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A B S T R A C T

The study investigated the migration behaviour of Sr implanted into SiC in the presence of helium (He). Sr ions 
were implanted into polycrystalline SiC samples (Sr-SiC) at room temperature (RT), and co-implanted with He 
ions also at RT (Sr + He-SiC). The samples were then annealed isochronally at 1100 ◦C, 1200 ◦C, and 1300 ◦C for 
5 h. Transmission electron microscopy (TEM) and Rutherford backscattering spectrometry (RBS) were used to 
characterize both as-implanted and annealed annealed samples. Sr implantation induced amorphization of SiC, 
while co-implantation with He led to the formation of He nano-bubbles within the amorphous SiC matrix. During 
annealing, Sr migrated towards the surface, resulting in loss of Sr, cavity formation, and formation of Sr pre-
cipitates in the Sr-SiC samples. In Sr + He-SiC samples, He-induced cavities formed around the projected range of 
Sr, inhibiting epitaxial regrowth of SiC. As a result, the Sr distribution became concentrated around these He 
cavities, with Sr trapped both in front and behind them. The enhanced migration of Sr in annealed Sr + He-SiC is 
attributed to the slower recrystallization of the damaged SiC layer, the presence of larger He-induced cavities, 
and increased surface roughness. These findings provide insights into Sr migration the mechanisms in SiC, 
relevant for enhancing the safety of nuclear fuels.

1. Introduction

In modern fission nuclear reactors, silicon carbide (SiC) plays a 
crucial role as the primary barrier material for fission products within 
tri-structural isotropic (TRISO) fuel particles [1,2]. TRISO particles are 
highly effective in retaining most fission products, though they exhibit 
lower retention capabilities for specific nuclides such as 90Sr, 110mAg, 
134I, 131Cs, 137Cs, 88Kr, and 133Xe [3,4]. The release of these fission 
products from TRISO fuel particles can pose significant radiological 
hazards. For instance, 90Sr, a medium-lived fission product, can be 
absorbed by the body similar to calcium and poses potential health risks. 
Therefore, understanding the migration behaviour of strontium in SiC 
under various conditions that mimic fission reactor environments has 
been investigated [4–10]. These studies have explored SiC under high 
thermal conditions [5,6], the impact of radiation damage [4,7,8], swift 

heavy ion (SHI) irradiation [9], and the influence of silver (Ag) on the 
migration of Sr in SiC [10]. However, in fission nuclear reactors, SiC is 
subjected to diverse forms of irradiation, such as ions of varying energies 
and neutrons, at high temperatures. This occurs in the presence of he-
lium (He), which is generated from actinide radioactive decay and nu-
clear transmutations [11]. The low solubility of He in SiC results in He 
atoms becoming trapped in helium-vacancy clusters and subsequently 
forming bubbles [12,13]. While some studies have concentrated on the 
impact of He on microstructural evolution [14–19], others have 
explored its effects on the migration of fission products in SiC [20–25]. 
The results of these studies indicate that the migration of co-implanted 
species is governed by their trapping in He induced cavities. Under-
standing how helium affects the migration and retention of fission 
products in SiC across the temperature ranges encountered during nu-
clear reactor operations and accidental conditions is crucial for ensuring 
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the safe operation of nuclear fission reactors, particularly with regard to 
TRISO fuel particles.

