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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The structural evolution and migration behaviour of strontium (Sr) in polycrystalline silicon carbide (SiC) co-

implanted with helium (He) exceeding 300 °C were investigated at temperatures above 1000 °C. Sr ions were

Keywords: implanted into SiC at 600 °C (denoted as Sr-SiC-600) and co-implanted with He ions at 350 °C (denoted as Sr +

RBS_ He-SiC-600). Both samples were subsequently isochronally annealed at 1100 °C, 1200 °C, and 1300 °C for 5 h.

I;le.htum Both as-implanted and annealed were characterized by transmission electron microscopy (TEM), scanning
isters

electron microscopy (SEM), atomic force microscopy (AFM), and Rutherford backscattering spectrometry (RBS).
Implantation at 600 °C resulted in a defective layer embedded in the crystalline SiC. Co-implantation led to the
formation of He platelets in the defective layer, as well as blisters and large voids on the surface accompanied by
slight migration of Sr. Annealing the Sr-SiC-600 samples up to 1300 °C resulted in formation of Sr precipitates
accompanied by neither migration nor loss. Contrary annealing Sr + He-SiC-600 samples up to 1300 °C resulted
in the formation of Sr precipitates accompanied by some loss of Sr. These results indicate trapping of Sr in both
samples. This trapping was influenced by thermally activated cavities in the Sr-SiC-600 samples and by He
induced cavities in the Sr + He-SiC-600 samples. These findings have significant implications for the design and
performance of TRISO fuel particles.

Helium-induced voids
Helium-induced cavities
Sr migration

1. Introduction

Silicon carbide (SiC) is widely used in various harsh environments,
including modern fission nuclear reactors, due to its exceptional phys-
ical and chemical properties. These include high hardness, wear resis-
tance, low density, high strength, oxidation resistance, chemical
resistance, excellent high-temperature stability, low thermal expansion,
high thermal conductivity, excellent thermal shock resistance, low
neutron activation, and a low neutron absorption cross-section [1,2]. In
modern nuclear reactors, chemical vapor deposited (CVD) 3C-SiC (SiC)
serves as the primary diffusion barrier for fission products (FPs) within
coated tri-structural isotropic (TRISO) fuel particles. This enhances the
retention of radioactive fission products, thereby improving reactor
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safety [3]. Under normal operation within the temperature range of
900-1300 °C, TRISO fuel particles retain most radiologically significant
fission products, with notable exceptions such as strontium (Sr), cesium
(Cs), and silver (Ag) [4,5].

During fission, a high flux of energetic neutrons is produced. Some of
these neutrons interact with the SiC crystal structure through inelastic
and elastic collisions, creating vacancies, interstitials, and other defects.
Others are captured by target nuclei, resulting in nuclear transmutations
and the formation of impurities such as helium (He) [6-9]. At the
elevated operating temperatures in modern fission nuclear reactors,
phenomena such as gas release, defect coalescence, and the accumula-
tion of mobile defects contribute to the formation of larger structural
imperfections, including He bubbles and cavities [10,11]. He ions
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precipitate to form bubbles or platelets under high internal pressure,
which can grow and manifest as blisters on the surface [12,13]. Pro-
longed irradiation at elevated temperatures may cause these blisters to
rupture, releasing gas atoms and fragmenting the host material [14].
Therefore, to fully understand the release of fission products (FPs) in
modern fission reactors, it is essential to investigate their behaviour in
the presence of He at elevated temperatures.

To the best of our knowledge, several studies have investigated the
structural evolution of SiC pre-implanted with heavy ions (such as
krypton (Kr), iron (Fe), and strontium (Sr)) and helium at room tem-
perature (RT) [15-22]. However, limited research has been conducted
under similar conditions at elevated temperatures [23-25]. The
co-implantation of He into SiC pre-implanted with heavy ions at RT
leads to the formation of nano-sized He bubbles within the amorphous
SiC layer [15-22]. Annealing these samples at temperatures ranging
from 1000 °C to 1300 °C results in the formation of He bubbles, blisters,
and craters (He-induced voids) [21,22]. Additionally, He cavities have
been shown to trap implanted Sr, although some Sr loss occurs through
holes in the co-implanted samples annealed up to 1300 °C [21,22]. In
contrast, co-implantation at temperatures above 300 °C leads to the
formation of He bubbles, platelets, blisters, and craters [23-25].
Annealing at 1000 °C and 1100 °C causes the He bubbles to grow larger
by capturing additional vacancies, which facilitates the migration of Sr
toward the bulk and surface, accompanied by some loss through holes
[23-25].

