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Abstract 

In-situ transmission electron microscopy (TEM) with ion irradiation has been used to study the 

damage microstructure evolution of He ion irradiated 4-H SiC at nuclear fusion relevant temperatures. 

The SiC samples were irradiated with 20 keV He ions at 25, 400, 800 and 1200°C to a dose of 5.0 

displacements per atom (DPA). At 25°C, the material fully amorphises at 1.5 DPA and no He bubble 

nucleation occurs up to the doses studied. At 400 and 800°C, He bubble nucleation occurs and the 

material remains crystalline. Bubble nucleation occurs at 2.0 DPA at 400°C but occurs at only 0.5 

DPA at 1200°C. This is attributed the He atoms de-trapping from vacancies and migrating 

interstitially to larger He-vacancy clusters at higher temperatures, leading to faster nucleation of 

observable He bubbles. Helium platelets form at an irradiation temperature of 1200°C at 0.5 DPA 

showing a preference for nucleation between the {0001} basal planes.  
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1 Introduction 

Silicon carbide has received much attention in recent decades for potential applications in nuclear 

reactors due to its very high melting temperature (3000 K), good thermal and mechanical properties as 

well as its stability under irradiation [1], [2]. This makes it a very promising candidate for use in the 

extreme environments of a nuclear reactor core where the material will be exposed to extreme 

temperatures and radiation damage from neutron bombardment. After the Fukushima disaster, SiC-

based cladding was proposed as an accident tolerant coating to replace the current zircaloy cladding [3] 

and is also the leading candidate for use as the protective structural layer of the TRistructural 

ISOtropic (TRISO) coated fuel particles for the Very High Temperature (VHTR) Generation IV 

nuclear reactor [4]. It is also a candidate for use as a plasma facing material (PFM) in the first wall 

and divertor of the DEMOnstration fusion reactor [1]. 

As a PFM, SiC will experience high heat fluxes and displacement damage from 14.1 MeV neutrons 

and charged particle bombardment. The energies of α-particles lost from the plasma as a result of D-T 

reactions will generally be around 100s of eV. Particles with MeV energies have also been detected 

escaping the plasma confinement of the Joint European Torus (JET) reactor [5]. These α particles will 

impact on the SiC surface resulting in variation of He implantation with depth. In addition to 
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impinging He atoms from the D-T reaction, He is also produced from (n,α) reactions [6]. Production 

of He from (n,α) reactions in SiC will vary depending on the neutron environment used with ~20 

atomic parts per million (appm) of He being produced per full power year when exposed to 

pressurized water reactor (PWR) or fast breeder reactor (FBR) neutron spectra [6]. However, under 

fusion conditions such as in the DEMO reactor, ~500 appm of He will be produced per full power 

year from transmutation reactions (calculated using the FISPACT-II [6] neutron transport code). Thus, 

understanding the behaviour of He in SiC under fusion-relevant conditions (He-appm, DPA and 

irradiation temperature) is pertinent. There have been numerous studies into the effect of radiation 

damage on SiC with neutrons [7]–[11], heavy ions [9], [12] and light ions [3], [13]–[23]. However, 

work performed at fusion relevant temperatures (>1000°C) often consists of complex irradiation and 

experimental schedules, either with post-irradiation annealing or with ex-situ dual and triple ion-beam 

irradiations [15], [23], [24] making it difficult to determine the underlying atomistic behaviour of He. 

In this work we have irradiated SiC samples with He ions with in-situ transmission electron 

microscopy (TEM) at up to 1200°C to study He behaviour in SiC at fusion relevant temperatures. 

2 Experimental 

Samples were prepared for TEM from a wafer of the hexagonal close packed (HCP) polymorph, 4-H 

SiC (7.88° off (0001) axis in a <1120> type direction, Cree Corporation, USA) by cutting 3 mm discs 

using an ultrasonic disc cutter. The discs were then mechanically polished to around 100 μm thickness 

before dimpling with 1 μm diamond paste to a thickness of around 30 μm before Ar milling in a 

Precision Ion Polishing System (PIPS) to electron transparency. Samples close to the (11̅00) 

orientation (so that the basal planes lie perpendicular to the TEM foil surface) were prepared by 

conventional Focused Ion Beam (FIB) lift-out technique (FEI Quanta 200 3D) and mounted on Mo 

grids. 

