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Summary:

Nano-grainedB-silicon carbide {-SiC) pellets were prepared by Spark Plasma Sintering (SPS). These were
implanted at room temperature with 800 keV xenon at ion fluences df arid 1.1&" cm®. Microstructural
modifications were studied by electronic microscopy (TEM and SEM) and xenon profiles were determined by
Rutherford Backscattering Spectroscopy (RBS). A complete amorphization of the implanted area associated with
a significant oxidation is observed for the highest fluence. Large xenon bubbles formed in the oxide phase are
responsible of surface swelling. No significant gas release has been measured Hattonf0 A model is
proposed to explain the different steps of the oxidation process and xenon bubbles formation as a function of ion
fluence.



|- Introduction

Silicon carbide (SiC) is considered for nuclearleapions (in fusion reactors [1-15], Light Watee#&ttors
(LWR’s) and Boiling Water Reactors (BWR’s) [1, 1B, 16- 18], Generation |V fission concepts [1-3,3 16,
17-21] and nuclear waste disposal, and immobibirétiansmutation [16-17, 20, 22]) mainly due tohtgh-
temperature endurance, high radiation toleranceersar physical and chemical stability, fission guot
retention ability and inherent low-induced radi@att in a neutron radiation environment [23-27]CSs also
widely considered as a potential candidate for rothigh temperature (or severe environment) strattur
components in the energy [28-29], aerospace [822930] and semiconductor/electronic industries2[8 29-
30, 31].

For nuclear applications, SiC can be used as higisity monolithic CVD deposits to prevent fission
product release (TRISO-coated particles in a VHNRry High Temperature Reactor) [9, 15, 20], the
innerrmost layer of LWR fuel cladding [1-2, 16, B2} as a composite, for example (SiC)-fiber-reinéa SiC
matrix. SIC/Si¢ composites have been proposed for fuel rod clagddinfuture reactors, and also in current
LWR’s to improve oxidation resistance as a replaestrior the current claddings of zirconium-basddyal
[33].

For all the above-mentioned applications, thera ggeat need for experimental work in order todvett
understand the formation, accumulation and reco¥esyn damage induced by irradiation with energetic
particles in SiC material. A rather large numbepapers were published in the last three decadéseotiamage
production in SiC (see for instance [15, 34-35]gvBirtheless, there is a lack of data on the foonaif bubbles
and/or cavities resulting from the incorporatiord agglomeration of heavy noble gas atoms produceithgl
fission and alpha-decay of actinides. In fact, as tbeen shown that the creation of bubbles/cavitidsces
deleterious effects on the physical integrity of §e.g. formation of cracks, surface swelling artbiéation)
used in a nuclear context [36-38]. Radioactive xeisotopes are an important group of gaseous figsioducts
and their retention in SiC is therefore of crudiaportance for reactor safety. Little is known abagnon
behavior in SiC but the solubility of this speciesupposedly very low due to its atomic radiug ttefines its
mobility in most materials. According to first pciple calculations carried out by Charaf Eddin kt[29],
xenon atoms tend to remain in divacancies, with fomnation energies. After that, the second besicghis
silicon monovacancies. At high concentration, tberfation of extended defects such as bubbles isateg.
Recently, Friedland et al. [40] studied the difeusiof xenon in single- and poly-crystalline SiC03&V xenon
ions were implanted in commercially-available 6H$single crystal) and CVD-SiC (3C-SiC crystallitegh
columnar grains) wafers at room temperature (R a@go at 350 °C and 600 °C. The RT implantatiom at
fluence of 1.1 at.cn¥ resulted in a complete amorphization of the matgamorphization threshold 0.2
displacement per atom below 100 °C [41-42]). Ndudibn or xenon loss was detected in the case eS&H
during annealing up to 1400°C whereas radiationatpndependent grain boundary diffusion was obseaved
1300 °C in CVD-SiC. However, no information wasejivabout the formation of bubbles or their distiidiu in
the implanted material. The threshold concentrat@mnxenon bubble formation in polycrystalline Si€ not

reported in the literature to our knowledge. Howewéelisa et al. [43] have studied the modificaticof the
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microstructure of 6H-SIC single crystals implanteith high concentrations of noble gas ions (He &mny
They showed that a difference exists between thgorese of He- and Ar-implanted specimens. No gablbs
were formed in single crystal after Ar irradiatiaha fluence of 5.28at.cm? (C* nax = 6.4 at. %, dpax = 54)
whereas He bubbles were clearly visible after imfalion at a similar concentration near the ionjquoied
range. This difference can be qualitatively expdify the experimental observation that the rahailerance
of the material implanted with a high concentratafnnoble gases depends on the nature of theses gask

particularly on their atomic radius.