This study builds upon our prior work [23] on the structural evolu-
tion of SiC co-implanted with Sr and He at room temperature, simulating 
a highly defective SiC structure under nuclear fission irradiation. The 
samples were annealed at operational (1000 ◦C) and potential accidental 
temperatures (1100–1300 ◦C). We investigated the structural evolution 
of SiC at operational temperature, observing the formation of helium 
bubbles, surface swelling, and complete amorphization in the implanted 
region. Sr-only implanted SiC samples fully recovered after annealing at 
1200 ◦C for 5 h. However, Sr and He co-implanted SiC samples experi-
enced graphitization and limited recrystallization. Short-range order 
improved at 1000 ◦C and 1100 ◦C for the co-implanted system, while at 
1200 ◦C and 1300 ◦C, chemical disorder increased, along with the 
number of defects in the C-C lattice site. He-induced craters formed on 
the surface during annealing due to surface exfoliation and He 
out-diffusion. Sr migration in the co-implanted system exhibited diffu-
sion towards the surface, followed by some Sr loss and trapping around 
the projected range of implantation. Chemical disorder, Relative Raman 
Intensity (RRI) or total disorder, and the ID/IG ratio revealed deviations 
from the expected trend at 1200 ◦C and 1300 ◦C, indicating the for-
mation of larger defects at these temperatures. This current study aims 
to investigate Sr migration and trapping behaviour in the co-implanted 
system above the reactor operational temperature and compare it with 
the Sr-only system. Chemical disorder, Relative Raman Intensity (RRI) 
or total disorder, and the ID/IG ratio revealed deviations from the ex-
pected trend at 1200 ◦C and 1300 ◦C, indicating the formation of larger 
defects at these temperatures. Consequently, our TEM measurements 
focus on these two temperatures.

To achieve this objective, Sr ions with an energy of 360 keV were 
implanted into SiC at room temperature Some of the Sr implanted SiC 
samples were then implanted with He ions also at room temperature. 
Both the individually implanted and co-implanted SiC samples were 
then subjected to isochronal annealing at temperatures above 1000 ◦C. 
The findings from this study will offer valuable insights into the 
behaviour of strontium in highly defective SiC in the presence of helium 
under laboratory conditions that simulate environments similar to those 
found in fission nuclear reactors. These insights will be pivotal in 
enhancing the safety standards of modern fission nuclear reactors.

2. Experimental procedure

Polycrystalline SiC wafers, composed mainly of 3C-SiC with some 
traces of 6H-SiC [10] from Valley Design Corporation were employed in 
this study. Sr ions, with an energy of 360 keV, were implanted into SiC at 
room temperature (RT) to a fluence of 2 × 1016 cm− 2 (Sr-SiC) at Frie-
drich Schiller University in Jena, Germany. Subsequently, some Sr-SiC 
samples were co-implanted with 21.5 keV He ions to a fluence of 1 ×
1017 cm− 2 at RT (Sr + He-SiC). The helium implantation was done at the 
tandem accelerator mass spectrometry (TAMS) facilities of iThemba 
LABS in Gauteng, South Africa. Given that SiC in the fission nuclear 
reactors undergoes severe ion and neutron irradiation, resulting in a 
highly damaged structure, the implantation was conducted at RT to 
generate a highly defective structure.

The as-implanted Sr-SiC and Sr + He-SiC samples were isochronally 
annealed under 10− 5 Pa vacuum for 5 h at temperatures ranging from 
1100 to 1300 ◦C in steps of 100 ◦C, using the computer-controlled Webb 
77 graphite furnace. Characterization of the samples before and after 
annealing was conducted using transmission electron microscopy (TEM) 
and Rutherford backscattering spectrometry (RBS).

TEM lamellae of the as-implanted and annealed samples were pre-
pared using the FEL Helios Nanolab 650 focused ion beam (FIB). 
Lamellae thinning was achieved by successive 30 keV and 5 keV gallium 
(Ga) ion beams, with final polishing performed using 2 keV and 5 eV 
beams to produce near-damage-free TEM lamellae. Scanning TEM 
(STEM) equipped with high-angle angle dark field (HAADF) and energy- 

dispersive X-ray spectroscopy (EDS) detectors were employed to inves-
tigate the distribution of Sr atoms. TEM analysis before and after 
annealing was performed at the Joint Institute for Nuclear Research 
(JINR) in Dubna, using a Thermoscientific Talos F200i field emission 
transmission electron microscope operating at 200 kV. To obtain the Sr 
depth distribution profiles, Sr-Kα emission maps were measured from 
the cross-sectional samples. The lines of the measured profiles were 
perpendicular to the edge of the sample, and the intensities collected 
from large areas parallel to the edge were averaged. The positions of the 
sample edges corresponding to the surfaces in the Sr-Kα profiles were 
determined by aligning the profiles obtained from the maps for Sr-Kα 
with the intensity profiles of the bright field (BF) STEM images where 
the edge positions were clearly identified.

