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ARTICLE INFO
The effects of helium (He) bubbles and annealing on the structural evolution and the migration of silver (Ag)

implanted into polycrystalline silicon carbide were investigated. Ag ions of 360 keV were implanted into
polycrystalline SiC to a fluence of 2 x 10 1® cm~2 at 350 °C (Ag-SiC). Some of the implanted samples were then
implanted with He ions of 17 keV to a fluence of 1 x 10'7 cm™2 also at 350 °C (Ag + He-SiC). The Ag-SiC and Ag
+ He-SiC samples were then annealed at 1100 °C for 5 h. The as-implanted and annealed samples were char-
acterized by Raman spectroscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM),
Rutherford backscattering spectrometry (RBS) and transmission electron microscopy (TEM). Implantation of Ag
resulted in the accumulation of defects in SiC without amorphization. Co-implantation of He resulted in the
formation of elongated and tiny He bubbles accompanied by the formation of blisters and holes on the surface.
Annealing at 1100 °C resulted in some recovery of the SiC crystal structure, indicating that some defects were
annealed out in both Ag-SiC and Ag + He-SiC. This was accompanied by the appearance of more holes on the
annealed Ag + He-SiC surface and bigger cavities in the co-implanted SiC layer. Some limited migration of
implanted Ag accompanied by the formation of Ag precipitates was observed in the as-implanted Ag -+ He-SiC
sample. No migration of Ag was observed in the annealed Ag-SiC samples while migration of Ag towards the
surface accompanied by loss was observed in the annealed Ag + He-SiC sample. The migration of Ag in the
annealed Ag + He-SiC was also accompanied by the formation of big Ag precipitates trapped in the cavities.
Hence, He bubbles assisted the migration of Ag while cavities trapped the Ag in the Ag + He-SiC samples.

Handling Editor: Prof. L.G. Hultman

1. Introduction

The renewal of fission nuclear reactors as a clean energy source re-
quires a clear demonstration of a complete containment of all radioac-
tive fission products during normal operation and potential accidents. In
modern high-temperature gas-cooled reactors (HTGRs) such as a pebble
bed modular reactor (PBMR), containment is improved by coating the
fuel particle with four chemical vapor deposited (CVD) layers of carbon
and silicon carbide (SiC) [1]. Of these coating layers, SiC is the main
diffusion barrier to fission products (FPs). Hence, the modern fission
nuclear reactor’s safety and failure are dependent mostly on the
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integrity and the ability of the coating layers to contain all FPs [2].
Even with some improved performance some reports have indicated
the inability of the coated particle to retain some radioactive FPs such as
10mAg during operation [1,2]. 11%™Ag is the product of a stable ®?Ag
capturing a neutron. Although 1°°Ag has a low fission yield (0.03% for
235U) and a conversion rate of 0.1%, the high gamma-rays dose rate of
110mAg and long half-life (about 253 days) are the concerns [3,4].
During the fission process in the fuel kernel, various FPs are produced
concurrently with helium (He) from the alpha-decay of actinide ele-
ments (by neutron capture) and neutronic transmutation [5]. He forms
bubbles in SiC [6]. The formation of bubbles may result in detrimental

Received 7 June 2023; Received in revised form 13 September 2023; Accepted 14 September 2023

Available online 17 September 2023

0042-207X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:u14254744@tuks.co.za
www.sciencedirect.com/science/journal/0042207X
https://www.elsevier.com/locate/vacuum
https://doi.org/10.1016/j.vacuum.2023.112621
https://doi.org/10.1016/j.vacuum.2023.112621
https://doi.org/10.1016/j.vacuum.2023.112621
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vacuum.2023.112621&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S.Z. Mtsi et al.

effects on the integrity of SiC as the main diffusion barrier [7]. This
compromise in integrity might result in SiC losing its legitimacy as the
main diffusion barrier of fission products.

