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Abstract  

 

Using in-situ transmission electron microscopy (TEM) with ion irradiation, we investigated 

the microstructural changes in silicon carbide nanowhiskers (SiC NWs) which were used as a 

model system for nanoporous SiC. Irradiations were carried out using 6 keV He ions at 

temperatures between 500 and 1000°C and doses up to 20 dpa. These results are compared 

with the irradiation effects in SiC thin foils under the same conditions to establish differences 

in their response to radiation damage. The irradiation temperature played a significant role in 

the evolution of different microstructures; at 500°C, small defect clusters were observed in 

the NWs together with a segregation of carbon at the surface of the NWs mapped using 

energy-filtered TEM (EFTEM). At 800°C, small He bubbles (2–4 nm in diameter) were 

observed in the NW matrix while He platelets and bubble discs formed in the foils. At 

1000°C, several changes were observed in the NWs including bubbles at twin boundaries, 
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voids and oxygen-rich precipitates. The large surface area to volume ratio enhances defect 

recombination supressing the defect density in the SiC NWs compared to the foils indicating 

high radiation tolerance; however, elemental segregation and precipitation may limit its 

application in advanced nuclear reactors. 

Keywords: Silicon carbide; nanowhiskers; nanoporous; ion irradiation; in-situ TEM; 

radiation damage; radiation tolerance. 

 

 

1. Introduction 

In order to achieve the promise of delivering sustainable, safe, economical and 

environmentally acceptable nuclear energy, the search for materials with exceptional 

properties to withstand the extreme environments (high radiation and heat fluxes, chemical 

corrosion and compatibility, high thermo-mechanical stresses etc.) experienced in nuclear 

reactors continues unabated. Silicon carbide (SiC) is  being considered for use in fusion and 

advanced fission nuclear reactors [1], [2]. In the case of fusion, SiC has the potential for use 

as a protective layer for tungsten (currently proposed as a plasma-facing material for the 

divertor in ITER) against energetic tritium which has high retention and mobility in W [1], 

[3], [4]. SiC is also an inherent part of the design of the structural layer coating for 

TRistructure-ISOtropic (TRISO) fuel elements in advanced high-temperature gas-cooled 

(HTGR) Generation IV fission reactors and as an inert matrix for transmutation of fission 

products for nuclear decommissioning purposes [5]–[8]. It is also being proposed for use as 

an accident tolerant fuel (ATF) cladding material for light water reactors (LWRs) to replace 

Zircaloy [9], [10]. These potential applications are being considered due to the suitability of 

SiC properties including: good thermal stability with a high melting temperature of 2727°C 
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and high thermal conductivity (490 W/m-K at 1000°C) [4], [11]. It also has a low thermal 

expansion coefficient, low activation under neutron irradiation with a small neutron capture 

cross section and irradiation stability at high temperatures as well as corrosion and oxidation 

resistance [12]–[14]. Thus, extensive efforts have been devoted to the study of the effects of 

radiation damage and defect recovery in various SiC polymorphs and composites.  

Nuclear reactions can generate neutrons with sufficient energy to displace substantial 

numbers of atoms in a material creating an increased density of defects. Alpha particles, 

which are He nuclei generated from, for example, actinide radioactive decay/ neutronic 

transmutation (where unstable nuclei decay via alpha emission) in a fission reaction, or as the 

result of deuterium-tritium (D-T) fusion, have a high affinity for electrons and thus form 

elemental He. These He atoms are strongly trapped within vacancies created during atomic 

displacements leading to the nucleation and growth of He cavities (existing as isolated 

bubbles, platelets and bubble discs in SiC) [15], [16]. It is reported that SiC will be exposed 

to ⁓2.5 helium atomic parts per million per displacement per atom (He appm/dpa) generated 

in advanced fission reactors e.g. TRISO fuel particles [9], [17], and ⁓100 He appm/dpa in the 

first wall in fusion reactors [9], [18]. Both the defects created by irradiation and the 

accumulation of He gas are likely to induce changes in the microstructure of SiC which can 

degrade its mechanical and thermal properties through swelling, embrittlement and hardening 

eventually leading to failure [4]. 

A crucial approach for designing radiation resistant materials is to promote an 

efficient recovery of irradiation-induced defects as soon as they form [19], [20]. Recent 

studies have shown that tailoring the grain size of SiC by making it nanocrystalline (grain 

sizes <100 nm) introduces a high number of defect sinks [21], [22] greatly improving its 

radiation tolerance.  
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The radiation performance of nanocrystalline materials may be limited because high He 

concentrations may lead to the formation of large blisters in the vicinity of the grain 

boundaries which significantly weaken the material causing intergranular fracture and failure 

of the material. As such, other strategies to develop structures to absorb and annihilate point 

defects in order to mitigate the growth of He bubbles thus preventing subsequent swelling 

and blister formation are being considered [23].  

Studies have shown that nanoengineering SiC by introducing planar defects such as 

nanolayers of stacking faults (SFs) and nano-twins increases the radiation tolerance of the 

material [17]. These planar defects are reported to act as a barrier that trap/confine three 

dimensional defects migrating in two directions within the crystal enhancing recombination 

and damage recovery within short distances of the nanolayers [21], [24]. 

