to be 8.4 dpa.

Images of the samples were taken every 3x10% ions.cm™ (1.1 dpa), and at focus, overfocus, and
underfocus images were taken at each area of interest so that defects responding to phase contrast (such
as bubbles) could be clearly observed. The electron beam was turned off in between imaging to minimise
possible synergistic or hindering effects. Bubble diameters were measured individually using the ‘line tool’
in the ImagelJ image manipulation software, and density was calculated by manually counting the number
of bubbles in a square of known area using the same software.

3. Results:
3.1. Black Spot Damage and He Bubbles

Black spot damage became discernible in the samples after a dose of 3.1 dpa at 400°C; 1.1 dpa at 800°C,
and 2.1 dpa at 1000°C. At 8.4 dpa, the highest areal density of black spots was seen in the 400 and 800°C
irradiations (figure 2a and b). At 1200°C, black-spot damage was not observed but bend contours due to
the undulating sample were common features (figure 2d).

Helium bubbles were only seen at 400°C after 60,000 appm (6.3 dpa) but were seen much earlier in the
800°C irradiation from 20,000 appm He (2.1 dpa). Bubbles were seen to have grown to an average (with
standard deviation) of 1.620.28 nm in diameter after 60,000 appm (6.3 dpa) and remained at this size
through the rest of the 400°C irradiation. During the 800°C irradiation, bubbles were not observed at
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Fig 2. Bright field TEM images of 3C SiC irradiated with 20 keV He ions at dpas where prominent features
were observed at each irradiation temperature (a) 400°C to 8.4 dpa at 1000 nm over-focus (Af = +1000
nm) (b) 800°C to 8.4 dpa, Af =-1000 nm. (c) 1000°C to 6.3 dpa, Af =—-2000 nm. (d) 1200°C to 2.1 dpa, Af =
-2000 nm. The scale marker in (a) applies to all four images.

10,000 appm (1.1 dpa) but were observed with an average diameter of 1.9+0.32 nm at 20,000 appm (2.1
dpa) and were also not observed to grow any further with higher fluence. Grain boundaries decorated
with He bubbles was not a common occurrence in the 400 and 800°C irradiations, Helium bubbles were
seen to decorate some grain boundaries in the 1000 and 1200°C (an example can be seen near the bottom
of figure 4d) irradiations but no significant conclusions were drawn from their sizes due to the small
sample size. Other bubbles were only seen within platelets in the 1000 and 1200°C irradiations (figure 3c
and d).
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Fig 3. Bright field TEM images of 3C SiC irradiated with 20keV He ions at dpas where most prominent
features were observed at each irradiation temperature. (a) 400°C, Af =-1000 nm to 8.4 dpa. (b) 800°C
to 8.4 dpa, Af =-1000 nm. (c) 1000°C to 2.1 dpa, Af =-2000 nm. (d) 1200°C to 1.1 dpa, Af =-2000 nm.

The scale marker in (a) applies to all four images.

3.2. Platelets

The term ‘helium platelet’ or ‘platelet’ is used in this work to describe any flat, circular defect containing
He. Two types of platelet are discussed in this work: A Continuous Gas-Filled Disc (CGD) is a continuous
lenticular cavity filled with He; And a bubble complex disc (BCD) is a flat, disc shaped, cluster of helium
bubbles (as seen in Figures 4b and 4d). Helium platelets often exert such a high pressure on the adjacent



planes in a materials matrix (around 24 GPa [25]) that strain fields can be seen surrounding them (figures:
3¢, 3d, 4a, 4c, 5a and 5b). Helium platelets show little contrast at focus (AF), appear bright in underfocus
(UF), and appear dark in overfocus (OF) as they exhibit phase contrast. Smaller features exhibiting phase
contrast in which they appeared light in underfocus and dark in overfocus were assumed to be He bubbles

[71.