Owing to danger caused by the release of 1°™Ag, immense research
has been done to thoroughly understand how silver is transported in SiC.
These included in pile [4,8-10] and ion implantations [11-15]. Out of
all the reported previous studies, only Hlatshwayo et al. investigated the
effect of He bubbles in the migration of Ag into SiC [15]. In this previous
work, 360 keV Ag ions were implanted into polycrystalline SiC to a
fluence of 2 x 10'® cm 2 at room temperature (RT), then some of the Ag
implanted samples were implanted with 17 keV He ions to a fluence of 1
x 10'7 cm~2 also at RT. The Ag implanted and Ag and He co-implanted
samples were annealed at 1100 °C for 5 h. Implantations at RT
amorphized the crystal structure of SiC, while co-implantation of He
resulted in the formation of nano-He bubbles in the amorphous layer.
Annealing at 1100 °C resulted in the migration of Ag in the co-implanted
annealed sample, indicating that He bubbles enhances the migration of
Ag in the RT-implantation. However, to get more insight into how He
influences the migration of Ag, similar investigations need to be per-
formed in the He and Ag co-implanted SiC at elevated temperature to
mimic the nuclear fission reactor environment. Hence, in this work, we
investigated the synergistic effect of co-implantation of helium and sil-
ver into SiC at 350 °C by considering the structural evolution of SiC and
the resulting migration behaviour of silver. To avoid bias and to estab-
lish correlation, we compared the current study with the previous results
[15].

2. Experimental procedure

The base material utilized in this study was CVD-grown poly-
crystalline SiC wafers bought from Valley Design Corporation. Their
lattice structures were predominantly cubic with some hexagonal
growth modes present [11]. The implantation procedure used in this
study are similar to one reported in Ref. [15]. However, in the current
study both Ag and He implantations were done at an implantation
temperature of 350 °C. Similar to the previous work, the Ag individually
implanted SiC(Ag-SiC) and the Ag and He co-implanted SiC (Ag +
He-SiC) samples were vacuum (107> Pa) annealed at 1100 °C for 5 h
using a computer-controlled Webb 77 graphite furnace.

The Ag-SiC and Ag + He-SiC samples before and after annealing were
characterized by Raman spectroscopy for microstructural changes,
scanning electron microscopy (SEM) and atomic force microscopy
(AFM) for morphological changes. Rutherford backscattering spec-
trometry (RBS) was used to monitor the implanted species. Additionally,
the Ag + He-SiC samples were further characterized by transmission
electron microscopy (TEM). A detailed procedure of Raman spectros-
copy, TEM and TEM lamellae preparation can be found in RT study [15].
SEM micrographs were obtained using the Zeiss Ultra 55 field emission
gun scanning electron microscopy (FEG-SEM). An in-lens detector was
used to collect the signal and an accelerating voltage of 2 kV was
applied. The surface morphology of Ag + He-SiC samples before and
after annealing were also characterized using the Dimension Icon AFM
system in contact mode. The AFM micrographs were analyzed using the
Nano-Scope Analysis software over the scan area of 20 pm x 20 pm.
Rutherford backscattering spectrometry (RBS) analysis, performed at
the iThemba TAMS Laboratory, was used to monitor the implanted Ag
species in the as-implanted and the samples annealed at 1100 °C. The
RBS measurements were performed using 2 MeV helium (4He") parti-
cles. The backscattered particles were detected by a surface barrier de-
tector placed at a scattering angle of 150°. An integrated charge of ~500
nC was collected to ensure sufficient statistics.

3. Results and discussion

Fig. 1 shows the simulated relative atomic density of Ag (360 keV)
and He (17 keV) implanted into SiC, together with their simulated
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Fig. 1. SRIM-2013 simulation profiles of Ag (360 keV) ions and He (17 keV)
ions implanted into SiC and the corresponding damage in displacement per
atom (dpa) (Values in parentheses indicate the projected range and dpa of the
ions relative to depth (nm)).