In-situ ion irradiation was performed at the Microscopes and Ion Accelerators for Materials 

Investigations facility (MIAMI) utilising the MIAMI-1 and MIAMI-2 systems. MIAMI-1 consists of 

a JEOL JEM-2000FX TEM (operated at 200 kV) in which the ion beam is incident at 30° to the 

electron beam with an available energy range from 2–100 keV) and described elsewhere [25]. The 

MIAMI-2 system consists of a 350 kV ion accelerator coupled with a Hitachi–H9500 TEM (operated 

at 200 kV) in which the ion beam is incident at 18.7° to the electron beam. The samples were heated 

using either a Gatan 652 double-tilt or a Gatan 628 single-tilt heating holder. To minimise any 

possible synergistic effects, the electron beam was turned off during He ion irradiation. Helium 

bubbles were imaged using Fresnel contrast where small cavities/bubbles appear light in underfocus 

and dark in overfocus and cavities are assumed to be He bubbles and not voids due to their being the 

dominant sink for injected He atoms. MoO3 crystals were used to calibrate the image rotation between 

the diffraction patterns and micrographs.  
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Damage and nominal He concentrations were calculated using the Stopping Range of Ions in Matter 

(SRIM-2013) Monte Carlo computer code [26]. DPA was calculated using the method proposed by 

Stoller et al. [27] using the ‘Quick’ Kinchin-Pease option of SRIM up to 5000 ions with a 

displacement energy of 35 eV for Si and 21 eV for C [21] with lattice and surface binding energies set 

to 0 eV. Helium concentrations were determined from SRIM calculations using the ‘Quick’ method to 

99,999 ions to ensure good statistics with the foil thickness set to 50 nm. In the experimental work, 

samples were irradiated using 20 keV He+ ions to achieve He–appm/DPA ratios of ~2300. The DPA 

rate was constant at ~2.0 ×10–3 DPA.s–1 for all experiments and all samples were irradiated to a dose 

of 5.0 DPA at temperatures of 25, 400, 800 or 1200°C. 

3 Results and Discussion 

3.1 Amorphisation at room temperature 

Figure 1 shows bright field (BF) TEM images and selected area diffraction patterns (SAPDs) of a SiC 

sample irradiated at room temperature to a dose of 5.0 DPA. From the images in the sequence and the 

inset SADPs it can be seen that the material completely amorphises at 1.5 DPA, corresponding to a 

He fluence of around 3 ×1016 ions/cm2. No bubble nucleation was observed at room temperature up to 

the dose studied. The amorphisation of SiC has been previously studied under neutron, ion beam and 

electron irradiation [12], [28], [29]. The critical dose for amorphisation in SiC at room temperature 

has been reported to be ~0.3 DPA for 1.5 MeV Xe ions [28], ~0.5 DPA with 0.56 MeV Si ions [12], 

1.1 DPA for 70 keV He [21] and ~1.0 DPA for 2 MeV electrons [29]. The trend for the increase in 

DPA dose required with decreasing incident projectile mass, which has been reported previously by 

Snead et al. [12] is due to the decrease in residual chemical disorder per ion impact. Thus, more 

displacement damage is required to produce amorphisation with lighter projectiles [12]. The results of 

this work match well with this trend, with 20 keV He ions requiring a critical dose of 1.5 DPA to 

completely amorphise SiC at room temperature as compared with the lower doses for heaver ions. 

However, this is higher than the dose required (~1.0 DPA) in the 2 MeV electron irradiation by Inui et 

al. [29], and is lower than the dose required for amorphisation under fast neutron irradiation of 2.56 

DPA reported by Snead et al. [12]. A possible reason for the differences in amorphisation dose in this 

work and that in the work of Inui et al. [29] may be that the energy of the He ions (20 keV) in this 

work meant that the damage peak was closer to the rear face of the TEM foil (with respect to the ion 

beam), resulting in the near side receiving a lower DPA than the average throughout the foil, resulting 

in a higher average dose to completely amorphise. The difference between the higher DPA needed for 

complete amorphisation in the neutron irradiation [12] case and this work may be due to the DPA rate 

in this work (~2.0 ×10–3 DPA.s–1) being higher than the neutron case (~10–7 DPA.s–1). Dose rate 

effects on the critical dose for amorpisation have previously been reported by Snead et al. [30], who 

found the critical dose needed for complete amorphisation increases as the flux (or DPA rate) 
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decreases. Liu et al. [21] irradiated SiC with 70 keV He ions and cross-sectional TEM revealed that 

amorphisation occurred around 1.1 DPA agreeing well with the present work.   