Sr migration was also monitored using RBS analysis performed at the 
tandem accelerator in iThemba LABS. The RBS measurements were 
performed at RT using 4He + beam of 2.0 MeV. The beam was main-
tained at a current of approximately 500 pA, and charge of 0.5 μC was 
collected per measurement. The scattered particles were detected using 
a solid-state detector at a backscattering angle of 150◦. The RBS spectra 
were converted from energy-channel to depth using energy loss data by 
Ziegler [26] and the SiC density of 3.21 gcm− 3.

Using the stopping and range of ions in matter (SRIM 2013) [26], 
simulations were conducted to firstly determine the energy of Sr and He 
ions to be implanted so that they overlap and secondly to determine the 
relative atomic density of Sr and He implanted into SiC and their 
displacement per atom (dpa) as a function of depth. The detailed cal-
culations in full damage cascades mode, with SiC density of 3.21 gcm− 3 

and displacement energies (Ed) of 35 eV and 20 eV for Si and C, 
respectively were used during simulations [27]. The fluence was con-
verted to dpa as described in Ref. [28].

The simulated Sr and He results presented in Ref. [23] and also 
overlayed in Fig. 1 indicate that the implanted profiles of Sr and He were 
Gaussian with maximum relative atomic densities of 2.26 at% and 12 at 
% at depths of 140 nm and 150 nm below the surface, respectively. The 
maximum lattice damage of 2.60 dpa and 1.93 dpa were retained at a 
depth of approximately 110 nm and 130 nm for Sr and He, respectively. 
The total maximum lattice damage was found to be about 4.40 dpa at a 
depth of 110 nm below the surface.

3. Results

Fig. 1 shows the bright field (BF) TEM cross-sectional micrographs of 
the SiC samples individually implanted with Sr ions (Sr-SiC) (a) and 
successively implanted with Sr and He ions (Sr + He-SiC) (b) and 
selected area diffraction (SAD) patterns from the different parts of Sr-SiC 
sample (c). Implantation of Sr resulted in the amorphization of SiC up to 
a depth of approximately 270 nm from the surface, as indicated by SAD 
patterns showing a diffuse ring compared to the sharp spots observed in 
the SAD patterns of the SiC substrate (c). This diffuse ring signifies the 
loss of long-range ordering in the implanted SiC layer. Co-implantation 
with He further extended the amorphized layer to about 310 nm. The 
latter was due to further swelling caused by the formation of He nano-
bubbles at a depth 75–150 nm below the surface (indicated by arrows 
and vertical lines in Fig. 1 (b)). The implanted Sr and He profiles are 
embedded within the amorphous SiC layer in both Sr-SiC and Sr + He- 
SiC samples-Fig. 1(a) and (b). The amorphization of SiC after the im-
plantation of Sr and He was anticipated, considering that the implan-
tation energies and fluences of both Sr and He caused damage above the 
critical amorphization displacement per atom (dpa) threshold of SiC 
(0.3 dpa) [29].