displacement per atom (dpa) as a function of depth in nm. Simulations
were done using SRIM-2013 software [16]. Detailed calculations in full
damage cascade mode and a SiC density of 3.21 g.cm™> were used [17,
18]. Carbon and silicon displacement energies of 20 eV and 35 eV,
respectively, were adopted in the simulations [18,19]. The maximum
concentrations of silver and helium are 3% and 12% at a projection
range of 120 nm and 130 nm below the surface, respectively. As seen
from Fig. 1, Ag and He have overlapping profiles, allowing the investi-
gation of synergistic effects. The silver ions retain a maximum
displacement of 60 dpa at a depth of 90 nm, while helium ions retain a
maximum dpa of 5.3 at 110 nm below the surface. The total dpa (which
is the sum of dpa retained by Ag and He ions) is 65 dpa at a depth of 90
nm below the surface. It is evident from simulated results that in both
Ag-SiC and Ag + He-SiC the maximum retained dpa is above 0.3 dpa the
assumed critical amorphization of SiC [20]. However, considering that
the implantation temperature for both ions is 350 °C (which is above the
critical amorphization temperature of about 300 °C), the SiC structure is
not expected to be amorphized [20,21].

Fig. 2 shows the Raman spectra of the Ag-SiC and Ag + He-SiC
samples before and after annealing. The Raman spectrum of the virgin
SiC is included for comparison in Fig. 2. The Raman spectrum of virgin
SiC has peaks at 799 cm ™' and 972 em™!, which correlate with the
transverse (TO) and longitudinal (LO) phonon modes of cubic (3C-SiC).
The TO mode shoulder at 772 cm™! indicates the presence of some
hexagonal (6H-SiC) polytype in the SiC layer [22]. Therefore, the
polycrystalline SiC used in this work is predominantly contains 3C-SiC,
with some traces of 6H-SiC structures present as was reported previously
in Ref. [23]. Also visible in Fig. 2 are the transverse and longitudinal
optical overtones at 1523 cm ! and 1721 em™! [24]. Spectra of the
as-implanted samples show a reduction in the intensity and broadening
of the Raman characteristic peaks indicating accumulation of defects.
Co-implantation resulted in the complete merging of TO mode peaks and
the appearance of Si-Si and C-C peaks, indicating more defects in the
co-implanted SiC [25]. The higher defect concentration in the
co-implanted sample might be due to the interaction of defects produced
by two successive implanted ions [23]. Although both individual and
dual implantations resulted in significant damage to the crystal struc-
ture, the characteristic SiC peaks were still visible in both samples.
Hence, complete amorphization was avoided owing to the high tem-
perature of implantation (350 °C) that is above the critical amorphiza-
tion temperature [21]. The thermal energy available during
implantation increases the possibility for displaced atoms to combine
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Fig. 2. The Raman spectra of Ag implanted SiC (a) and Ag & He co-implanted SiC (b) before and after annealing at 1100 °C for 5 h.

with vacancies. The appearance of the D and G carbon peaks in the
co-implanted SiC Raman spectrum suggests that the presence of helium
ions caused the graphitization of carbon in the SiC structure. Annealing
of the as-implanted samples at 1100 °C caused the reappearance and
increase in the intensity of the characteristic SiC peaks indicating
healing or annealing out of defects. Annealing the co-implanted samples
at 1100 °C also resulted in the D and G carbon peaks becoming more
pronounced as compared to as-implanted Ag + He-SiC. This indicates
further graphitization as a result of annealing. Graphitization of carbon
is reported to restrict the recovery of the SiC crystal structure
post-annealing in RT implantations [15]. In the samples implanted at a
350 °C graphitization of carbon also limited the recovery of the damaged
SiC after annealing the co-implanted samples at 1100 °C.

Fig. 3 shows the SEM micrographs of Ag implanted samples before

and after annealing. The surface of the virgin sample is flat with pol-
ishing marks as can be seen in Fig. 3(a). The polishing marks are due to
polishing of hard surfaces during the manufacturing process [26]. The
as-implanted micrograph (Fig. 3(b)) has fewer polishing marks on the
surface. This is due to surface sputtering caused by the impact ions [24].
Less polishing marks also indicate swelling due to defects and lack of
amorphization, correlating with Raman results [23]. Annealing the
sample at 1100 °C resulted in the appearance of grains and their
boundaries, as can be seen in Fig. 3(c). This indicates the recrystalliza-
tion of the SiC implantation-damaged structure, which correlates with
the Raman results.