3.2 Helium bubble characterisation at irradiation temperatures of 400°C–800°C 

Figure 2 shows a sequence of BF-TEM images of SiC irradiated to 5.0 DPA at an irradiation 

temperature of 400°C. It can be seen from the images that, as the irradiation dose increases, there is an 

increase in so-called “black spot” damage accumulation which has been observed in SiC under 

irradiation previously and is attributed to interstitial clusters [31], [32]. These black spots, however, 

do not appear to grow in size and remain ~5 nm in diameter up to 5.0 DPA. Figure 3 shows a 

sequence of BF-TEM images of SiC irradiated to 5.0 DPA at an irradiation temperature of 800°C. 

Similar to the observations at 400°C, it can be seen that as the irradiation dose increases there is again 

an increase in black spot damage corresponding to defect cluster accumulation. However, these do not 

appear to grow in size as a function of dose remaining around 5–10 nm in diameter. Gao et el. [33] 

used molecular dynamics (MD) simulations to show the C and Si interstitials have migration 

activation energies of 0.77 and 1.53 eV respectively in 4H-SiC. The authors found the pre-exponential 

factors, D0, for C and Si migration to be 1.69 and 3.30 × 10-3 cm.s–1 and stated that the interstitials 

become thermally active at around 200 and 370°C, respectively [33]. This agrees well with the 

observation of no amorphisation of SiC above these temperatures in this work. Zhang et al. [34] used 

Rutherford backscattering spectroscopy (RBS) and nuclear reaction analysis (NRA) to study the effect 

of isochronal annealing on 4-H SiC samples irradiated with 1.1 MeV Al ions at room temperature. 

The authors [34] noted two distinct recovery stages at around 150°C and 300°C agreeing well with the 

predicted activation energies of C and Si interstitial mobility from ref. [33].  

As the irradiation temperatures discussed in this section are much higher (400 and 800°C) than the 

activation energies for C and Si interstitial mobility, one might expect the growth of interstitial 

clusters as a function of irradiation dose via the absorption of migrating interstitial defects. Tyburska-

Püschel [31] studied the effect of black spot damage on the swelling of 4-H SiC irradiation with 1 

MeV Kr and 3.15 MeV C ions to 0.8 DPA at temperatures between 600–950°C. The authors assumed 

the clusters to be interstitial in nature; however, work by Lin et al. [35] who irradiated 3-C SiC 

samples with 5.1 MeV Si ions at 400°C. These clusters were predominantly found to be vacancy rich 

cores surrounded by interstitials atoms confirmed by high angle annular dark field (HAADF) and high 

resolution TEM [35]. These clusters will be immobile and thus undergo limited growth as a function 

of irradiation dose, with the saturation of vacancies per He ion impact in the present work (around 10 

vacancies per He ion) the black spots observed in this work may be similar atomic configurations to 

those observed in ref. [35].  
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Figure 4 shows TEM images of the samples irradiated at 400 and 800°C showing He bubble 

nucleation and growth as a function of dose. Figure 5 shows a plot of He bubble diameter as a 

function of dose for both irradiation temperatures of 400 and 800°C. It can be seen from Figure 4 

andFigure 5 that, in the case of the 400°C irradiation, He bubbles nucleated at 2.0 DPA but did not 

appear to grow significantly as a function of dose. In the case of the irradiation temperature of 400°C, 

it can be seen from the images in Figure 4 and the plot in Figure 6 that although the He bubble 

diameter did not increase observably with dose after nucleation, the areal density of the bubbles did. 

At the higher irradiation temperature of 800°C, He bubbles nucleated earlier at a dose of 1.0 DPA. 

The bubbles then grew in both size and density as can be seen from the images in Figure 4 and the 

plots in Figure 5 Figure 6. It can also be seen from the images in Figure 4 and the plots in Figure 5 

and Figure 6 that He bubble diameter and densities were both larger at the irradiation temperature of 

800°C as compared to 400°C. This is an intriguing result as the He bubbles are both larger in size and 

greater in areal density for the higher irradiation temperature case for the same dose and thus the same 

He–appm. However, this may be attributed to He atoms being trapped in monovacancies or small 

vacancy clusters at lower temperatures which are not visible in the TEM and at the irradiation 

temperature, the He atoms de-trap from these sites and migrate interstitially to larger He-vacancy 

clusters leading to faster nucleation and growth of He bubbles observable in the TEM. 