Given that modern fission reactors operate at elevated temperatures,
it is crucial to understand the impact of He on SiC’s structure and how it
influences the migration of key fission products, such as Sr, during im-
plantation and subsequent annealing. However, this area remains
largely unexplored, particularly at annealing temperatures above
1000 °C for SiC that has been pre-implanted and co-implanted at tem-
peratures exceeding the critical amorphization temperature of SiC.

To address this knowledge gap, we conducted a comprehensive
investigation into the structural evolution of SiC and the migration
behaviour of Sr in SiC co-implanted with Sr and He at temperatures
exceeding 300 °C, followed by annealing at temperatures above
1000 °C. In this study, Sr ions were initially implanted into SiC at 600 °C,
with some samples subsequently co-implanted with He ions at 350 °C.
Both individually implanted and co-implanted samples were then
annealed at temperatures above 1000 °C. The as-implanted and
annealed samples were characterized using TEM, SEM, AFM and RBS.
The results from the individually implanted and co-implanted SiC
samples were compared to investigate the roles of He and annealing.

2. Experimental methods

Polycrystalline SiC from Valley Design Corporation, primarily
composed of 3C-SiC with trace amounts of 6H-SiC [26], was used as the
starting material for this study. Sr ions were implanted into the SiC at
600 °C with an energy of 360 keV to a fluence of 2 x 101® cm~2 (referred
to as Sr-SiC-600). Some of the Sr-SiC-600 samples were further
co-implanted with He ions at 21.5 keV at 350 °C to a fluence of 1 x 107
cm™2 (referred to as Sr + He-SiC-600). Detailed experimental proced-
ures for both Sr and He ion implantation can be found in Refs. [21-23].

The as-implanted Sr-SiC-600 and Sr + He-SiC-600 samples were
isochronally annealed in vacuum (107° Pa) for 5 h at temperatures of
1100 °C, 1200 °C, and 1300 °C. Characterization of the samples was
performed both before and after annealing using transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and Ruth-
erford backscattering spectrometry (RBS). Additionally, atomic force
microscopy (AFM) was used to characterize the as-implanted and
annealed Sr + He-SiC-600 samples.

TEM lamellae of the as-implanted and annealed samples were pre-
pared using a FEI Helios Nanolab 650 focused ion beam (FIB), with
detailed lamella preparation procedures outlined in Refs. [21-23]. For
characterization, scanning TEM (STEM) equipped with high-angle
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annular dark field (HAADF) and energy-dispersive X-ray spectroscopy
(EDS) detectors was used to investigate the distribution of Sr atoms.
TEM analysis was performed using a Thermo Scientific Talos F200i field
emission transmission electron microscope, operating at an acceleration
voltage of 200 kV. SEM imaging of the surfaces of the Sr-SiC-600 and Sr
-+ He-SiC-600 samples, both before and after annealing, was conducted
using a Zeiss Gemini Ultra Plus field emission gun scanning electron
microscope (FEG-SEM). Imaging was performed with an in-lens detector
and an accelerating voltage of 2 kV. The Sr + He-SiC-600 samples,
before and after annealing, were also characterized using a Bruker
Dimension Icon with ScanAsyst AFM system in contact mode. AFM
micrographs were analyzed using NanoScope Analysis software. Ruth-
erford backscattering spectrometry (RBS) measurements were carried
out at room temperature (RT) using a 2.0 MeV He' beam with a current
of approximately 500 pA, and a total charge of 0.5 pC per measurement.
Backscattered particles were detected using a solid-state detector at a
backscattering angle of 150°. The RBS spectra were converted into depth
profiles using energy loss data provided by Ziegler [27] and a SiC density
of 3.21 g/cm®.