Fig. 2(a)and (b) present the RBS spectra of Sr-SiC before and after 
isochronal annealing, along with their respective Sr depth profiles. Fig. 2
(c) illustrates the Sr retained ratio, full width at half maximum (FWHM), 
and peak position as functions of annealing temperature. The arrows in 
the RBS spectra indicate the surface position in channel numbers of C, Si, 
and Sr.
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The retained ratio of Sr was calculated as the ratio of the total in-
tegrated counts of the Sr profile in the annealed samples to the as- 
implanted one. It is important to note that in this study, new as- 
implanted samples were annealed at different temperatures for the 
same duration, ensuring they all had the same initial defect level. 
Annealing at 1100 ◦C and 1200 ◦C caused broadening, coupled with the 
loss of Sr from the surface. This was expected as migration of Sr 
accompanied by loss has already been reported for the Sr-SiC sample 
annealed at 1000 ◦C [23]. Approximately 34 % and 41 % of Sr was lost in 
the Sr-SiC samples annealed at 1100 and 1200 ◦C, respectively. More-
over, the Sr profile of the Sr-SiC annealed at 1200 ◦C became bimodal, 
with a minimum around the projected range. These results indicate 
migration governed by the diffusion of Sr towards the surface, resulting 
in loss from the surface. A significant loss of approximately 63 % Sr was 
observed in the Sr-SiC sample annealed at 1300 ◦C. This loss was 
accompanied by a drastic shift of the Sr peak position towards the sur-
face. A robust migration of Sr towards the surface after annealing the 
Sr-SiC at 1000 ◦C was noted in Ref. [23]. This behaviour is attributed to 
the amorphization of the surface region during implantation, a phe-
nomenon that was also observed in Sr-implanted 6H-SiC at room tem-
perature (amorphized 6H-SiC) and subsequently annealed at 1000 ◦C 
[7]. The observed migration is facilitated by epitaxial recrystallization 
from the amorphous-crystalline (a-c) interface, enhancing the move-
ment of defects towards the surface.

The Sr loss follows a recovery process observed in the isochronally 
annealed Sr-SiC samples, as reported in our previous study [23]. The 
substantial loss at 1300 ◦C, accompanied by a drastic peak shift, is not 
solely driven by the recovery process but is also influenced by the 
growth of numerous small crystals on the surface, as reported in 
Ref. [23]. The appearance of these crystals coincides with the emergence 
of pores, serving as out-migration paths for Sr at 1300 ◦C, leading to 
additional Sr loss [23].

Fig. 2 (a’) and (b’) present the RBS spectra and Sr RBS depth profiles 
of the Sr + He-SiC samples before and after annealing, respectively. 
Their corresponding Sr retained ratio as a function of annealing tem-
perature is shown in Fig. 2 (c’). Similar to the Sr-SiC samples, the new as- 
implanted Sr + He-SiC samples underwent isochronal annealing at 
various temperatures.

Annealing the Sr + He-SiC sample at 1100 ◦C resulted in the 
migration of Sr towards the surface, accompanied by a significant loss of 
approximately 70 % of implanted Sr. This migration also led to the 
segregation of Sr atoms resulting in a double-peaked retained Sr profile. 
The first peak, located before the projected range or closer to the surface 
(around 60 nm), and the second peak beyond the projected range 
(around 208 nm) with a minimum around the projected range were 
observed. These results are consistent with our previous findings for Sr 
+ He-SiC sample annealed at 1000 ◦C [23]. Similar migration patterns 
characterized by loss and segregation were observed in the Sr + He-SiC 

Fig. 1. BF TEM cross-sectional micrographs of Sr-SiC (a), Sr + He-SiC (b) and (c) SAD patterns from different parts of the Sr-SiC sample (indicated with arrows). Both 
micrographs are overlayed with their respective SRIM simulated and RBS results. Double arrows indicate the amorphous SiC (a-SiC) layer from the surface to the 
amorphous-crystalline (a–c) interface.
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samples annealed at 1200 ◦C. The Sr + He-SiC sample annealed at 
1200 ◦C exhibited similar Sr loss of approximately 70 %, indicating no 
additional loss in the sample annealed at 1200 ◦C compared to the 
1100 ◦C annealed sample. However, the sample annealed at 1300 ◦C 
exhibited some migration towards the bulk, in addition to the 

segregation observed at lower annealing temperatures. This complexity 
rendered it impossible to calculate the retained Sr in the Sr + He-SiC 
sample annealed at 1300 ◦C. The migration of Sr towards the bulk in the 
Sr + He-SiC sample annealed at 1300 ◦C might be due to surface 
roughness caused by holes as reported in Ref. [23].