Fig. 4 shows the SEM micrographs of the co-implanted samples
before and after annealing at 1100 °C. The SEM micrograph of the Ag +
He-SiC sample (Fig. 4(a)) has dark round structures and some bright

Fig. 3. SEM micrographs of the (a) virgin, (b) Ag implanted, and (c) annealed at 1100 °C for 5 h. The inserts are high magnification micrographs.
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Fig. 4. SEM micrographs of the (a) Ag and He co-implanted, and (b) annealed at 1100 °C for 5 h. The inserts are high magnification micrographs.

irregular shape structures. These structures are uniformly distributed on
the SiC surface. Annealing at 1100 °C increased the number of the bright
structures, while dark structures seem to have disappeared. The struc-
tures found in the co-implanted SiC surface are due to helium implan-
tation, as they are not present in Ag-only implanted samples (Fig. 3). The
higher magnification in Fig. 4(a) suggests that dark spherical structures
are protruding from the surface, and hence they can be assumed to be
blisters caused by helium bubbles [27,28]. Consequently, the bright
structures can also be presumed to be the holes resulting from the
bursting of the blisters [29].

To further investigate whether these structures on the co-implanted
samples are blisters and holes, AFM was used to analyse the surface
topography of the co-implanted samples before and after annealing.
Fig. 5 shows the AFM micrographs of the Ag + He-SiC before and
annealed samples together with the profiles of the lines marked in the
micrographs. All AFM micrographs show that SiC surfaces have bright
and dark areas, correlating with SEM results (Fig. 4). The corresponding
line profiles and scale bars indicate bright areas as topographical heights

1100m

and dark-coloured as topographical depths. During the implantation of
silver, energetic ions displaced atoms out of their lattice sites, resulting
in vacancies and displaced atoms into the interstitial sites. When the He
ions penetrate through the damage caused by the initial implantation
(Ag ions), they increase the interstitials and vacancies densities. He-
lium’s low probability to react with other atoms results to its trapping
and clustering in vacancies [7]. Due to high-temperature implantations,
free helium (in interstitials) diffuses into vacancies and agglomerates,
forming He bubbles underneath the surface, thus creating (high--
pressurized) He blisters on the surface [6,30], as seen in Fig. 5(a). Once
blister reaches a critical size, due to pressure gradually increasing inside
the bubble, it bursts and exfoliates the surface resulting in the formation
of a hole [29,31]. Annealing at a temperature of 1100 °C resulted in
more holes at the expense of blisters (Fig. 5(b)), which is consistent with
the SEM micrographs of the co-implanted samples. Moreover, from
Fig. S1(in supplementary data), it can be seen that after annealing, the
area covered by holes increased from about 2% to about 8% while, the
area covered by the blisters decreased from 22% to about 12% (note: the
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Fig. 5. AFM two-dimensional micrographs and line scans of the co-implanted SiC samples (a) before (as-implanted) and (b) after annealing at 1100 °C for 5 h.
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surface areas of blisters and holes were calculated by assuming they
were both perfect circular using imageJ program).

The migration of Ag in Ag-SiC and Ag + He-SiC samples before and
after annealing at 1100 °C for 5 h was monitored using RBS analysis.
Fig. 6 shows the RBS spectra of as-implanted and annealed Ag-SiC and
Ag + He-SiC samples. The arrows indicate the surface channel positions
of Ag, Si and C. The Ag depth profiles from RBS of the as implanted and
annealed samples are shown in Fig. 7. The Ag depth profile of the as-
implanted Ag-SiC sample has a projected range (Rp) at about 125 nm
below the surface, which correlates with the SRIM simulated Rp esti-
mate of 120 nm and is Gaussian and symmetric.