3. Results

Fig. 1 shows dark field (DF) STEM and high-angle annular dark field
(HAADF) STEM micrographs of the as-implanted Sr-SiC-600 sample, as
well as those of the Sr-SiC-600 samples annealed at 1100 °C and
1300 °C. Selected area diffraction (SAD) patterns of the defective regions
are also shown in Fig. 1. Sr implantation resulted in the formation of an
implanted layer consisting of a less defective SiC region extending from
the surface to approximately 96 nm, and a highly defective or strained
region extending from 96 nm to around 296 nm below the surface
(indicated by the dotted lines in Fig. 1(a)). The width of the highly
defective layer, compared to the projected range of 360 keV Sr ions in
SiC (approximately 140 nm, as reported in Refs. [21-23]), along with
the relatively brighter region observed in the HAADF STEM micrograph
(Fig. 1(d)) and the Sr EDS map (Fig. S1), suggests that most of the
implanted Sr is incorporated within the highly defective or strained
region. In the HAADF STEM micrograph, the contrast observed is related
to the atomic number (Z) of the elements in the sample. Regions with
higher contrast or brightness correspond to elements with higher atomic
numbers (Z), while darker regions indicate elements with lower Z. The
DF-STEM micrograph of the as-implanted samples reveals varying
brightness within the highly defective layer, suggesting the presence of
crystallites and defects. Additionally, the SAD pattern from this highly
defective layer exhibits a mix of circular and elongated diffraction spots,
which indicates the presence of crystalline SiC with defects. The absence
of amorphization was expected, as the implantation temperature
exceeded the critical amorphization threshold of approximately 300 °C
[28]. This observation is in line with previous studies on the implanta-
tion of 360 keV Sr ions into SiC at 600 °C [29,30].

Annealing the Sr-SiC-600 samples at 1100 °C and 1300 °C for 5 h led
to the recrystallization of the defective layer, with more pronounced
recrystallization observed at higher annealing temperatures. This is re-
flected in the increased brightness of the defective layers (Fig. 1(b) and
(c)) and the corresponding diffraction patterns (Fig. 1(h) and (i)). At
1100 °C, annealing induced a noticeable increase in brightness in the
middle of the highly defective layer, although no significant changes
were observed in the HAADF STEM micrograph, indicating the absence
of Sr precipitates (Fig. 1(e) and (f)). In contrast, annealing at 1300 °C led
to the formation of a high density of nanometer-sized metal precipitates,
concentrated in the middle of the highly defective layer (Fig. 1(f) and
Fig. S1). The crystalline nature of these Sr precipitates was confirmed by
their SAD patterns (Fig. 1(i)). Furthermore, Sr EDS depth profiles and
maps of both the as-implanted and annealed layers revealed high-
contrast spots corresponding to Sr precipitates, located near the pro-
jected range (see Fig. S1 in the supplementary data).

Fig. 2 shows the under-focused (uf.) bright-field (BF) TEM, DF-STEM,
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Fig. 1. DF-STEM micrographs of as-implanted Sr-SiC-600 (a) and Sr-SiC-600 annealed at 1100 °C (b) and 1300 °C (c) respectively, HAADF-STEM micrographs of as-
implanted Sr-SiC-600 (d) and Sr-SiC-600 annealed at 1100 °C (e) and 1300 °C (f), respectively. The selected area diffraction patterns of their highly defective regions

are also shown in (g), (h) and (i).

and HAADF micrographs of the as-implanted and annealed Sr + He-SiC-
600 samples. Co-implantation with He resulted in the formation of He
nano-bubbles and elongated platelets, which were aligned parallel to the
surface within the highly defective region (Fig. 2(a)). It is well-
established that He implantation at temperatures below the critical
amorphization temperature of SiC induces the formation of nano-
bubbles. However, when He is implanted at temperatures above this
threshold, both He nano-bubbles and platelet formation are observed in
SiC [7,9,10,16-23,30-42]. This behaviour is expected, as the higher
defect density in amorphous SiC provides more nucleation sites, thereby
promoting the formation of He bubbles compared to SiC with fewer
defects [42].

When He ions are implanted into SiC, they do not directly bond with
the carbon or silicon atoms but rather interact with the lattice in a way
that generates vacancies and other point defects. This occurs because He
is a noble gas and does not readily form strong bonds with the Si or C
atoms. The implanted He atoms accumulate in the lattice and form
vacancy-He complexes or interstitial- He complexes. These defects,
particularly He-vacancy clusters, can create localized distortions in the

lattice, leading to changes in the overall material structure. As the
concentration of He increases, He atoms tend to cluster together due to
their low atomic size and may accumulate in interstitial sites or vacancy
clusters to form He bubbles. This can lead to local swelling and pressure
build up in the material, causing mechanical stress that may affect the
migration of FPs in SiC. The formation of He platelets in Sr 4+ He-SiC-600
is attributed to the defects created by Sr implantation, which act as
additional nucleation sites, facilitating the formation of He platelets. The
complex interactions between Sr, He, and the SiC lattice lead to a unique
structural evolution, which is not typically observed when He is
implanted alone [11].