Fig. 2. RBS spectra of (a) Sr-SiC and (a’) Sr + He-SiC samples, Sr depth profiles of (b) Sr-SiC samples and (b’) Sr + He-SiC before and after isochronal annealing at 
temperatures ranging from 1100 to 1300 ◦C for 5 h under vacuum. (c) The FWHM in nm and retained ratio of Sr in Sr-SiC and (c’) retained ratio of Sr in Sr + He-SiC 
sample as a function of annealing temperature.
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The Sr migration behaviour in the Sr-SiC and Sr + He-SiC samples 
annealed at 1100 and 1200 ◦C indicated that Sr migration was relatively 
governed by the same phenomena. However, this migration phenome-
non changed in the samples annealed at 1300 ◦C. To gain more insight 
into these different phenomena, Sr-SiC and Sr + He-SiC samples 
annealed at 1200 and 1300 ◦C were further characterized by dark-field 
(DF) STEM, HAADF-STEM, and EDS.

Fig. 3 shows the DF STEM [(a) and (c)] and HAADF-STEM [(b) and 
(d)] micrographs of Sr-SiC samples annealed at 1200 and 1300 ◦C for 5 h 
together with EDS Sr-Kα depth profiles of the as-implanted Sr-SiC and 
annealed Sr-SiC samples (e). The diffraction patterns taken from the 
damaged SiC layers of the annealed samples are also shown in Fig. 3(f) 
and (g). The positions of damaged-crystalline SiC interfaces are indi-
cated by the white dashed lines in DF STEM images and by black vertical 
lines on the Sr-Kα EDS profiles.

Annealing of Sr-SiC samples at 1200 and 1300 ◦C recrystallized the 
initially amorphous SiC into randomly oriented nano-crystallites of 
different sizes, as indicated by small areas of varying contrast in the DF- 
STEM micrographs and diffraction patterns consisting of individual 
rings of multipoint diffractions from nano-crystalline SiC in Fig. 3(f) and 
(g). This was accompanied by a reduction of the damaged layer from 
270 nm in the as-implanted Sr-SiC to 250 and 160 nm in the Sr-SiC 
samples annealed at 1200 and 1300 ◦C respectively, indicating 
epitaxial growth from the a-c interface.

In HAADF-STEM micrographs, regions enriched with heavy elements 
in a matrix of light elements appear bright, whereas the cavities in a 
compositionally homogeneous matrix appear dark. Hence in Fig. 3 (b) 
and (d), the darker and brighter structures indicate the cavities and Sr- 
rich areas, respectively. The EDS depth profiles of Sr-Kα in Fig. 3(e) and 
Sr EDS maps in the supplementary data-Fig. S1(note the background in 

Fig. 3. Cross-sectional DFSTEM micrographs of Sr-SiC samples annealed at 1200 ◦C (a) and (c) 1300 ◦C together with their respective HAADF STEM micrographs (b) 
and (d). Average EDS Sr-Kα depth profiles of as implanted Sr-SiC (black), Sr-SiC after annealing at 1200 (red) and 1300 ◦C (blue) (e). SAD patterns (f) and (g) taken 
from damaged layers of Sr–SiC annealed at 1200 and 1300 ◦C respectively. The damaged–crystalline SiC interface positions are indicated by the white dash lines in 
STEM images (a) and (c) or by black vertical lines in the Sr-Kαprofiles (e).
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the protective layer is due to the overlapping of platinium (Pt) and Sr X- 
rays.) further confirm that the brighter structures observed in Fig. 3(b) 
and (d) are the Sr precipitates within the nano-crystalline SiC matrix. It 
should be noted, however, that either the observed Sr precipitates do not 
yet have a crystalline structure, as no diffraction patterns (Fig. 3 (f) and 
(g) from crystalline Sr were identified or the small size and distribution 
of the Sr precipitates within the SiC matrix makes the SAD patterns 
challenging to interpret and confirm the structure of Sr. The latter is due 
to the out diffusion of implanted Sr as observed by RBS. Thus, the 
recrystallization of amorphous SiC with Sr implants is accompanied by 
the segregation of implanted Sr and the formation of cavities of different 
sizes. The observed cavities in the 1200 ◦C annealed sample are 
randomly distributed, with larger ones around the projected range, 