In this study, the squares of the full width at half maximum (FWHM)
of the Ag depth profiles and retained ratio of Ag were calculated and
they are plotted as a function of temperature as shown in Fig. 8. Co-
implantation of He resulted in the slight broadening of Ag profile,
indicating some limited diffusion of Ag. This was accompanied by the
loss of about 7% of Ag from the surface indicating some limited-out
diffusion and loss from the surface. This might be due to the presence
of blisters and holes as discussed in the AFM results. The surface
roughness is also known to contribute to broadening of the RBS profiles
[32] while holes act as the out-migration paths. Annealing the Ag-SiC
sample at 1100 °C caused some shift of Ag profile towards the bulk
accompanied by neither broadening nor loss of implanted Ag indicating
no detectable Fickian diffusion. The slight shift of Ag towards the bulk
accompanied by neither broadening nor loss might be an indication of
silver forming precipitates due to Ag segregating in the damaged SiC
volume in the annealed Ag-SiC sample. Formation of Ag precipitates due
to Ag segregating in the damaged SiC has been observed in Ag implanted
into 6H-SiC at room temperature annealed firstly 900 °C for 10h and
directly afterwards at 1250 °C for 30 min [1] and in the polycrystalline
SiC co-implanted with Ag and Sr at 600 °C [23]. Annealing the Ag +
He-SiC sample at 1100 °C resulted in a broadening of the Ag profile
accompanied by a loss of about 22% indicating diffusion towards the
surface and loss from the surface. This migration accompanied by loss
might be due to more holes on the surface of the annealed Ag + He-SiC
samples as seen in Fig. 5. Holes might also indicate the out-diffusion of
He. The He depth profiles from heavy ions recoil detection analysis
(ERDA) indicated some loss of He in the sample annealed at 1100 °C as
shown in Fig. S2 (supplementary data). Moreover, the migration of Ag
accompanied by loss occurred while the Ag peak position remained in
the same position indicating some trapping of implanted Ag. Migration
of Ag in the annealed Ag + He-SiC with no migration in the annealed
Ag-SiC indicates that He bubbles somehow assist in the migration of
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Fig. 6. RBS spectra of Ag-SiC and Ag + He-SiC as-implanted and annealed at
1100 °C for 5 h samples.
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Fig. 7. The RBS depth profiles of Ag in Ag-SiC and Ag + He-SiC samples before
and after annealing at 1100 °C for 5 h.

implanted Ag.

To get more insight into the migration of Ag in the Ag + He-SiC
samples, the Ag + He-SiC samples were further characterized by TEM.
Fig. 9 shows the cross-sectional bright-field (BF) TEM micrographs of the
as-implanted and annealed Ag + He-SiC samples and their corre-
sponding high magnification micrographs. The solid black line in Fig. 9
(a) indicates the damaged SiC (implanted region), while the blue double
arrow indicates the bulk or undamaged SiC. Co-implantation of He in the
Ag-SiC sample resulted in a total defective layer of about 233 nm from
the surface thus most of implanted Ag is embedded on the defective SiC.
In BF TEM micrographs, heavier elements appear darker because fewer
electrons are transmitted while lighter elements appear brighter because
more electrons are transmitted. Therefore, co-implantation of Ag and He
resulted in the formation of larger elongated and smaller roundish
bubbles from the 65-200 nm region below the surface (Fig. 9(a)). The
agglomeration of helium in vacancies causes the formation of bubbles
filled with helium underneath the surface [7,30]. Due to the high im-
plantation temperature, some bubbles agglomerated resulting in an
interconnected network or elongated He bubbles at about the projected
range of implanted ions, as shown in the high magnification insert
(Fig. 9(a")). Some dark regions are also observed in Fig. 9(a). These
darker regions might be Ag rich regions indicating some Ag precipitates
in the Ag + He-SiC sample. Ag precipitates have been observed in the Ag
and Sr co-implanted at 600 °C with no Ag precipitates observed in the Ag
only implanted SiC [23]. The formation of Ag precipitates at a lower
implantation temperature in the current study might be due to He
bubbles assisting the migration of Ag. Annealing caused the defective
layer of about 30 nm from the surface (in the as-implanted Ag + He-SiC)
to increase to about 73 nm. Owing to annealing, the 73 nm layer has less
defects as can be seen in Fig. 9(b). These were accompanied by the
transformation of elongated He bubbles into large and almost spherical
He bubbles in the Ag + He-SiC annealed sample (Fig. 9(b ")), which
resulted in an increase in the total damaged region to about 302 nm. This
is due to the migration of vacancies and coalescence of bubbles resulting
in larger bubbles during annealing [33]. Similar growth of He bubbles
was reported for the He and Ag co-implanted into SiC at room temper-
ature and annealed at 1100 °C for 5 h [15]. The growth of the He bubbles
might also create defects (dislocation loops, stacking faults and strains)
which can then increase the width of the damaged region [33]. More
Ag-rich regions can be observed in the TEM micrograph of the annealed
Ag + He-SiC (Fig. 9(b)), indicating that annealing resulted in the for-
mation of more Ag precipitates.