The He-induced defects can significantly impact the structural
integrity of the substrate, potentially leading to surface swelling, crack
formation, and surface exfoliation. Similar to the DF-STEM micrograph
of the as-implanted Sr-SiC-600, the DF-STEM micrograph of the highly
defective Sr + He-SiC-600 layer reveals areas of varying brightness,
indicating crystallites and defects (Fig. 2(d)). This observation supports
the absence of amorphization, as confirmed by the SAD patterns (Fig. 2
(j)). Additionally, the HAADF micrograph shows a uniform distribution
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Fig. 2. Under focus bright field (BF) TEM micrographs of as-implanted Sr + He-SiC-600 (a) and Sr + He-SiC-600 annealed at 1100 (b) and 1300 °C (c) respectively,
DF STEM micrographs of as-implanted Sr + He-SiC-600 (d) and Sr + He-SiC-600 annealed at 1100 (e) and 1300 °C (f), HAADF-STEM micrographs of as-implanted Sr
+ He-SiC-600 (g) and Sr + He-SiC-600 annealed at 1100 (h) and 1300 °C (i). The selected area diffraction patterns of their defective regions are also shown in (j), (k)

and (I).

of implanted Sr (Fig. 2(g)), which is further corroborated by the Sr EDS
maps and depth profiles (Fig. S2).

Annealing the Sr + He-SiC-600 samples at 1100 °C and 1300 °C led
to an increase in the size of helium bubbles, the formation of He-induced
cavities, and the elongation and widening of the He platelets (Fig. 2(b)

and (c)). While the size of the bubbles increased in the sample annealed
at 1100 °C, it decreased in the sample annealed at 1300 °C. This trend
occurs because the concentration of He decreases with higher annealing
temperatures due to the diffusion of He out of the voids created on the
sample surface (further details on voids and blisters can be found in the
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AFM results). In the 1300 °C annealed sample (Fig. 2(c)), two distinct
bubble layers are observed: one closer to the surface and another near
the end-of-range of the highly defective layer.

Helium tends to accumulate in regions with pre-existing defects.
When the concentration of He atoms exceeds the solubility limit of He in
the SiC lattice, bubble formation occurs. These He bubbles are essen-
tially cavities filled with He atoms. As the He gas expands, the cavities
also grow, and when the gas escapes, empty spaces or cavities are left
behind. The separation of the bubble layer in the 1300 °C annealed
sample is attributed to the formation of larger cavities at the center of
the defective layer, which causes the redistribution of defects toward the
periphery. Additionally, Sr precipitates were observed in the Sr + He-
SiC-600 samples annealed at both 1100 °C and 1300 °C (Fig. 2(h), (i),
and Fig. S2). In the samples annealed at 1100 °C, these precipitates are
polycrystalline (Fig. 2(k)), while in the samples annealed at 1300 °C,
they are trapped within the He-induced cavities (Fig. 2(i) and Fig. S2).

The surface morphological changes before and after annealing were
observed using SEM. Fig. 3 presents the SEM micrographs of both the as-
implanted and annealed Sr-SiC-600 and Sr + He-SiC-600 samples. The
surface of the as-implanted Sr-SiC-600 sample (Fig. 3(a)) shows scratch
marks, which are commonly observed in pristine SiC [43]. These scratch
marks are a result of the mechanical polishing process carried out by the
manufacturer. This observation indicates the absence of amorphization
in the as-implanted Sr-SiC-600 sample. Implantation of SiC with heavy
ions at room temperature and high fluence typically leads to substrate
amorphization, which is characterized by a featureless structure [2]. In
contrast, when SiC is implanted with heavy ions above the critical
amorphization temperature, the substrate remains crystalline with
minimal point defects [28,44], often exhibiting scratch marks and, in
some cases, visible grains or crystals. The crystallinity and minimal
defects observed in the as-implanted Sr-SiC-600 sample are consistent
with the TEM results discussed earlier. Additionally, the surface of the
as-implanted Sr-SiC-600 sample is relatively smooth and even, with
some grain boundaries visible. No significant changes were observed in
the Sr-SiC-600 sample annealed at 1100 °C (Fig. 3(b)), suggesting that
surface recrystallization depends on the underlying crystalline region
rather than the defective region. This is further supported by bright-field
TEM images, which reveal a sufficiently large crystalline layer beneath
the surface before encountering the defective region. In the Sr-SiC-600
samples annealed at 1200 °C and 1300 °C (Fig. 3(c) and (d)), small
voids or holes appear at the grain boundaries. These voids are more
pronounced in the 1200 °C compared to the 1300 °C annealed samples.
The difference might be due to higher recrystallization rate at 1300 °C.
These openings result from thermal etching during the annealing