while most precipitates are located before and beyond the projected 
range. These observations align with the double-peaked Sr RBS profile 
observed in the Sr-SiC annealed at 1200 ◦C. Similarly, annealing at 
1300 ◦C resulted in larger but fewer precipitates and cavities. Moreover, 
the larger precipitates appear to be closer to the surface and the inter-
face-Fig. S1. These results correlate with the RBS results, where addi-
tional loss resulting in the Sr profile closer to the surface was observed. 
Annealing the Sr-SiC sample at 1300 ◦C resulted in the appearance of 
larger precipitates and cavities at the expense of smaller ones, indicating 
the migration and coalescence of Sr.

Amorphization induces swelling in SiC, leading to a reduction in 
density from 3.21 gcm− 3 in crystalline SiC to approximately 2.75 gcm− 3 

in amorphous SiC [30,31]. Consequently, the structure retains 

Fig. 4. Cross-sectional DF STEM micrographs of Sr + He-SiC samples annealed at 1200 ◦C (a) and (c) 1300 ◦C, their respective HAADF STEM (b) and (d). Average 
EDS Sr-Kα depth profiles of as implanted Sr + He-SiC (black), Sr-SiC annealed at annealing at 1200 and 1300 ◦C (e). SAD patterns (f) and (g) taken from damaged 
layers of Sr –SiC annealed at 1200 and 1300 ◦C respectively. The damaged–crystalline interface positions are indicated by the white dash lines in STEM images (a) 
and (c) or by black vertical lines in the profile plots (e).
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significant strain after recrystallization due to the substantial volume 
change. This strain can be alleviated through the formation and prop-
agation of cracks in the structure post-annealing, or compensatory 
cavities may develop to offset the volume shrinkage, as reported in the 
case of Ge implanted into 6H-SiC at room temperature after annealing at 
elevated temperatures [31]. Annealing temperatures of 1200 and 
1300 ◦C surpass the melting point of Sr (777 ◦C) and approach the upper 
limit of the recrystallization temperature range of amorphous SiC 
(900–1450 ◦C) [32,33]. Consequently, the Sr precipitates form after the 
recrystallization of the SiC structure [31], effectively reducing the loss of 
Sr.

Fig. 4 shows the DF STEM and HAADF-STEM micrographs of Sr +
He-SiC samples isochronally annealed at 1200 and 1300 ◦C for 5 h. 
Additionally, EDS Sr-Kα depth profiles of the as-implanted Sr + He-SiC 
annealed Sr + He-SiC samples are also presented in Fig. 4, with 
diffraction patterns taken from the damaged SiC layers of the annealed 
samples. Similar to the Sr-SC samples annealed at 1200 and 1300 ◦C, 
annealing of the Sr + He-SiC samples at these temperatures resulted in 
the recrystallization of the initially amorphous SiC layer. This process 
led to the formation of randomly oriented nano-crystallites of different 
sizes as shown in Fig. 4(a)–(c), (f) and (g), accompanied by epitaxial 
recrystallization from the a-c interface. Moreover, the annealed samples 
reveal He-induced defects, characterized by the dark structures in the 
HAADF-STEM micrographs. Larger and irregular He-induced defects are 
observed at the projected range, while smaller, more spherical He de-
fects are found near the surface and at the a-c interface. Typically, He- 
bubbles exhibit a spherical and small morphology, whereas cavities 
are larger and polygon-shaped [34]. Thus, the larger structures at the 
projected range are identified as cavities, while the smaller ones are 
He-bubbles. Recrystallization occurs near the surface (of the amorphous 
layer) and from the amorphous-crystalline interface. The size of 
helium-induced defects also influences the size of the damaged region. 
Due to epitaxial recrystallization in the 1200 ◦C annealed sample, the 
damaged layer reduces to about 303 nm in thickness and slightly de-
creases to about 265 nm in the 1300 ◦C annealed sample.