Li et al. [36] examined the interaction between He-vacancy (HenVm)  complexes in 6H-SiC using 

density functional theory (DFT) calculations to determine the binding energies of He atoms in 

monovacancies and small vacancy clusters. The authors found that, for HenVm complexes the binding 

energies were 0.9 eV for He2V1, 0.8 eV for He2V2, 1.3 eV for He2V3 and 1.7 eV for a He2V4 showing 

that an interstitial He atom would prefer to bind with a small vacancy cluster rather than a 

monovacancy. Sasaki et al. [8] examined the release of He from fast neutron irradiated 6H-SiC 

powder doped with 10B to give rise to He from (n,α) transmutations noting there was an increase in He 

release starting from around 800°C and two further peaks were observed at ~1100 and 1260°C. 

Pramono et al. [37] also examined the He release rate from 6H-SiC doped with 10B under a fast-

neutron spectrum finding the activation energy for He diffusion to be 0.9 eV which correspond to an 

activation temperature of between 750–820°C (D0 was determined to be 1.38×10–10 cm2.s–1 from [37]), 

agreeing well with the work by Sasaki et al. [8] and the present work, as we observe significant He 

bubble growth as a function of dose at irradiation temperatures of 800°C  and above. This also agrees 

well with the work of Jung [38] who measured He release from SiC samples annealed to 827°C. Jung 

[38] found an activation energy for He interstitial diffusion of 1.14 eV and D0 was determined to be 

1.1×10–6 cm2.s–1. 

The activation energy for self-diffusion (which is attributed to vacancy migration) of Si has been 

reported to be 7–8 eV in 6H-SiC [39] and 9.5 eV in 3C-SiC [40] and for C has been reported to be 
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5.8–7.8 eV in 3C-SiC [41] and 7.4–8.2 eV in 6H-SiC [42]. At a temperature of 400°C Lin et al. [35] 

reported the both Si and C vacancies to be immobile with diffusion rates of  4×10-15 cm2.s–1and 9×10-

9 cm2.s–1, respectively. Thus, it is clear that both vacancy migration processes occur well above the 

temperatures reported in this section and previous works [8], [37]. Similarly, the lowest temperature 

for the observation of void nucleation in neutron irradiated SiC has been reported to be 1250°C [43]. 

This rules out a He1V1 complex (and any other larger HenVm) as the diffusing defect that gives rise to 

larger diameter and higher areal density of He bubbles observed in this work at irradiation 

temperatures of 800°C and above. From the attractive binding energies for HenVm complexes 

calculated by Li et al. [36] and the fact that the 20 keV He ions used in this work will create 10 

vacancies per ion (according to SRIM calculations), it can be assumed that an injected He atom will 

trap in a monovacancy or small vacancy cluster rather than interstitially in 4H-SiC. A mechanism 

whereby He is trapped in a monovacancy or small vacancy cluster and the He diffusion increases at 

temperatures much below the Si or C vacancy migration energy must require the trapped He atom to 

go back into solution. Pramono et al. [37] attributed the higher release rate of He at ~800°C with an 

activation energy of ~0.9 eV to a dissociative and interstitial diffusion mechanism, whereby the He 

atoms de-trap from irradiation induced defects and subsequently undergo interstitial diffusion. As 

previously discussed, Li et al. [36] found that the binding energy of He in HenVm complexes increases 

as the number of vacancies increases so that He atoms will preferentially bind to a larger HenVm  

rather than a monovacancy.  

At higher temperatures, a He atom is more likely to de-trap from a monovacancy and retrap in a small 

He-vacancy cluster (with a stronger binding energy). This could give rise to the observation in this 

work that He bubble nucleation occurs at a lower DPA at the irradiation temperature of 800°C. The 

higher irradiation temperature of 800°C leads to the trapping of a larger number of He atoms at 

vacancy clusters potentially leading to the growth of larger HenVm clusters of observable size in the 

microscope. However, if vacancy migration mechanisms are not active then the arriving He atoms 

will begin to over-pressurize the HenVm cluster. Li et al. [36] calculated that a cluster of 7 vacancies 

could accommodate 14 He atoms before the addition of another He atom became endothermic. 