Helium platelets formed most readily at 1000°C (fig 3c) and 1200°C (fig 3d). Platelets also formed at 800°C
(fig 3b) but without strain fields, and no platelets were observed at 400°C (fig 3a). Figures 6 and 7 show
the variations in platelet diameters with temperature and dpa, and platelet diameters were again
measured individually using the ‘line tool’ in the Image) software; The error bars shown in these graphs
show the standard deviation of the platelet diameters. The platelet size increased five-fold over the
temperature range studied (as shown in figure 6), but the platelets were not seen to grow larger with
higher doses as illustrated in figure 7. Platelets were seen to form between the <111> and <220> planes
as shown in figure 5. Throughout the 800, 1000 and 1200°C irradiations, the average platelet diameters
with their standard deviations were 40+£18, 60+47 and 210+75 nm respectively (with a precision of +0.05).
In the 1200°C irradiation, (022) platelets appeared to have nucleated most commonly within stacking
faults as seen in figures 4a and 5b. Face-on platelets were also observed after irradiation as seen in figure
4b and 4d.

4. Discussion:

Temperature (°C)
Defect M'grat;:\'})E"ergy 400 800 1000 1200
He interstitial 1.43° 717 7x10° 8x107 5x10°8
C interstitial 0.88° 9x10° 3x10° 1x10%° 4x10%°
Si interstitial 1.26° 13400 4x10’ 4x108 2x10°
C vacancy 3.5° 2x10% 0.001 0.5 38
Si vacancy 3.4° 1x101? 0.004 1 86

Table 1. The migration energies and estimated jump rates of the main defects relevant to this work. The
jump-rates were calculated from the Arrhenius equation and are reported in jumps.s™ [52]. 2[53], °[54].

4.1 Black Spot Damage

Black spot damage arises when highly energetic particles (such as ions) induce Primary Knock-on Atoms
(PKAs) in a material. These PKAs then go on to produce collision cascades in which Frenkel pairs are formed
[55]. These interstitial clusters are likely to grow in size at relatively low temperatures such as 800°C as
Liu et al. have shown that the formation energy for interstitial clusters tends to decrease with increasing
cluster size, and the ‘dissociation rate of clusters is negligible as compared to the absorption rate’ at 800°C
[56]. At higher irradiation temperatures, black spot damage became less apparent throughout the
samples. This may be due to bigger interstitial clusters breaking apart or ‘dissociating’ at higher
temperatures as shown in table 2. It may also be due to a higher number of He atoms trapped in small
vacancy clusters at lower temperatures (see section 4.2) that prevent a higher proportion of self-
interstitials recombining with their vacancy counterparts, meaning that there is a greater number of self-
interstitials at lower temperatures able to agglomerate into interstitial clusters. At 400°C, it can be seen
(in table 2) that interstitials do not have sufficient energy to dissociate from interstitial clusters of any size



which is why in figure 2a, a high density of black-spot damage (due to interstitial clusters) can be seen. At
800°C, large black-spot defects are still observed as the interstitials do not have sufficient energy to
dissociate from clusters containing 3 or more interstitials but do have sufficient energy to dissociate from
di-interstitial clusters giving rise to the lower density of black-spot damage seen in figure 2b when
compared to figure 2a. At 1000 and 1200°C, the interstitials have enough energy to dissociate from all
interstitial clusters (up to clusters containing 6 interstitials) which explains why on average, far less black-
spot damage is observed at these temperatures (figures 2c and 2d).

Dissociation Energy per Interstitial Cluster Size (No. of Dissociation Temperature (°C)
Interstitial (eV) [57] interstitials)
2.58 2 690
3.17 3 900
3.09 4 870
3.224 5 920
3.24 6 930

Table 2. The dissociation (breaking apart) energies of carbon interstitial clusters in 3C SiC with their
corresponding dissociation temperatures calculated using the Arrhenius equation. The dissociation
temperature was taken as the lowest temperature that gave a dissociation rate of approximately 1
interstitial per second.