The EDS Sr-Kα profiles of the annealed Sr + He-SiC samples are 
bimodal with one peak closer to the surface or before the projected range 
and the second beyond the projected range indicating the formation of 
Sr precipitates in these regions. Additionally, fewer precipitates are 
observed in the region with larger cavities as was confirmed by the Sr 
EDS maps in Fig. S2. These findings correlate with the RBS Sr profiles in 
Fig. 2 [(a’) and (b’)] and Fig. 4 (e). Hence, most cavities around the 
projected range contain less Sr. The increase in the size of cavities in the 
sample annealed at 1300 ◦C accompanied by the migration of Sr towards 
the bulk observed in the RBS results was not observed in the EDS Sr 
depth profiles in Fig. 4 (e). This discrepancy in the RBS and EDS Sr depth 
profiles of the Sr + He-SiC sample annealed at 1300 ◦C indicates the 
effect of surface roughness in the RBS as speculated earlier.

4. Discussion

Implantation of Sr at RT retained an amorphous layer in the Sr-SiC 
samples while co-implantation of He in the Sr-SiC resulted in the for-
mation of nano-bubbles within the amorphous layer in the Sr + He-SiC 
samples. The formation of nano-He bubbles resulted in additional 
swelling of the amorphous layer. This phenomenon was anticipated, as 
the higher defect density in amorphous SiC provides more nucleation 
sites, thereby promoting the formation of He bubbles compared to SiC 
with less defects [17,35].

During annealing, the defect concentration, local strain and stresses 
are reduced, activating the recrystallization within the amorphous layer 
of the Sr-SiC samples into randomly orientated nano-crystalline SiC with 
cavities. This annealing process also led to a reduction in the width of 
the amorphous layers from the amorphous-crystalline interfaces. In 
contrast, in the Sr + He-SiC samples, similar recrystallization as 
observed in the Sr-SiC annealed was accompanied by an increase in both 

the quantity and size of helium-induced defects, including He-bubbles 
and cavities. This increase in the size of helium-induced defects hin-
dered the relaxation of strain and stress in the annealed Sr + He-SiC 
samples, thereby limiting the recovery process [23]. During annealing, 
the migration of defects within the amorphous layer increased, facili-
tating the recrystallization of the amorphous phase [22,36]. In both 
Sr-SiC and Sr + He-SiC structures, the recrystallization process initiates 
at the amorphous-crystalline (a-c) interface and proceeds epitaxially, 
layer by layer, towards the surface [37]. In this intricate process, Si and 
C atoms recombine with their vacancies from the a-c interface epitaxi-
ally, elucidating the observed Sr diffusion towards the surface in the 
annealed Sr-SiC samples.

The significant out-diffusion of Sr is attributed to the high diffusivity 
of vacancies toward the surface, a consequence of the defect recovery in 
the amorphous phase. Sr atoms rely on vacancies for their migration 
through SiC. Friedland et al. [7] also noted that Sr diffusion mechanism 
in SiC primarily occurs during periods of defect annealing, ceasing upon 
the completion of defect restructuring. Specifically, Sr binds to defect 
complexes, is then released during their annihilation, and subsequently 
re-trapped by more stable defects.

The cavities observed in Sr-SiC samples following annealing at 1200 
and 1300 ◦C seemingly have no discernible effect on the recrystalliza-
tion of SiC, as confirmed by Raman spectroscopy [23]. However, their 
presence may influence the diffusion of Sr, especially if formed in the 
near-surface regions, where the exposed surface could potentially lead 
to Sr evaporation.

In the Sr +He-SiC samples, the presence of He-induced cavities in the 
damaged region hinders the recrystallization growth. A similar obser-
vation was reported by Zhang et al. [34] for He-implanted SiC. The 
anticipated slower recrystallization growth is compounded when cav-
ities are present in the damaged region, and this effect intensifies with 
an increase in cavity size.