The capability of nanoporous materials to avoid accumulation of ion-induced radiation 

damage has motivated a number of studies in recent years [25]–[29]. The abundant free 

surface area per unit volume in nanoporous materials may play a major role in providing 

ideal unsaturable sinks for the continuous removal of radiation-induced defects and 

transmutation gas. This strategy may have great technological importance for the design of 

materials that are radiation tolerant for use in advanced nuclear reactors. In the case of 

TRISO nuclear fuels, which exhibit a foam-forming tendency due to fission gas 

accumulation, advanced structural materials may be designed with a pre-existing porous 

structure to accommodate the fission gases [30]. 

The current work is devoted to exploring the response of 4H-SiC nanowhiskers (NWs), to 

radiation damage at high temperatures in order to establish radiation tolerance. As 

nanoporous SiC materials are not currently commercially available, the NWs have been used 

as a model system since the structure of a nanoporous material can be considered as an 
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interconnected network of ligaments which can be considered individually as NWs [31]. The 

SiC NWs were irradiated with He ions at 500, 800 and 1000°C and to various He 

concentrations and doses measured as displacements per atom (dpa) which is the average 

number of times that an atom has been displaced from its lattice site. These investigations 

were carried out using in-situ Transmission Electron Microscopy (TEM) with ion irradiation 

that allows real-time observation and analysis of the microstructural evolution. For 

comparison, the NWs were irradiated alongside single-crystalline SiC foils (to represent 

‘bulk’ SiC) under the same conditions of temperature, ion energy, ion species and irradiation 

fluence. 
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2. Experimental 

Nanowhiskers with average diameters of about 80 nm and lengths up to 5 μm were obtained 

from Novarials (product number: NovaWires-SiC-WSK). The NWs were dispersed onto 

electron transparent 4H-SiC thin foil that provided support and ensured side-by-side 

comparative analysis during irradiation as shown in fig. 1(a-c). The foils were prepared from 

4H-SiC wafers obtained from Cree Corporation, USA (product code: W4NPE4C-Y200). 

Using an ultrasonic disc cutter, the wafer was cut into 3 mm discs which were mechanically 

polished to ⁓100 μm, dimpled to ⁓50 µm and then ion beam milled using a precision ion 

polishing system (PIPS) to a thickness range of 50-80 nm as described previously [32] [33]. 

This was then dipped into NW powder and only those NWs protruding from the edge of the 

foils into free space and foil regions free of NWs were analysed to avoid any effects of 

electron and/or ion beam shadowing.  

Figures 1(a-c) also represent the elemental composition for the SiC samples for the 

samples that were used in the experiments. The maps show Si and C signals, the major 

components in SiC, together with O which may be present as a result of residual O impurities 

that are normally incorporated into the samples during preparation. The O map show an 

increased O signal over the surface of the materials with the NWs having a much higher 

signal compared to the thin foil. The foils were single crystalline with crystals up to 5 m in 

size while the NW consisted of nanotwinned crystals with sizes ranging from 20-80 nm. 

Figure 1(d) and (e) are the bright-field TEM (BF-TEM) and dark-field TEM (DF-TEM) 

images respectively, showing twin boundaries within a NW as indicated by the blue arrows, 

while (f) is the corresponding SADP showing two sets of diffraction patterns in the same 

zone axis for the twins oriented about 2° from each other. The circle in (f) indicates the 

                  



Corresponding Email: aradi.emily@gmail.com 

 

 

 

7 

diffraction spot used to obtain the DF-TEM. The schematic in (g) shows crystal maker 

simulations for the twins.  

In-situ TEM observations were performed at the Microscope and Ion Accelerator for 

Materials Investigations (MIAMI) facility [34] located at the University of Huddersfield. 

Using the MIAMI-2 system that consists of a 350 kV ion accelerator combined with a Hitachi 

H-9500 TEM, operated at an energy of 300 kV, in which the ion beam is incident at 18.7° to 

the electron beam. The irradiations were carried out at temperatures between 500 and 1000°C 

using 6 keV He ions and at a dose rate of 10
13

 ions.cm
-2

.s
–1

 with these conditions used to 

simulate the conditions relevant for the anticipated in-service ITER and Generation IV 

reactors [35]. The fluence (number of ions irradiated on the sample per unit area) was 

achieved by multiplying the total dose rate with total irradiation time. A Gatan Model 636 

heating stage was used for the high-temperature in-situ heating experiments.  

Using the Gatan Imaging Filter (GIF, Quantum SE Model 963), the TEM is capable of 

carrying out energy-loss spectroscopy (EELS) and energy-filtered TEM (EFTEM) used for 

thickness measurements and elemental mapping. For thickness measurement calculations, an 

electron mean-free-path,(mfp) λ, for SiC of 166 nm for 300 keV electrons [36] was used . Fig 

1(h) shows thickness maps for a NW, with t/λ values corresponding to thickness of ⁓79 nm, 

placed on the edge of a foil, with analyses on the foil carried out in regions with equivalent 

thicknesses.  