4.2 He Bubbles

At 400 and 800°C, the bubble density was not seen to increase with He fluence even though the bubbles
were also not observed to grow in size. It seems unlikely that this was due the sample reaching a He
saturation level and now losing most of its He at the sample’s surfaces as A. Miyagawa et al. calculated
that the He remission rate was <10% of the incoming flux at 2.4x10Y” He ions.cm? (the highest fluence
reached in this experiment) with a 20 keV He ion beam at 600°C [58]. Due to the difficulty of measuring
the diameter of small bubbles, bubbles may have grown during these experiments up to a maximum size
of 2.67 nm at 800°C, and 2.34 nm at 400°C (calculated using the error in the measurements). There was
also no measurable correlation between bubble density and dose; however, a significant difference in
bubble densities was measured between 400 and 800°C. The average bubble density for all doses at 400°C
was measured to be 0.07+0.017 bubbles/nm?, and for the 800°C irradiation, 0.04+0.009 bubbles/nm?2. This
observation was unlikely to be due to vacancy migration as vacancies in 3C SiC are highly immobile at
800°C as the jump rates for Vcand Vs; were 0.001 and 0.004 j.s* respectively (as shown in table 1). Instead,
it was assumed that He migrated through the samples interstitially instead of travelling in He,V,
complexes as the main diffusion of He through SiC is believed by P. Jung to be by the “dissociation and re-
trapping of trapped and clustered He atoms” (due to experimental results from 500-850°C) [59], and so
the lower measured He bubble density at 800°C when compared to 400°C could be because He from
smaller bubbles was able to de-trap at 800°C and migrate to the larger bubbles. If this is the case, then He
is de-trapping from an abundant defect at an energy between 1.81 and 2.89 eV (calculated using the



Arrhenius equation) which may correspond to the de-trapping of He from C vacancies (2.1 eV), and Si
vacancies (2.9 eV) as calculated by R.M. Van Ginhoven et al. [60].

Fig 4. Bright field TEM images of 3C SiC irradiated with 20 keV He ions at 1200°C to 8.4 dpa, Af = -
1000nm. (a) Stacking fault decorated with black-spot damage and containing an edge-on He platelet
(indicated by white arrow), (b) face-on platelet (indicated by white circle) with bubbles getting bigger

towards the centre of the platelet, (c) edge-on platelet strings, (d) face-on platelets indicated by white
circles (where platelet shape was clear). All images are of the same scale.



4.3 Helium Platelets

The absence of platelets seen during and after irradiation at 400°C is thought to be due to insufficient He
interstitials in the system [7]. Although the concentration of interstitial He greatly increases at
temperatures above 100°C according to desorption studies [61], there may still not be sufficient He in the
system for platelets to form. At around 600°C, the same desorption study reports a further spike in
interstitial He, due to the He atoms now having sufficient energy to de-trap from bigger vacancy clusters
and to go on to agglomerate with again bigger vacancy clusters, as the binding energy for He1V4 (2.75 eV)
is greater than for He;V; (0.75 eV) making it energetically favourable for the He to accumulate at larger
vacancy clusters [62]. This would explain why there is sufficient interstitial He for platelets to form at
800°C. The greater increase in platelet sizes between 1000 and 1200°C may have been observed due to a
bigger fraction of He de-trapping from nucleation sites at 1100°C and above as documented by Miro et al.
This temperature effect could also be seen in a similar study by Harrison et al. on 4H SiC where bubbles
were first observed at lower temperatures of 400, 600 and 1000°C, and platelets were only observed at
the highest irradiation temperature of 1200°C [7]. The observation of platelets between 800 and 1200°C
was also found in 6H SiC after annealing [63]. Platelets were observed at the first irradiation step in the
800, 1000 and 1200°C irradiations meaning that platelets nucleated before 1.1 dpa and 10,000 appm He
at these temperatures.