Zhang et al. [12] highlighted that in helium-implanted SiC, vacancy 
clusters act as the main traps for helium. Upon implantation, larger 
helium-vacancy complexes, including small bubbles, are formed (Fig. 1
(b)). Subsequent annealing results in the dissociation of He-vacancy 
complexes, leading to the release of helium. He-atoms closer to the 
surface diffuse out and are lost, while those deeper into the structure are 
released by unstable complexes and subsequently re-trapped by more 
stable complexes. This de-trapping process may also contribute to the 
formation of He-cavities. Consequently, competition arises between 
recrystallization from C and Si vacancies and the trapping and 
de-trapping processes involving He-vacancy complexes, contributing to 
the observed slow recrystallization in the Sr + He-SiC samples.

The presence of cavities establishes two distinct diffusivity paths for 
defects: one leading toward the free surface and the other from the a-c 
interface toward the cavities. The Sr distribution mirrors this behaviour, 
with Sr trapped both in front of and behind the cavities. This migration 
behaviour is due to He out-diffusion during annealing, which leaves 
behind empty cavities, some of which are still filled with helium. The 
empty cavities are responsible for capturing strontium, thereby forming 
precipitates, Similar trapping phenomena were observed for Fe and He 
co-implanted in SiC annealed at 1500 ◦C for 2 h [22,24,25] and for Ag 
and He co-implanted in SiC at room temperature then annealed at 
1100 ◦C for 5 h [21].

As demonstrated in our previous work [23], annealing Sr + He-SiC 
samples at temperatures ranging from 1000 to 1300 ◦C in increments of 
100 ◦C resulted in the formation of exfoliated blisters (craters) on the 
surface. Notably, both the size and number of these blisters increased 
with temperature. The emergence of surface blisters and craters is 
intricately linked to the formation of microcracks within the sample. 
With elevated temperatures, thermal stress intensifies, leading to the 
initiation and propagation of microcracks, ultimately culminating in the 
exfoliation of the surface. Consequently, the out-diffusion of Sr likely 
occurs through both the surface craters and microcracks, providing a 
rationale for the observed substantial Sr loss in the Sr + He-SiC 
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samples-Fig. S2. The diffusion towards the undamaged bulk in the Sr +
He-SiC annealed at 1300 ◦C may be attributed to straggling effects, 
resulting from increased surface roughness due to crater formation. This 
broadens the backscattering spectrum, making it challenging to pre-
cisely determine the depth.

5. Conclusions

In this study, the role of annealing temperature on the migration 
behaviour of strontium co-implanted with helium into SiC at room 
temperature was investigated. Some of the Sr implanted SiC samples 
were implanted with He ions to the same depth. Both the Sr implanted 
and co-implanted SiC were isochronally annealed at 1100, 1200 and 
1300 ◦C for 5 h. Sr implantation caused SiC to become amorphous while 
co-implantation of He led to the formation of nano-He bubbles in the 
amorphous SiC layer. Annealing resulted in the epitaxial recrystalliza-
tion from the a-c interface and the formation of randomly orientated 
nano-crystalline SiC and some cavities in the annealed Sr-SiC samples. 
This was accompanied by the migration of Sr in the Sr-SiC annealed 
samples which was driven by the defect recovery processes in the 
amorphous phase, which led to significant diffusion towards the surface 
and formation of Sr precipitates. In the co-implanted samples, the for-
mation of larger He-induced cavities created a barrier for epitaxial 
recrystallization growth, which presented trapping sites for Sr migration 
in front and behind the He-cavities. However, this did not inhibit the 
exo-diffusion of Sr, which was instead enhanced through the formation 
of craters and microcracks, resulting in high Sr loss in the co-implanted 
samples. These findings provide insights into the mechanisms underly-
ing Sr migration in SiC, and may have implications for the safety 
improvement of modern fission nuclear fuel structures.
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