The Stopping and Range of Ions in Matter (SRIM-2013 version) Monte Carlo code 

[37] was used to compute the ion-induced average damage density and ion distribution for 6 

keV He ions in SiC. Since SRIM estimates the damage in a planar surface, an algorithm using 

an in-house MATLAB program referred to as Ion Damage and RAnge in the Geometry Of 

Nanowires (IDRAGON) [38] was used to account for the circular cross-section of the NWs. 
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The program divides a NW into 100 equal slices which when combined give the circular 

cross-section of a nanowire. The calculation was performed on an 80 nm diameter NW for 

5000 He ions per slice at an energy of 6 keV, with a displacement energy of 21 eV and 35 eV 

for the C and Si sublattices, respectively [39]. The lattice and surface binding energies were 

set to 0 eV with the sample density of 3.21 g.cm
-3 

[40]. The 6 keV He energy ensured a 

uniform ion distribution within the samples by placing the peak He concentration at the 

centre of the NW and foil of 80 nm diameter and thickness, respectively. Figure 1(i) presents 

the SRIM He implantation profile for the foil and fig. 1(j) the profile for the NW calculated 

using the IDRAGON code. The profile images show the He concentration within the samples 

calculated for a fluence of 1×10
15

 ions.cm
-2

, with the average He concentration at this fluence 

calculated to be ⁓1.3 at.% for the foils and ⁓1.0 at.% for the NW. 
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Figure 1: (a-c) EFTEM maps showing the elemental composition for foil and NW samples, 

(d) shows the BF-TEM image for a SiC NW while (e) is the DF-TEM image taken 

using the spot indicated by red circle in the SADP in (f). The SADP shows the unit 
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cells for twin crystals both in the [1000] zone axes about 2° from each other, while (g) 

represents the simulated pattern using the crystal maker software. (h) shows the 

EFTEM thickness map while (i) and (j) show 6 keV He SRIM implantation profiles as 

a function of depth for the foil and NW, respectively, with the NW SRIM profile 

calculated using the IDRAGON code for the circular cross-section of cylindrical NW. 

The He concentrations in (i) and (j) are for a fluence of 1×10
15

 ions.cm
–2

.  

 

The number of displacements per atom (dpa) was calculated from the 

COLLISION.TXT file obtained using the ‘detailed calculations with full cascade’ option in 

SRIM which follows every recoil until its energy drops below the displacement energy of the 

target, given as;  

                                  
  

   
                                        (1) 

 

Where D is the total number of displacements (vacancies + replacement collisions events) per 

unit length, ϕ is the fluence and ρat the atomic density of the material. Since the NW and foils 

have different geometries, the damage levels and He concentrations in each material will be 

different for the same fluence, therefore, to give a NW an equivalent dose it was irradiated 

with ~5 × 10
13

 ions.cm
-2

 (equivalent to ~6000 He-appm) more compared to a foil of about the 

same thickness. This was achievable within the same experiment due to the nature of the in-

situ TEM imaging of the NW and foils, which can be performed at different fluences 

corresponding to the same implantation dose and He concentrations. 
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3. Results and Discussions 

3.1. Changes in the microstructure at 500°C 

 

Figure 2: Damage microstructure of a SiC NW irradiated to 5 dpa at 500°C: (a) and (b) are 

the BF-TEM images for the NW (same region) before and after irradiation, 

respectively; (c) and (e) are the EFTEM maps for the NW before irradiation for C 

and Si, respectively; and (d) and (f) are the EFTEM maps for C and Si, respectively, 

after irradiation. (Scale bar in (a) applies for all the images.) 

Figure 2 shows the microstructure of a SiC NW before and after irradiation with 6 

keV He ions to a fluence of 2.2×10
16

 ions.cm
–2

 (corresponding to a dose of 5 dpa) at 500°C. 

Fig. 2(a) is the Bright-Field (BF-TEM) image of the NW with a diameter of 78 nm before 

irradiation with no pre-existing damage, while fig. 2(b) is the BF-TEM image of the same 

sample after irradiation showing the NW size increasing to a ⁓99 nm and an accumulation of 

small defect clusters/black spot defects. The black spots defects size ranged from 1–3 nm and 

did not increase in size but increased in number density with increasing dose. The black spot 

defects are attributed to interstitial defect clusters that are introduced into the sample during 
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irradiation as the vacancies are not mobile at this temperature [41]–[43]. The image after 

irradiation also revealed a crystalline core surrounded by a ⁓20 nm sized amorphous shell, 

which covered the entire surface of the NW (confirmed by tilt series).  Figures 2(b) and (c) 

and fig 2 (e) and (f) show the chemical state and elemental compositions of the NWs before 

and after irradiation. Figures 2(c) and (e) are the EFTEM maps for the sample before 

irradiation showing a uniform distribution of C and Si, respectively, in the NW while Figs. 