When viewed face on, platelets in this study were always observed to be of the BCD type as shown in
figure 4b and d and were never observed as CGDs. Helium platelets are often reported to begin as CGDs
that break down into bubble complexes/clusters (BCDs) after annealing [29][25][64]; even though this is
often stated as fact, there is no visual evidence of face-on platelets that are of the CGD type. J. Chen et al.
[25] reports observing the evolution of platelets from CGDs of He (‘lenticular cavities’) at 850°C, to He
BCDs after annealing to +1250°C via TEM; but there are no images of face-on CGDs featured in the paper.
Instead, the platelets observed edge-on at 850°C are reported to be the CGDs. It seems plausible that the
edge-on platelets observed at 850°C could have been BCDs, but the individual bubbles could not be
resolved as the platelets were observed edge-on, and so the 2D projection of the 3D platelet could have
been made up of many overlapping bubbles that were observed as a continuous line. After annealing (to
approx. 1400°C) an image in the paper [25] illustrates face-on platelets where the bubbles within the
platelet were easily discernible as the projection of the platelets in the face-on orientation may have only
been made up of close to one layer of bubbles [25]. The closest evidence for platelets as CGDs are those
documented by M. Vallet et al. [65]. Although there is no mention of platelets beginning as CGDs in Vallet’s
paper, face-on platelets are shown to begin as bright, uniform, oval defects that could potentially be CGDs,
although images again may not be at a high enough magnification to observe individual bubbles within
the platelets [65]. The platelet imaged in figure 4b had the closest resemblance to a CGD in this work but
again, still shows individual bubbles within its perimeter. B. Tunca et al. have observed the nucleation of
platelets containing bubble clusters, without observing initial CGDs in a complex carbide with
(Zros,Tios)2(Alos,Snos)C stoichiometry, which is a double solid solution MAX phase compound. At 2 dpa
and 400°C, He bubbles were seen to have nucleated within the matrix, and with further irradiation steps,
lines of He bubbles began to form. At 7.5 dpa, it was observed that these bubble lines had evolved into
He platelets (viewed edge-on) as individual bubbles could no longer be discerned within the bubble lines
and the bubble lines featured the characteristic, thin ellipsoidal platelet shape similar to those seen in
figure 3b [66].



Because of the thickness of the samples (approximately 100 nm) the edge-on platelets over 100 nm in
length observed in this work cannot possibly be circular else they would have left the material matrix.
Figure 4d illustrates face-on platelets that show their oval shape.

Helium platelets of the CGD type are typically believed to begin their formation when He accumulates at
interstitial sites between planes in a material with the largest interplanar spacing, referred to as the close-
packed planes in a crystalline material [67]. When enough He is present, the pressure becomes so great
between these planes that the He pushes out neighbouring self-interstitial atoms (SIAs) from the lattice
and migrates into the newly created vacancies forming a He bubble [7]. As more He interstitials migrate
to the newly formed He bubble, the bubble becomes oversaturated with He and pushes out more
neighbouring SIAs from the close-packed planes to accommodate the new He atoms [7]. This process of
oversaturation and relaxation through the creation of more Frenkel-pairs continues until platelets of the
CGD nature are formed [7]. The CGD are then thought to break down into individual bubbles creating
BCDs as it is energetically favourable [29]. If platelets are instead always of the BCD nature then they must
form in another way. It may be that Frenkel pair clusters with vacancy rich cores are formed in the material
by primary knock-on atoms induced by ion irradiation [55]. The vacancies could accept He interstitials
making a highly dense bubble region, and these bubbles may preferentially order themselves between a
common plane. The constructive force exerted on the surrounding planes by all of the bubbles in the
region may be the cause of the strain fields seen in TEM when viewed edge-on, giving rise to BCD platelets.

Platelets were observed to preferentially nucleate within stacking faults in the 3C SiC as shown in figures
4a, 4c and 5b. Stacking faults can act as defect sinks for He interstitials, and have been seen as preferential
nucleation sites for bubbles in 3C SiC [35][33]. J. Xi et al used first priciple calculations to show that for a
non-charged Si atom, the average migration energy within a stacking fault is 0.94 eV when compared to
the bulk value of 1.26 eV [54]. This could mean that Si atoms can more readily reorder themselves to
accommodate He clustering, and so He would be more likely to form platelets within the stacking faults.
The preferential nucleation of platelets along stacking faults may not be the case for all SiC polytypes as
Han et al. did not find platelets forming between stacking faults in 4H SiC at 1000°C [30].