EDX analysis was used to verify the chemical composition of the Ag
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Fig. 9. Bright-field (BF) TEM micrographs of Ag + He-SiC (a) as-implanted and (b) annealed samples, with their corresponding high magnification inserts of the

damaged region with He bubbles before (a') and (b') after annealing at 1100 °C.

+ He-SiC samples. Figs. 10 and 11 show the high-angle annular dark-
field (HAADF) scanning transmission electron microscopy (STEM) mi-
crographs and energy-dispersive X-ray (EDX) mappings of the as-
implanted and annealed Ag + He-SiC samples. In HAADF inelastically
scattered electrons (annulus around the beam) are used for imaging.
Since heavier elements scatter more electrons they appear brighter in
HAADF micrograph while lighter elements scatter few electrons and
they appear darker [34]. Therefore, the bright regions within a red circle
in Fig. 10(a) are the Ag precipitates. They were confirmed to be Ag
precipitates, by the EDX mapping of Ag (Fig. 10(c)). The red circle in
Fig. 10(d) shows the Si-deficient regions in the implanted layer where
the He bubbles and Ag precipitates are formed and Fig. 10(b) shows that
C is evenly distributed. The Ag precipitate (circled in red in Fig. 10(a)
and (c)) formed in the same Si deficient region, as shown in Fig. 10(d).
This implies that Ag precipitates might be trapped in cavities. The
cavities are the results of He out-diffusion. Annealing at 1100 °C resulted
in the formation of more Ag precipitates in the implanted region, which

consequently led to more Si deficient regions, as shown in Fig. 11(a), (c)
and (d). Ag precipitates are visibly brighter than the as-implanted ones,
implying that more Ag is trapped in cavities. The Si-poor regions might
also be due to the growth (in size) of He bubbles/cavities. Moreover,
annealing also resulted in a slightly C-poor regions in the implanted
region, as seen in Fig. 11(b) which is due to growth in Ag precipitates.

In this study, He ions were co-implanted into SiC with defects
retained by implanted Ag and helium bubbles are formed when helium
atoms capture vacancies/interstitials. These defects and the high helium
implantation temperature resulted in the clustering of He-vacancy/
interstitials thus the formation of bubbles in the highly defective re-
gions of the as-implanted Ag + He-SiC which caused blisters on the
surface. Depending on the amount of pressure in the bubbles, some of
the blisters burst resulting in some out-diffusion of He and Ag along with
the appearance of holes on the Ag -+ He-SiC surfaces. The out diffusion of
He also resulted in cavities in the implanted SiC layer. Therefore, the
migration of Ag in the as-implanted Ag + He-SiC samples is due to
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Fig. 10. (a) Cross-sectional HAADF STEM image of Ag + He co-implanted into
polycrystalline SiC, and EDX elemental maps of b) C, c) Ag, d) Si.