2(d) and (f) correspond to the C and Si after irradiation, respectively. The EFTEM C map in 

Fig. 2(d) reveals an irradiation-induced preferential segregation of C onto the surface of the 

NW with the map in fig. 2(f) showing a Si-rich core. 

Figure 3(a) is the BF-TEM image taken at a high magnification showing the 

core/shell structure of a NW irradiated with He to 10 dpa at 500
o
C. Figures 3(b) and 3(c) are 

the nano-beam diffraction images (NBDP), taken from the core and shell regions of the NW 

respectively, as indicated by the circles in (a).  

 

Figure 3: (a) BF-TEM image for a SiC NW irradiated with He at 500
 o

C to 10 dpa. (b) and 

(c) NBDP taken at the centre and edge of the NW as indicated by the 

corresponding black circles in (a). 
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The NBDP in fig. 3(b) shows the presence of both diffraction spots and amorphous rings. The 

blue broken circles in 3(b) show the diffraction spots corresponding to a d-spacing associated 

with the {10 ̅} and {0 ̅2} planes for SiC in the [111] zone axis in agreement with the 

reported 0.26 and 0.187 nm [44].  Diffuse rings were also observed in the NBDP in fig. 3(b) 

with a  nearest-neighbour distance of 0.23 nm are in good agreement with 0.22 reported for 

amorphous C  [45], [46].  Both the amorphous and crystalline phases are seen in the NBDP 

taken from near the axis of the NW as the entire surface of the NW contains amorphous C in 

a cylindrical shell.  The NBDP in 3(c) shows only diffuse rings with first nearest neighbour 

distance of 0.22 nm which is also consistent with amorphous carbon. These NBDP 

measurements are in agreement with the elemental maps of the NW after irradiation in fig. 2, 

which showed a C-rich shell and a Si-rich SiC core. 

Carbon interstitials have a low migration activation energy (0.74 eV) compared to that 

of Si interstitials (1.53 eV) [41], [43], [47]. It is possible to describe the diffusion process of 

C and Si atoms in SiC in terms of a number of jumps per second (J/s) which is a function of 

the migration activation energy and temperature described by equation 2 below; 

                                  
 
 ⁄     

 
  
   

                                                                               
       (2) 

Where γo is the diffusion coefficient, Em the migration activation energy, kB the Boltzmann 

constant and T the temperature. From this equation, at 500°C, C interstitials will make ⁓10
8
 

jumps per second compared to ⁓10
3
 jumps per seconds made by Si interstitials, hence will 

migrate faster to the nearest sink (surface of the NW in this case) during irradiation 

calculations have predicted that there exists a large energy barrier [48] that prevents C-

interstitials recombination with C-vacancies especially since vacancies are immobile at 

500°C; there will therefore be an excess of these interstitials at the surface of the NW [43].  
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Based on these simulations, it is reasonable to conclude that the C-interstitials at the 

surface will agglomerate randomly to form C-C homonuclear bonds, which result in the 

formation of an amorphous layer mapped as C-rich shell in the EFTEM image in fig. 2(d) and 

detected as the amorphous C diffraction pattern by NBDP in fig. 3(c).  C-interstitials have a 

higher migration energy in a C matrix compared to their migration  

in SiC matrix [49] therefore their migration will be favoured towards the C layer at the 

surface leading to an increase in the C layer with increasing dose. Si interstitials with a 

relatively low number of jumps per second  will migrate at a slower rate than the C 

interstitials and may not arrive at the surface and especially since Si has a low diffusion rate 

in C as compared to the diffusion in SiC [41], [43], [48]. These interstitials will then 

agglomerate to form Si-Si homonuclear bonding hence Si crystallites at the core of the NW, 

which is mapped with EFTEM (fig. 2(f) as having a high Si concentration and diffraction 

spots associated with Si (fig 3 (b)). Much of the NW interior will still be SiC which is 

consistent with the SiC diffraction spots in the DP in fig. 3(b). Similar observations have 

been described by Mohri et al. [50] in their research on the effect of ion bombardment on the 

surface of SiC, where they reported an enrichment of C at the surface after H bombardment at 

600
 o
C, which they attributed to preferential C diffusion to the surface of nanocrystalline SiC.   

This core-shell relationship has not been observed if thin films. We attribute the main 

reason for this to be the large migration distance for defects in a thin film as compared to the 

NWs. As soon as the C interstitial is created in the thin foil it has a higher chance of 

recombination with Si and as a result the material remains predominantly SiC. 
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3.2. Changes in the microstructure at 800°C 

  

Figure 4: BF-TEM images for SiC NW and foil samples before and after irradiation with 6 

keV He at 800°C to 1.5 DPA and 3 dpa. Note the differences in the damage 

microstructure between the two samples with increasing dpa. Arrows in (e and f) 

show the evolution and growth of a bubble discs. Insets in (b) and (c) are zoomed in 

regions indicated by the squares (Note that regions (a-c) were obtained from the 

same region in NW but due to the complex damage microstructure in foil (f) was 

from different region from (d) and (e). The scale bar in (a) applies to all the images.) 