1100 °C

As-implanted
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process, which preferentially affects the grain boundaries [45].

Co-implantation of He led to the appearance of irregular surface
structures that were not present in the as-implanted Sr-SiC-600 samples,
indicating that these structures were induced by He implantation.
Additionally, polishing marks were less visible in the as-implanted Sr +
He-SiC-600 micrographs, which can be attributed to surface swelling
caused by the formation of helium bubbles and platelets beneath the
surface. Similar observations have been reported in previous studies
[39]. Annealing the Sr + He-SiC-600 sample at 1100 °C resulted in the
reappearance of polishing marks, along with the emergence of crystals
and grain boundaries. Despite this, irregular structures caused by
He-induced defects were still visible, suggesting that surface recrystal-
lization occurred, but some He-induced defects remained. In the Sr +
He-SiC-600 samples annealed at 1200 °C and 1300 °C (Fig. 3(c’) and
(d’)), small voids or cracks appeared due to thermal etching, similar to
the Sr-SiC-600 samples annealed at these temperatures. However,
irregular helium-induced structures remained present.

To investigate the nature of the irregular structures in the Sr + He-
SiC-600 samples, additional analysis was performed using AFM. Fig. 4
presents the AFM micrographs of the Sr + He-SiC-600 samples before
and after annealing. The AFM micrograph of the as-implanted Sr + He-
SiC-600 sample reveals darker and brighter areas, corresponding to He-
induced voids and He-filled blisters, respectively. Consistent with TEM
results, He implantation at 350 °C leads to the formation of bubbles and
platelets beneath the surface, which subsequently cause surface
swelling. The He-filled blisters observed in the as-implanted sample are
a result of bubble growth beneath the surface during implantation. The
exfoliated blisters, or He-induced voids, are caused either by the erup-
tion of bubbles due to He-ion sputtering during implantation or by the
eruption of unstable, highly pressurized blisters [41,45,46]. Voids form
as He gas is released and SiC fragments, while blisters appear on the
surface as the underlying bubbles expand. These expanding bubbles
form a connected network parallel to the surface, causing radial swelling
and the eventual appearance of blisters. When the blisters exfoliate, they
leave behind large voids, potentially causing the loss of implanted ions
in the surrounding regions. In alignment with the SEM micrographs, the
as-implanted sample shows no polishing marks, confirming surface
swelling due to He bubbles. Annealing the Sr + He-SiC-600 samples at
1100 °C resulted in the appearance of larger helium-induced voids and a
reduced density of blisters, along with the re-emergence of polishing
marks, indicating surface recrystallization. However, the samples
annealed at 1200 °C and 1300 °C showed no polishing marks, which can
be attributed to the increased size of bubbles and cavities beneath the
surface. These higher annealing temperatures led to the formation of

1200 °C 1300 °C

Fig. 3. Surface SEM micrographs of (a) as-implanted Sr-SiC-600 and (a’) as-implanted Sr + He-SiC-600 samples, (b-d) isochronally annealed Sr-SiC-600 samples, and
(b’-d’) isochronally annealed Sr + He-SiC-600 samples. The samples were isochronally annealed at 1100 °C; 1200 °C, and 1300 °C for 5 h, respectively.
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Fig. 4. AFM micrographs of as-implanted Sr + He-SiC-600 (a), and Sr + He-SiC-600 annealed at (b) 1100 °C; (c) 1200 °C; and (d) 1300 °C for 5 h.

even larger voids and blisters, with the sample annealed at 1300 °C
exhibiting particularly pronounced blisters, indicating significant
growth of helium bubbles beneath the surface.