Fig. 11. (a) Cross-sectional HAADF STEM image of Ag + He co-implanted and
annealed at 1100 °C for 5 h, and EDX elemental maps of (b) C, (c) Ag and (d) Si.

vacancy/interstitial diffusion during the formation of He bubbles.
Moreover, some of the diffusing Ag was lost via the holes during im-
plantation and some precipitated on the cavities in the implanted SiC
layer. Annealing at 1100 °C caused the coalescence of more bubbles and
some out-diffusion of He resulting in large bubbles, holes and cavities in
the annealed Ag + He-SiC. During the coalescence of bubbles more Ag

Vacuum 218 (2023) 112621

out diffused resulting in additional loss of Ag via holes and more Ag
precipitates trapped in the cavities. The simulated, RBS and TEM results
(Figs. 1, Figs. 7 and 9) further pointed out that the highly defective re-
gion where He bubbles are formed is the region with most of the
implanted Ag. Thus, this region is also expected to have maximum strain
due to implanted Ag [35]. For bubbles to grow in the highly defective
region, they will have to capture vacancies/interstitials in the less
defective regions (i.e. in the 30 nm layer before the highly defective and
the one beyond the highly defective region), this will also allow the
implanted Ag atoms to move in the opposite direction of the vacancie-
s/interstitials, i.e., via vacancy diffusion or interstitial diffusion. Hence,
the growth of He bubbles accompanied by migration towards the surface
is due to either vacancy diffusion or interstitial diffusion driven by strain
fields. The combination of both vacancy and interstitial diffusion is also
possible in this system as it has been observed that the interstitials start
to diffuse from low strained area to the highly strained area [35]. These
results are in agreement with the results of Ag and He co-implanted into
SiC at room temperature annealed at 1100 °C for 5 h [15]. However, the
migration of Ag was more pronounced in the annealed RT co-implanted
samples due to high concentration of defects in the amorphous SiC
structure. These are important results for the application of SiC in
modern fission reactor environments. However, more investigations
need to be carried out especially at elevated temperatures to gain more
insight into the understanding of the role of He in the migration of Ag.

4. Conclusion

In this work, the effects of He bubbles and annealing on the structural
evolution and migration behavior of Ag implanted into polycrystalline
SiC at 350 °C were investigated. 360 keV Ag ions were implanted into
SiC to a fluence of 2 x 10'® cm™2 at 350 °C, on the same Ag implanted
sample, 17 keV He ions were implanted to a fluence of 1 x 107 em™2
also at 350 °C. The Ag implanted and co-implanted samples were then
annealed at a temperature of 1100 °C for 5 h. Both individual implan-
tation and co-implantation accumulated defects in the SiC structure
without amorphization. Moreover, co-implantation led to the formation
of He bubbles around the projected range or the highly defective region
of the implanted SiC layer. This was accompanied by the formation of
blisters and some holes on the surface of SiC indicating He bubbles and
some cavities within the implanted region. Annealing caused some
recrystallization in both samples albeit more pronounced in the Ag
implanted SiC sample. The limited recrystallization in the co-implanted
samples was caused by the appearance of larger bubbles and cavities in
the annealed implanted region of the co-implanted samples. Migration
of Ag resulting in the formation of Ag precipitates in cavities and loss
were observed in the as-implanted co-implanted samples indicating that
He bubbles assist in the migration of Ag. Further migration accompanied
by the formation of larger Ag precipitates trapped in cavities and loss of
implanted Ag were observed in the co-implanted samples annealed at
1100 °C. No migration was observed in the Ag implanted samples
annealed at 1100 °C. Hence, He bubbles assist the migration of Ag while
cavities trap Ag in SiC. The Ag migration mechanism was explained in
terms of vacancy/interstitial diffusion assisted by strain gradient. The
findings of this study have far-reaching implications for the application
of SiC in nuclear reactor environments. Although, more investigations
need to be conducted at elevated temperatures and atomic level to un-
derstand the role of He in Ag migration.
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