Figure 4 show sequential BF-TEM images of SiC NW and foil samples, respectively, 

before and after irradiation with 6 keV He at 800°C at two doses. At a dose of 1.5 dpa (Fig. 

4(b) and (e)), corresponding to 6.2×10
16

 ions.cm
–2

 (11,000 He appm) and 5×10
16

 ions.cm
–2

 

(8,400 He appm) in the NW and foil respectively, a random distribution of isolated He 

bubbles are observed to emerge in both materials after irradiation, seen as white spots in 
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underfocus due to Fresnel contrast.  The insets of the NW in (b) and (c) are the zoomed-in 

regions as indicated by the yellow squares, showing the distribution and density of the 

bubbles at a higher resolution. The bubble diameters in the NWs range between 1-2 nm while 

the size in the foil samples range between 1.5-4 nm. As well as with bubbles, small defect 

clusters are observed after 1.5 dpa in the NW seen as black spots in the BF-TEM image in 

figure 4(b) with sizes ranging between 1 and 4 nm. It is observed that the number density of 

the black spots increases with increasing dose up to 3 dpa (1.2 ×10
17

 ions.cm
–2 

) as seen in 

fig. 4(c). The black spot defects are observed to be arranged in rows with preferential 

orientation perpendicular to the basal plane viewed close to the [1100] zone axis. On the 

other side, a random distribution of low-density defect clusters is observed in the foils after 

1.5 dpa as shown in fig. 4(e) with sizes ranging from 3-5 nm. These black spot defects are 

possibly due to C and Si interstitial dislocation loops [51] trapped between individual low-

index planes after irradiation due to increased defect mobility at this temperature [52]. In 

addition to the isolated bubbles, bubbles in a linear projection (i.e. visible in projection as a 

row of bubbles with discernible individual bubbles) started to evolve in the foil sample at 1.5 

dpa with sizes ranging from 8-20 nm identified previously [15], [53] as He bubble discs 

which formed as a result of the collapse of overpressurized He platelets. At 3 dpa, 

corresponding to 9.6×10
16

 ions.cm
–2 

(53,000 He appm) in the foil, a higher density of larger 

bubble discs ranging from 10-20 nm in size dominate the microstructure fig.4(f). The large 

strain fields around the discs are presumably due to local stress caused by high pressure in the 

platelet which remains after the formation of the disc [54].  
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3.3. Changes in the microstructure at 1000°C 

 

Figure 5: BF-TEM images for SiC (a-c) NW and (d-f) foil irradiated with 6 keV He at 

1000°C to different fluences (and damage doses). The arrows in (a) indicate the twin 

boundaries in the NW while the arrows in (b) show planar bubbles forming along it. 

The black and orange arrows in (c), (e) and (f) show isolated bubbles and He bubble 

discs in the NW and foils. Note that for the foil samples (d) and (e) are from the 

same region but (f) is about 500 nm from these regions. (Note that the regions (a-b 

were obtained from the same region in NW but c was from an adjacent region of the 

same NW.  Scale bars in (a) applies for all the images respectively). 

Figure 5 shows the microstructural changes in a SiC NW and foil as a function of 

dose under 6 keV He ion irradiation at 1000°C. Figure 5(a) shows an unirradiated crystalline 

sample with twin boundaries as indicated by the white arrows. Figure 5(b) shows a BF-TEM 

image after irradiation to a dose of 5 dpa. The figure shows a high number density of isolated 

bubbles of size ranging from 2-5 nm in diameter indicated by the black arrow. 
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A linear arrangement of bubbles indicated by the white arrow in (b) is likely due to a 

preferential migration of bubbles to a twin boundary which act as a sink for the bubbles [24] 

[55]. It should be noted that these bubbles are not He platelets since they lack a strain field 

around them and occur at the twin boundaries contrary to platelets that occur within the 

‘bulk’ regions of the sample within specific planes [12], [53].  

 Figure 5(c) is the BF-TEM image for the NWs irradiated to a high fluence 7×10
17 

ions.cm
–2 

(~ 90,000 He appm) corresponding to a dose of 15 dpa. The image also shows the emergence 

of a He bubble disc with a diameter of 25 nm, which did not grow with increasing dose. The 

SADP inset in fig. 5(c) for the NW was taken in the [0001] direction showing the bubble disc 

was formed along the {01 ̅0} planes (confirmed by 60° tilt series through various zone 

axes). Figure 5(d) is a BF image of an unirradiated foil sample showing no pre-existing 

defects while fig.5(e) and (fig. 5(f) are the images after irradiation showing the occurrence of 

both isolated bubbles and He bubble discs which grow in size from ⁓12 nm at 2.5 dpa in fig. 

5(e) to ⁓90 nm at 5 dpa in fig. 5(f).  