The migration of implanted Sr was monitored before and after
annealing using Rutherford Backscattering Spectrometry (RBS). Fig. 5
presents the Sr depth profiles for the Sr-SiC-600 and Sr + He-SiC-600
samples, before and after annealing. Fig. 5 also includes the corre-
sponding Sr retention ratios and full width at half maximum (FWHM) as
a function of annealing temperature. Approximately 13 % of Sr was lost
in the samples annealed at 1200 °C. This loss at 1200 °C may be due to
the lack of cavities in the defective SiC, which restricts Sr migration at
this temperature, as well as the appearance of more pores on the surface
(More pores at 1200 °C, which enhances Sr migration (Fig. 3(c)
compared to (d)). No cavities were observed in the TEM images of the
1100 °C annealed samples. Additionally, changes in the shape of the Sr
depth profile for the 1300 °C annealed samples, likely caused by the
formation of Sr precipitates (as shown in Fig. 1 and Fig. S1), were re-
flected in slight alterations to the RBS profiles. These observations
contrast with those reported by Friedland et al. [29], who studied CVD
polycrystalline SiC, where 360 keV Sr ions were implanted at 600 °C
followed by sequential annealing at temperatures ranging from 1000 to
1400 °C. In their study, minimal Sr migration was observed up to
1200 °C, with significant broadening occurring only at 1300 °C and
above. The discrepancies between their findings and the present study
may be attributed to differences in the annealing methods: sequential
annealing in Ref. [29] versus isochronal annealing in the current work.
In sequential annealing, the sample undergoes a series of temperature
steps, while isochronal annealing involves individual samples being
annealed at each temperature. In sequential annealing, changes to the
surface or structure at lower temperatures may influence the behaviour
at higher temperatures, potentially explaining the differences in Sr

migration observed in their study.

Fig. 5(c) and (d) show the Sr depth profiles of the Sr + He-SiC-600
samples before and after annealing, along with their FWHM and
retained Sr ratios as a function of annealing temperature. The loss of Sr
in the as-implanted Sr + He-SiC-600 samples can be attributed to the
formation of bubbles and voids during He co-implantation. Annealing
the Sr 4+ He-SiC-600 samples at 1100 °C resulted in an approximately 18
% loss of implanted Sr, with no broadening observed in the FWHM. As
the annealing temperature increased to 1300 °C, the loss of Sr
continued, accompanied by broadening of the FWHM at temperatures
above 1100 °C. The loss of implanted Sr, without any significant peak
shifts in the annealed Sr + He-SiC-600 samples, suggests that Sr is
trapped in the defective regions (as seen in Fig. 2 and S2). The observed
peak broadening, particularly in the 1300 °C annealed sample, is linked
to the surface roughness observed in the AFM results (Fig. 4). Thus,
helium-induced cavities can trap Sr, while the formation of pores con-
tributes to the loss of Sr.

Previous studies have demonstrated similar agglomeration behav-
iour of implanted species in SiC for various elemental implants [2].
Specifically, when SiC is implanted at elevated temperatures and sub-
sequently annealed in the range of 1250-1500 °C, cavities form within
the material. Elements such as Ag, I, Cs, and Sr tend to occupy these
cavities and form nanocrystals [2]. The formation of bubbles is known to
impede the migration of defects, such as Frenkel pairs, dislocation loops,
and stacking faults [47-51], resulting in increased stress and strain in
the defective layer after annealing. This process can lead to in crack and
cavity formation, especially at the center of the defective region.
Consequently, Sr atoms tend to agglomerate and occupy these cavities,
leading to the formation of Sr nanocrystals. This is supported by the Sr
EDX distributions and HAADF-STEM results shown in Fig. 2 and S2.
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Fig. 5. (a) Depth profile of Sr in Sr-SiC-600 before and after annealing at temperatures ranging from 1100 °C to 1300 °C for 5 h. (b) Full-width at half maximum
(FWHM) and retention ratio of Sr in Sr-SiC-600. (c) Depth profile of Sr in Sr + He-SiC-600 before and after vacuum annealing at temperatures ranging from 1100 °C

to 1300 °C for 5 h. (d) FWHM and retention ratio of Sr in Sr + He-SiC-600.

4. Discussion

The migration of Sr in Sr-SiC-600 samples annealed at temperatures
above 1000 °C, up to 1300 °C, is minimal. This can be attributed to a
trapping mechanism, where Sr atoms migrate into cavities that form
within the defective SiC at high annealing temperatures, ultimately
leading to the formation of precipitates. These observations are
confirmed by TEM, STEM, and EDS analyses, with additional support
from RBS results.