Without further vacancies arriving via thermal migration, the cluster may grow by one of two possible 

mechanisms: i) trap-mutation, whereby over pressurization leads to emission of a self-interstitial atom 

(SIA) from the cluster creating an additional vacancy; or ii) irradiation enhanced defect production 

and diffusion, whereby a cascade may impinge close to a pre-existing HenVm cluster and supply 

vacancies. This combination of He de-trapping from monovacancies and interstitial migration to a 

larger HenVm clusters associated with an activation energy of 0.9 eV [37] (activation temperature of 

~750–820°C) could then lead to the observations in our work of: i) the nucleation of observable He 

bubbles at lower DPA at the irradiation temperature of 800°C compared to irradiation at 400°C; ii) an 
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increase in He bubble diameter with increasing dose at higher irradiation temperatures; and iii) a 

greater areal density of observable He bubbles at higher irradiation temperatures.  

3.2 Helium platelet characterisation at an irradiation temperature of 1200°C 

Figure 7 shows a sequence of BF-TEM images of SiC irradiated to 5.0 DPA at an irradiation 

temperature of 1200°C. Helium platelets with associated strain fields are formed and these increase in 

diameter as the irradiation dose increases. Helium platelets are 2D structures and are anticipated to 

form when the vacancy supply for formation of 3D defects (i.e. cavities) is limited [44], [45]. Helium 

platelets have been reported in 4H and 6H-SiC [3], [13], [14], [16]–[19], [46] and have also been 

observed in He ion-irradiated metals [47]–[49]. At the irradiation temperature of 1200°C, He diffusion 

via the trap dissociation (monovacancy de-trapping) and interstitial migration mechanisms will be 

very fast and will lead to the rapid arrival of He at HenVm clusters leading to very high pressures. As 

Si and C vacancy migration will still be low at this temperature (activation energies between 5–9 eV 

[39]–[42]), platelet growth occurs via trap mutation and ejection of SIAs from the platelet edge 

forming an interstitial dislocation loop which remains associated with the platelet [50].  

Figure 8a–c shows TEM images of He platelet evolution as a function of dose and Figure 8d shows 

the SADP of the area in the images. It can be seen from Figure 8a that at 1.0 DPA the cavity is a 

continuous feature indicating that the platelet is a single, over-pressurized He filled cavity as it gives 

rise to observable diffraction contrast from its strain field. However, as the dose and the diameter of 

the platelet increase, fine structure is visible and individual bubbles can be discerned. This indicates 

that the evolution of the He platelets into He bubble discs has occurred. The size of the platelets and 

bubble discs increases from ~45 nm in diameter at 1.0 DPA to around 90 nm at 2.0 DPA (shown in 

Figure 8b) and around 105 nm at 5.0 DPA (shown in Figure 8c). This collapse corresponds to a 

critical diameter of the He platelets of ~45 nm (at 1.0 DPA) with a concentration of ~2300 He-appm 

in the sample.  

Chen et al. [17] examined the effect of annealing 26.3 MeV He ion irradiated 4H-SiC up to 1727°C.  

The authors noted that platelets formed after annealing to temperatures up to ~1050°C with 600 He–

appm. At annealing temperatures of ~1050–1450°C, Chen et al. [17] found that the platelets became 

bubble discs through collapse into individual bubbles. Chen et al. [17] observed a maximum diameter 

of the He platelets before collapse into bubble discs of around 35 nm for 4H-SiC samples implanted to 

2450 He–appm, agreeing well with the critical diameter of 45 nm found in this work. Although it 

might be expected that a single bubble would be the more energetically favourable structure than a 

disc of small bubbles, Finnis et al. [51] found that a cluster of smaller bubbles has a lower total energy 

than a single larger bubble due to elastic interaction between the bubbles. The reason for the initial 

formation of He platelets is thus unclear – although this takes place under conditions where 

equilibrium conditions may not be established. No quantitative theory of platelet formation has yet 
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been developed. However, it has been proposed that the kinetics of He absorption at the edge of the 

platelet and the trap mutation process make the platelet the kinetically more favourable defect [51].  

Helium platelets have been observed to form in other materials, nucleating between {110} planes in 

Mo [49], {111} in Ni [48] and {0001} in Ti [47] and SiC [14], [20], [46]. This represents a tendency 

for the platelets to nucleate between the close-packed planes which have the largest distance between 

them. D’Olieslaeger et al. [48] simulated growth of 2-D planar He platelets in Ni, showing that the 

platelets grow by emission of SIAs in the direction of the close-packed plane, which is associated with 

the lower energy activation for trap mutation. Chen et al. [17] found that in bulk irradiated samples He 

platelets and bubble discs in 4H and 6H-SiC predominantly formed on the basal (0001) plane. 