 The evolution and growth behaviour of He bubbles in SiC have been widely 

investigated as a function of dose and temperature [15], [17], [47]. In particular, Harrison et 

al. [32] in their studies of 20 keV He irradiated 4H-SiC foils reported an evolution of isolated 

He bubbles at 800°C which was attributed to He trapping in mono-vacancies and small 

vacancy clusters. These results vary slightly from the foil-irradiation results at 800°C 

reported here where alongside isolated bubbles, platelets and bubble discs have also been 

observed. This may be due to the lower energy used in this study (6 keV), which resulted in a 

higher He concentration (8400 He appm compared to 2300 He appm in [32] at 3 dpa). At this 

temperature (800°C), bubble sizes were on average larger in the foils compared to the NW. 

This may be because a larger amount of He can escape via the surface of the NW thus 
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avoiding being trapped into a vacancy to form He bubbles compared to the foil. In addition, 

the free surface in the NW, which acts as a sink to the migrating interstitials, leaves a high 

density of vacancies, hence nucleation sites in the NW matrix. Helium that will not have 

diffused to the surface will then cluster with these vacancies to form a high density of small 

isolated bubbles in the NW as compared to the foils.   

Interstitial He migration, with an activation energy of 0.9 eV and a diffusion 

coefficient described by: 

                                   
 [        (

  

    
)   

  ]
                       (3) 

is  enhanced with increasing temperature, especially when vacancies become mobile at 

temperatures between 750 and 1300°C in SiC [2], [9], [56]. Therefore, at temperatures 

between 800 and 1000°C used in this study He is expected to be highly mobile. Similarly, 

interstitial loops readily form in SiC under ion irradiation and studies by Chen et al. [17] and 

Kondo et al. [57] have reported that at temperatures of 700 and 1000°C, respectively, these 

loops are highly mobile and can migrate quickly to the nearest sink (the surface in the case of 

NWs). When these interstitials loops migrate to the nearby sink, they leave behind a high 

saturation of vacancies within the sample matrix. Helium has very low solubility in SiC and 

therefore will interact with vacancies and precipitates leading to bubble nucleation [58] which 

are seen as white spots in the underfocus images. The bubble size increases with temperature 

and at 1000°C both interstitial He and He-V complexes are highly mobile [41] which 

enhances the growth of these bubbles.   

 Various studies have reported on the occurrence of He platelets and bubble discs in 

SiC after He irradiation at high temperature (700-1400°C) falling within the range of 

temperatures used in the current study) or after annealing and discussions put forth to explain 

their formation mechanisms [15], [32], [49], [59]–[62]. The formation is reported to be 
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favoured when the migration of vacancies takes place at high temperatures (vacancy 

migration energy of C and Si being 2–3.6 eV and 3.5–5.2 eV, respectively [12]). Other 

studies have indicated that they form above a certain threshold He concentration (e.g. 600 He 

appm at 1427°C [9]).  In the current study, bubble discs are observed to form with their sizes 

being dependent on both temperature and dose. A high number density of small bubble-discs 

(<20 nm in diameter) was observed at 800°C compared to a low density of large discs (>50 

nm in diameter) at 1000°C for samples irradiated with similar doses. At 800°C, over-

pressurized platelets (10–15 nm) form along the {001} (edge-on) or { ̅10} (face-on) planes 

of the foil samples as shown in fig. 4(e). With increasing dose, they evolve into two-

dimensional clusters of small bubbles. At a higher temperature of 1000°C and high dose (5 

dpa), the clusters are observed to be larger (up to 100 nm long) as seen in fig. 5(f) due to 

further supply of highly mobile species [49].  

At high temperatures where the vacancies are mobile, a highly-pressurized state is 

expected to build up in the stable He-vacancy (HexV) clusters by trapping more He with 

x>>1, which may grow in a non-isotropic manner in specific low-index planes such as the 

{001} and {10 ̅} planes, acting as nuclei of helium platelets [15], [59]. Once the nuclei are 

formed, they can grow by loop punching and when their size exceeds a critical value, the 

platelet minimizes its surface energy by collapsing into a cluster of small spherical planar 

bubbles (bubble discs) [52], [63]. According to a theoretical model analysis by Finnis et al. 

[59], the bubble discs are expected to be more energetically favourable than other defects due 

to elastic interaction between individual bubbles, although this interaction conditions occurs 

where equilibrium may not be established. Zhang et al. [60] have proposed that the kinetics 

of He absorption at the edge of a bubble disc and trap mutation processes take place at the 

edge of the disc which could explain the growth of bubble discs with increasing dose.  
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The occurrence of bubble discs in NWs has not been reported in literature thus far. In 

contrast to the foils where bubble discs were observed to form from 800°C as shown in fig. 

4(f)), bubble discs were observed to form only at 1000°C in the NWs at a high fluence of 15 

dpa (six times the fluence where the discs formed in the foils at the same temperature) in the 

current study as shown in fig. 5(c).  