The implantation of He into Sr pre-implanted SiC led to the migration
of some Sr atoms into the substrate and toward the surface. Additionally,
there was a loss of approximately 5 % of the initial Sr concentration in
the as-implanted Sr + He-SiC-600 compared to the as-implanted Sr-SiC-
600. This loss can be attributed to the high temperature during the He
implantation process. The migration and loss of Sr were caused by the
following factors: (1) Bubble formation — During implantation, bubbles
form at the regions with the highest concentration of defects below the
surface. These bubbles cause swelling in the defective region, leading to
the migration of Sr atoms from their original location. (2) Helium-
induced void formation — The high temperatures during implantation
promote the growth of bubbles, which eventually form blisters on the
surface. When these blisters reach a critical size in terms of diameter and
height, they exfoliate. The critical pressure exerted by He on the blister

walls, combined with a stress intensity factor at the crack tip exceeding
the material’s fracture toughness [41], results in the formation voids
extending into the defective region. These voids facilitate the migration
and out-diffusion of Sr atoms.

Thermal annealing of the Sr-SiC-600 samples resulted in the forma-
tion of cavities at temperatures above 1100 °C. In contrast, the Sr + He-
SiC-600 samples exhibited the formation of He-induced cavities starting
at 1100 °C. These cavities, caused by He out-diffusion, served as sites for
the entrapment of Sr nanocrystals. With increasing temperature, the
cavities expanded, accommodating more Sr atoms within them.

However, a significant difference arises in Sr loss. While Sr nano-
crystals are trapped within the growing cavities, the presence of exfo-
liated blisters extending as deep as the projected range of Sr results in a
faster rate of Sr loss in the Sr + He-SiC-600 samples compared to their Sr-
SiC-600 counterparts. This distinctive behaviour underscores the com-
plex interplay of processes governing Sr migration and retention in these
materials.

It is important to note that Sr trapping occurs in both Sr-SiC-600 and
Sr + He-SiC-600 samples. In the Sr-SiC-600 samples, trapping is driven
by high-temperature annealing, whereas in the Sr + He-SiC-600 sam-
ples, it results from a combination of high-temperature annealing and
the presence of He contributes to Sr. Although the results of this study
are specific to the SiC used, which closely resembles the material used in
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modern nuclear reactors, further investigations involving different SiC
polytypes will be conducted to assess whether these findings can be
generalized to other forms of SiC.

5. Conclusion

This study investigated the structural changes and migration
behaviour of Sr in SiC co-implanted with Sr and He ions. The experi-
mental procedure involved implanting 360 keV Sr ions into SiC at an
elevated temperature of 600 °C. Some samples were later implanted
with 21.5 keV He ions at 350 °C. The single and co-implanted SiC
samples were subsequently annealed at 1100 °C, 1200 °C, and 1300 °C
for 5 h. The high-temperature implantation process preserved the
crystalline structure of SiC with minimal defects. During annealing, the
defective regions in the Sr-SiC-600 samples developed a consistent
surface pattern with a preferred orientation. Annealing at 1200 °C led to
the formation of voids within the grain boundaries. Overall, the
annealing of Sr-SiC-600 samples resulted in negligible Sr migration.
However, Sr precipitates were observed at 1300 °C attributed to the
formation of thermally-induced cavities that trapped Sr nanocrystals.

The Sr + He-SiC-600 samples also exhibited surface recrystallization,
along with the formation of small thermally-etched voids, larger He-
induced voids, and He-filled blisters. Annealing at 1100 °C led to the
formation of small He-induced cavities that trapped Sr atoms. As the
annealing temperature increased, these cavities expanded, accommo-
dating more Sr atoms. The co-implantation of He with Sr significantly
impacted Sr migration. The formation of bubbles and He-induced holes
created pathways for Sr out-diffusion, thereby reducing Sr retention
within the SiC structure. However, the He-induced cavities facilitated
the trapping of Sr atoms.

These results highlight the potential challenges posed by the pres-
ence of He in TRISO fuel particles. These results have the potential to
significantly influence the development of more durable and efficient
TRISO fuel particles, thereby improving the performance and safety of
nuclear reactors, particularly in next-generation designs. However,
further comprehensive investigations are needed to validate these
findings and assess their implications for fuel performance.
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