However, a few percent formed on the prismatic-I (011̅0) planes and prismatic-II (21̅1̅0) planes [17]. 

Shen et al. [3] observed the formation of He bubble discs using 3.5 keV He ions at temperatures 

between 700–900°C using in-situ TEM. This is contrary to our findings for irradiations at 800°C 

where no platelets or bubble discs were observed at any dose at an irradiation temperature of 800°C. 

However, this is likely due to the much lower concentration of He implanted in our work, resulting in 

lower agglomeration of He atoms and thus much slower kinetics of He absorption at vacancy clusters 

or arrival of He to agglomerations between close-packed planes. 

Shen et al. [3] also noted that the bubble discs lay on prismatic-I {101̅0} planes and no platelets were 

observed on the basal plane. Figure 9a shows a SiC sample orientated close to the [0001] direction (as 

shown by the corresponding SADP in Figure 9b) irradiated with 20 keV He ions to 2.0 DPA at 

1200°C. From figure 9a it can be seen that there is a dominance (~70%) of He bubble discs nucleated 

face-on (i.e. where the platelets lie parallel with the surface) between {0001} planes with some 

forming on the prismatic-I {011̅0} type planes. Hueging et al. [52] examined He platelet nucleation in 

(001)-orientated Si irradiated with 40 keV He ions to a implantation depth of ~400 nm and observed a 

dominance of platelet formation parallel with the (001) surface. The authors [52] attributed this to the 

free surface reducing the stress field caused by platelets orientated parallel to the surface as its stress 

field is more pronounced above and below the platelet. Frabboni et al. [53] examined the annealing of 

Si samples implanted with He using in-situ TEM and noted the formation of He platelets at ~300°C. 

The irradiations [53] were performed on samples of (001) orientation and plan-view TEM samples 

showed predominantly face-on (001) and some (010) edge-on platelets (i.e. where the platelets lie 

perpendicular to the surface) agreeing with Hueging et al. [52] with surface effects dominating the 

favourable nucleation orientation. Figure 10a shows a SiC sample orientated close to the [11̅00] 

direction (so that the {0001} planes are perpendicular to the surface) irradiated to 2.0 DPA at 1200°C. 

Figure 10b shows the SADP of the area in Figure 10a showing that the predominant platelet 

orientation is parallel to the {0001} planes. The platelets preferentially form edge-on in the TEM foil 

– with ~70% forming between the {0001} planes and ~30% face-on. This has shown that even when 
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the basal planes are perpendicular to the surface, the relaxation induced due to the proximity of the 

two surfaces in the TEM foil has little impact with the basal plane remaining the energetically more-

favourable nucleation plane.  

This is of great importance for plasma-facing components as He ion bombardment from the plasma 

will generally have subthreshold displacement energies and so is optimal for platelet formation (i.e. 

He concentration >> vacancy concentration). This may be of consequence for all potential HCP 

materials under consideration for use in first wall and divertor components such as titanium alloys [54] 

and MAX phases (where M = early transition metal, A = group A element and X = carbon or nitrogen) 

[4]. Figure 11 shows a plot of critical threshold dose for both DPA and He fluence for bubble 

nucleation as a function of irradiation temperature showing a linear relationship. The error bars 

extending in the negative direction in the plots of critical DPA and dose are due to the electron beam 

being off during irradiation and so bubble nucleation may have occurred at any point during that 

irradiation step. This indicates that at a He-appm/DPA ratio of ~2300 and at an irradiation 

temperature of 1200°C (which is the anticipated operating temperature of the plasma facing side of 

the PFM) He platelet and bubble nucleation will occur at around 0.5 DPA (~1150 He–appm).  