The bubble disc number density was generally higher in the foils compared to the 

NWs at similar doses for all the irradiations at 1000°C. A possible explanation for this 

difference is the low supply of He in the NW as most diffuses to the surface and to twin 

boundaries therefore the bubbles are not able to build up enough pressure to form the bubble 

discs. This implies that the minimum He concentration required to form the bubble discs (at a 

6 keV and 1000°C) in the NW is about 90,000 He appm as compared to 8000 He appm in the 

foils.  Both planar-view and edge-on platelets were observed in the foil samples; however, the 

edge-on were easily observed from various directions due to their significantly stronger 

contrast. In the NW, only edge-on platelets were visible in the sample, confirmed by tilt 

series through various zone axes. 
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3.4. Radiation-induced precipitation in SiC NWs  

 

Figure 6: Irradiation with 6 keV He at 1000°C: (a) BF-TEM image and (b) SADP of SiC NW 

before irradiation; (c) BF-TEM image and (d) SADP of the same NW after 

irradiation to 5 dpa showing the evolution of precipitates (indicated by arrows in 

(c) and circles in (d)); and (e) DF-TEM obtained after irradiation from the SADP 

from the diffraction pattern indicated in (d) showing the bright contrast of the 

reflection from precipitates. The blue circles in (d) indicate the diffraction rings for 

the precipitates that emerge after irradiation and the dotted red circle for SiC. (e). 

Scale bar in (a) applies to all the BF and DF images. 

Figure 6(a) shows the BF-TEM image of the SiC NW before irradiation with high 

crystallinity as confirmed by the SADP in fig. 6(b) taken along the [001] zone axis for 4H-

SiC. Figure 6(c) shows the BF-TEM image for the same NW after irradiation to 5 dpa at 

1000°C and fig. 6(d) the corresponding SADP. The BF-TEM image after irradiation shows a 
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change in the microstructure of the NW indicated by the emergence of secondary-phase 

precipitation observed as having dark contrast (indicated by arrow in fig. 6(c)). Figure 6(d) is 

the corresponding SADP after irradiation showing a coexistence of the SiC diffraction spots 

(red dotted circles) and new polycrystalline rings indicated by the blue dotted circles. The 

occurrence of the polycrystalline rings corresponding to a second near neighbour distance of 

0.16 nm that is in good agreement with 0.162 nm reported [64] for SiO2 in the {200} planes 

therefore the precipitates in the NW are likely to be SiO2. Figure 6(e) shows a DF-TEM 

image of the sample after irradiation taken from the polycrystalline diffraction ring indicated 

by the blue circle in fig. 6(d). The image verifies that the origin of the diffraction rings to be 

from the precipitates, which are seen as having a bright contrast in DF. To investigate thermal 

effects as a possible source for precipitation, another set of samples were annealed to 1000°C 

for 2.5 hours in-situ in the TEM before being irradiated. This annealing time was equal to the 

total time taken for the irradiation during which the precipitates formed. After annealing, no 

observable change in the microstructure was observed indicating that precipitate formation 

was indeed radiation-induced at 1000°C.  

Figure 7(a) and (b) are the BF-TEM images showing the damage microstructure for 

SiC NW after He irradiation at 1000°C for doses of 5 and 15 dpa, respectively, while Fig. 

7(c) and (d) are the corresponding plots for precipitate size distribution. These images show a 

significant growth in size of the precipitates with increasing dose, with average size of the 

precipitates (effective diameter of projected area) of ⁓8.5 nm after 1 dpa and ⁓13.5 nm after 

15 dpa. A significantly high number density of the precipitates is also observed with 

increasing dose.  
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Figure 7: Effects of 6 keV He on a SiC NW at 1000°C at 1 (top) and 15 (bottom) dpa: (a) and 

(b) BF-TEM images of damage microstructure; and (c) and (d) the corresponding 

size distributions of resulting precipitates. 

Under irradiation at high temperature, C interstitials are formed and can migrate faster 

than Si interstitials to the surface of the NW (due to a low migration activation energy of C 

interstitials compared to Si) resulting in a higher concentration of C at the surface. Carbon 

has a high affinity for O [65] and therefore at 1000°C will bind readily with either residual O 

impurities present in the SiC NWs most likely incorporated during preparation resulting in 

the formation of CO/CO2 gas which diffuses away. With the depletion of C and hence no 

kinetic barrier, Si-interstitials will be able to migrate to the surface and bind with O2, resulting 

in the nucleation of SiO2 crystalline precipitates on the NW surface as seen in fig. 6 and 7.  

For the results shown in figs. 6 and 7, the NWs were supported by SiC foils. In order to 

associate the origin of oxide precipitates to residual O on the NWs before irradiation, three 
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separate experiments were carried out under the same conditions, all with 6 keV He to a dose 

of 5 dpa at 1000°C. In the first experiment, the NWs were dispersed onto a Mo grid, in the 

second the NWs were dispersed onto a foil and in the third only the foil was irradiated. 

 

Figure 8: BF-TEM images of different sample setup irradiated separately under identical 

conditions: (a) NW on a Mo grid; (b) NW on a SiC foil; and (c) SiC foil without NWs. 

The white arrows in (a) and (b) show the formation of precipitates. 

 It was observed that precipitates (arrowed) formed on both the NWs dispersed on the Mo 

grid as shown in fig. 8(a) and in the combined samples as shown in fig. 8(b) with the 

precipitates located on the NW and in regions of the foil in close proximity the NW. The foils 

without the NWs exhibited no precipitates as shown fig. 8(c). 