Platelets in this work were not observed to grow in diameter with increasing He dose after the material
was first imaged at 10,000 appm He (1.1 dpa). It may have been that after the first irradiation step (1.1
dpa), the platelets had already grown to a saturation size. This phenomenon has been explained by M.
Hartmann et al. as the result of platelets self-trapping within dislocation loops created as a result of the
self-interstitials forced out of their sites by the over-pressurised He bubbles. This self-trapping may also
be the reason that platelet strings (as seen in figure 4c) formed instead of one giant platelet as after the
first platelet nucleated to its maximum size, there was still sufficient He along the stacking faults for more
platelets to form. As gas pressure is likely a driving force for crack formation [58], and the pressure in
platelets (in 4H SiC) is estimated to be around 24 GPa [25], it seems likely that in 3C SiC, stacking faults
would be the first places for cracks to form after a continuous build-up of He due to stacking faults being
the favourable site for platelets to nucleate. This suggests that in a fusion or fission reactor, 3C SiC with
fewer stacking faults may be more resistant to cracking as there will be fewer sites for platelets to
nucleate.

The reason for a lack of platelets at 800°C in the experiment by Harrison et al. [7] and the observed
platelets at 800°C as seen in figure 3b, could be due to the difference in SiC polytype (4H in Harrison’s
work and 3C in this work), but it could also be due to the much lower peak density of implanted He at



=40,000 appm He when compared with 80,000 appm He in this work. Also, in the same experiment by
Harrison et al. Helium bubbles were observed to grow with He fluence at 800°C up to a saturation size of
1.7 nm, but bubble growth was not observed in the current experiment. This could be due to bubbles
having reached a maximum size of =1.9 nm in the current experiment because of the higher levels of
implanted He. The difference in measured bubble saturation size at 800°C between Harrison’s work
(1.7£0.3 nm) and this work (1.9£0.3 nm) could perhaps also be due to the difference in SiC polytype.

Fig 5. Bright field TEM images of 3C SiC irradiated with 20 keV He ions at (a) 1000°C to 4.2 dpa, Af = -600 nm with inset
diffraction pattern (DP) of same area. (b) 1200°C to 1.1 dpa, Af =-2000 nm with inset DP of same area (large objective
aperture).
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Fig 6. A graph to show the dependence of the average helium platelet length with
irradiation temperature with a 20 keV He beam.
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Fig 7. A graph to show the dependence of helium platelet length with irradiation
temperature and irradiation dose with a 20keV He beam.



5. Conclusions:

TEM observations with in-situ He ion irradiation was carried out on CVD 3C SiC to observe the
microstructural changes in fusion relevant conditions. Four different samples were irradiated at 400, 800,
1000 and 1200°C up to 8.4 dpa, and images were taken periodically in 1.1 dpa increments. The main
conclusions drawn from this investigation are:

e Helium platelets appear to preferentially nucleate between stacking faults in polycrystalline 3C
SiC under He irradiation at fusion relevant temperatures (800, 1000 and 1200°C).

e Platelets form along close-packed <111> planes and between the <220> families of planes in
fusion relevant irradiation conditions.

e The higher theirradiation temperature, the greater the average platelet length that was observed.

e Platelet diameters, He bubble sizes, and bubble densities were not seen to increase with He dose.

e Detrimental defects such as cracks were not observed in the material after a high He density of
80,000 appm (similar to that expected for a SiC PFM in a fusion reactor after a PWI)

e 3CSiC grown with fewer stacking faults may nucleate less He platelets after a build-up of He, and
in turn could result in a material more resistant to He embrittlement.
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