4 Conclusions  

Samples of 4H-SiC have been irradiated with 20 keV He ions and observed using in-situ TEM giving 

a He-appm/DPA ratio of ~2300 at 25, 400, 800 and 1200°C up to a total dose of 5.0 DPA to mimic 

conditions anticipated under fusion reactor conditions. The main conclusions from this work are: 

i) At an irradiation temperature of 25°C, SiC amorphises at 1.5 DPA attributed to a lack of 

interstitial mobility at this temperature. 

ii) Helium bubbles nucleate at lower DPA as the irradiation temperature is increased 

concomitantly with an increase in He bubble size and areal density. Nucleation dose 

decreases from 2.0 DPA at an irradiation temperature of 400°C to 0.5 DPA at 1200°C. 

iii) The increase in He bubble diameter and areal density with irradiation temperature is 

attributed to smaller bubbles and HenVm complexes not being visible in the TEM at lower 

irradiation temperatures due to a trap dissociation and interstitial diffusion. The He atoms 

de-trap from monovacancies and subsequently interstitially diffuse and retrap at He-

vacancy clusters which then grow via SIA ejection and trap mutation. 

iv) Helium platelets formed at an irradiation temperature of 1200°C and predominantly 

nucleate between the {0001} basal planes regardless of surface relaxation effects. Helium 

bubble platelets were observed to collapse into bubble discs at 2.0 DPA corresponding to 

a fluence of ~5×1016 ions/cm2.  
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Figure 1. BF-TEM images of SiC irradiated with 20 keV He ions at room temperature showing the same area, labelled with 
damage dose received (DPA) and SADPs inset showing that the material becomes fully amorphous at 1.5 DPA. 
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Figure 2. BF-TEM images of SiC irradiated with 20 keV He ions at 400°C (1.5μm of underfocus) labelled with damage dose 
received (DPA) showing the nucleation and growth of defect clusters and He bubbles (higher magnification images of He 

bubbles in figure 4). 
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Figure 3. BF-TEM images of SiC irradiated with 20 keV He ions at 800°C (1.5 μm of underfocus) labelled with damage dose 
received (DPA) showing the nucleation and growth of defect clusters and He bubbles. 
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Figure 4. BF-TEM images of SiC irradiated with 20 keV He ions at 400 and 800°C (1.5 μm of underfocus) to a total dose of 5 
DPA, showing that the helium bubble size and density increases with dose and irradiation temperature. 
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Figure 5. Plot of bubble diameter against DPA for SiC samples irradiated with 20 keV He ions at 
400 and 800°C showing that bubble size increases with dose for both irradiations. However, He 
bubble nucleation occurs faster and bubble diameter increases more rapidly with the increased 

irradiation temperature of 800°C. 
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Figure 6. Plot of helium bubble areal density against DPA for SiC samples irradiated with 20 keV He 
ions at 400 and 800°C showing that bubble density increases with dose for both irradiations; 
however, helium bubble nucleation occurs faster and bubble diameter increases more rapidly at 
the increased irradiation temperature of 800°C. 
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Figure 7. BF-TEM images captured of SiC irradiated with 20 keV He ions at 1200°C (1.5 μm of overfocus ) labelled with 
damage dose received (DPA) showing the nucleation and growth of helium platelets and helium bubble discs. 
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Figure 8. BF-TEM images of SiC sample irradiated with 20 keV He ions at 1200°C (1.5 μm of overfocus) orientated in the 
[0001] direction showing helium platelet evolution at a) 1.0, b) 2.0 and c) 5.0 DPA. It can be seen at low dose (1.0 DPA) that 

the platelet has no clear structure indicating a single helium filled cavity whereas at higher doses (2.0 and 5.0 DPA) 
individual cavities can be discerned d) SADP showing platelets orientation in a, b and c is along {�̅�𝟏𝟎𝟎}  planes (corrected 

for rotation between micrograph and DP in TEM). 
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Figure 9. a) BF-TEM image of SiC sample irradiated with 20 keV He at 1200°C to 2.0 DPA (1.5 μm underfocus) showing 
helium platelets predominantly orientated face-on between the {0001} planes with some edge-on platelets aligned with 

the {𝟎𝟏�̅�𝟎} planes and b) SADP of the region in a) (corrected for rotation between micrograph and DP in TEM). 
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Figure 10 a) BF-TEM image of SiC irradiated with 20 keV He at 1200°C to 2.0 (1.5 μm underfocus) showing platelets 
predominantly orientated between {0001} planes but some face-on platelets and b) SADP of region in a) (corrected for 

rotation between micrograph and DP in TEM). 
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Figure 11. Plot of critical threshold for bubble nucleation in DPA and ions.cm–2 for SiC 
samples irradiated with 20 keV He ions to a He-appm/DPA ratio of ~2300 showing that the 

critical dose decreases with irradiation temperature (the error bars extending in the 
negative direction in the plots of critical DPA and dose are due to the electron beam being 
off during irradiation and so bubble nucleation may have occurred at any point during that 

irradiation step). 