The samples were then analysed using SADP and EFTEM elemental mapping to 

determine the composition of the precipitates. The precipitates in the NW placed on a Mo 

grid had similar composition to those that formed on the combined sample as presented in fig. 

6 and 7. The combined sample set was analysed further with results presented in fig. 9. 

Figure 9(a) is the BF-TEM images for SiC foil close to a NW irradiated to 5 dpa showing the 

emergence of precipitates on the foil sample, seen as features with dark contrast after 

irradiation. Figure 9(b) shows the SADP for the sample with the blue dotted circle showing 

polycrystalline rings having originated from precipitates as shown in the DF-TEM image in 

fig. 9(c). These rings have a d-spacing that coincides with those found in SADP of NW in 
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6(c) for SiO2, confirming that the precipitates are similar to those in the NWs. Figures 9(d), 

(e) and (f) are the EFTEM images of the sample showing the C, Si and O elemental maps, 

respectively. The EFTEM map for C in fig. 9(d) shows a C deficiency while fig. 9(e) and (f) 

show an enrichment of Si and O in the regions corresponding to precipitates in the BF and 

DF images, respectively. These EFTEM analyses qualitatively corroborates the SADP 

analyses confirming that the precipitates are SiO2.   

 

Figure 9: The correlation of TEM observations for the sample irradiated to 5 dpa at 1000°C: 

(a) BF image showing the emergence of precipitates in the bulk region close to a NW; 

(b) SADP (c); the corresponding DF-TEM image with the image taken from the 

diffraction spots indicated by the blue dotted circle in (b). Figures (d-f) shows the 

EFTEM maps for C, Si and O map. (The scale marker in (d) applies for all the 

EFTEM maps.) 

Radiation-induced precipitation has not been reported in the SiC polymorphs 

irradiated with He under conditions similar to those used in the current work [32], [62], 

therefore the SiO2 precipitate formation in the NWs is favoured by the existence of residual O 

in the NWs (see fig 1(c) coupled with geometric orientation of the NWs with respect to the 
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ion beam and surface effects after irradiation at 1000°C. It is plausible that the precipitates 

formed in the NWs may have been sputtered away during the irradiation process landing on 

the nearby foil which is then imaged in fig. 9(f). The regions of the foils analysed with 

EFTEM had thicknesses of ⁓ 50 nm. Due to the size effect that affects the scattering 

coefficient in a material, EFTEM maps of the NW with an average thickness of about 80 nm 

did not show reliable elemental distributions of the precipitates as there was multiple 

scattering events as a result of the sample thickness.  

 

  

                  



Corresponding Email: aradi.emily@gmail.com 

 

 

 

28 

4. Conclusions 

In summary, this study has shown the differences in microstructural changes that occur in 

SiC foils that represented a model system for “bulk SiC” and NWs that represented a model 

system for “nanoporous SiC” as a function of irradiation parameters. Using 6 keV He ions at 

temperatures between 500 and 1000°C and at various doses up to 20 dpa, the following 

differences were observed;  

 The threshold temperatures for the formation of defect clusters and isolated bubbles in 

the NWs and foils were determined to be 800 and 500°C respectively at equal doses. 

Generally, the defect density in the foils was higher in the foils compared to the NWs 

at similar irradiation conditions. This was attributed to enhanced recombination of 

defects at the surface of the NW due to the large surface area to volume ratio. Carbon 

segregation was also observed at the surface of the NW at 500°C which was attributed 

to a low migration activation energy hence a high jump ratio compared to Si 

interstitials that enhance its faster migration to the nearest surface 

 A relatively high threshold dose of about 15 dpa and temperature (1000°C) was 

required for the formation of low density He bubble disc in the NW. In comparison, a 

much lower threshold dose of 1.5 dpa at a temperature of 800°C was required for the 

formation of the bubble discs in the foils. These indicated a generally low He 

retention in the NWs compared to the foils when both materials were irradiated at 

similar conditions. 

 Radiation induced precipitation within the NW matrix was observed at 1000°C and a 

dose of 5 dpa with the number density of these precipitates increasing with increasing 

dose. Electron diffraction and EFTEM elemental mapping determined the precipitates 

to originate from SiO2. This was attributed to the combination of migrating Si 
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interstitials during irradiation and residual O2 impurities present in the NWs. The 

precipitates did not form in the foil samples, although foils in close proximity to the 

NWs contained precipitates that were sputtered from the NWs.  

A previous study [33] has shown that SiC NWs have an amazingly high resistance to 

amorphisation at low temperature. In the current study, at high temperatures, the NWs have 

shown to absorb less He and delay the formation of bubbles and bubble discs compared to 

their thin foil counterparts hence enhanced radiation tolerance. Despite these abilities their in-

service lifetime may be shortened due to elemental segregation, radiation induced 

precipitation and sputtering of the elemental material. This may limit their capabilities in high 

temperature application in advanced nuclear reactors. Improving the purity of the NWs can 

play a vital role in mitigating precipitation process. 
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