This paper aims to investigate defect formation findl morphology due to noble gas implantation
(xenon) into 3-SiC polycrystals with fine-grained microstructur€he first section deals with the initial
characterization of SiC polycrystals and the desiom of the ion implantation process. The chamyasurring
during xenon implantation in the microstructureusture and composition of SiC are detailed in skeond
section. A discussion is proposed in the thirdisactA simplified but explanatory presentation bétresults is
summarized in schematic diagrams. The main sirtidariand differences existing in the damage meshai
resulting from Xe ion implantation at high flueniceSiC (this work) and in TiC [44] are discussedhr second

sub-section of the discussion section.



lI- Experimental

SiC nanopowders were synthesized by laser pyrolj#i§. The complete protocol is described
elsewhere [46]. Green bodies (2 g) were sintere8®$ (HPD25 FCT System GmbH, Germany). The sigerin
cycle applied was similar to the one in ref. [4€] ia pressure of 30 MPa was kept constant uetiledmperature
reached 1400 °C. Then, the pressure was set atiP@0until the end of the dwell time and releasextahfter
during the natural cooling. The dwell time was Gt a sintering temperature of 1850 °C. The hgatite was
set at 185 °C/min during the sintering cycle. Salveamples were cut from each sintered body ane wem
mechanically polished down to micron scale withnaimd paste. The final step of this protocol coesish
polishing on colloidal silica. The samples werentheated at 1000°C for 10h under secondary vaclim (

5.10° mbar), in order to relax most of the strain indiibg polishing the surface [54].

The surface of the as-prepared samples was obsew8&M (FEI® Quanta 250 FEG ESEM). As can
be seen in Fig. 1 a, grains cannot be distinguigta=ily on the SEM photographs, due to the lackisible
grain boundaries (even after thermal treatment0@01°C for 10 h). Therefore, thin sections wereppred by
FIB using a focused beam of gallium ions in ordestudy the structure of grains and grain bounddrneTEM
(2100F 200KV JEOL apparatus) (see fig. 1b).

Figure 1: a) SEM micrograph of SiC surface aftetigling and thermal treatment at 1000°C for 10 hi &) TEM image of a cross-section
obtained by FIB. The upper left inset figure shéveselectron diffraction pattern for the correspamglregion.

Mean values of grain size were calculated by trerame linear intercept method in the horizontal an
vertical directions on 660 grains on several TEMtphraphs (See Fig. 1 b). ImageJ analysis soft{4#ewas
used for this purpose and the resulting histogrargiven in Fig.2. The average grain size is 62.7with a
standard deviation of 26.3 nm. Most grains havea af about 60 nm, but some are larger at aboQtnto to
200 nm.
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Figure 2: Grain size distribution of the sintereaterial.

It has to be noted that the HR-TEM observationg.(B) clearly show the presence of free carbon

between grains (white rectangles in Fig. 3). Thgrs@hene-like structures are composed of about4agers.

Figure 3: HR-TEM image of SiC cross-section

Bulk density was measured using the Archimedes odettollowing the C373-88(2006) ASTM
standard test method. The relative density (demdithe sintered part compared to the theoretieakidy) was
calculated and was found to be 94% + 0.3%.

The chemical composition of the sintered bodies determined by ion beam analysis using a 4 MV
the Van de Graaff accelerator of the Institut farchéar Physics of Lyon. Classical RBS was usedutntify
silicon with an incidents beam of 2.5 MeV and an intensity of about 20 n&a® spot dimensions on the

sample were about 1 nfrand the detection angle was 172°. SIMNRA 6.84dftware [49] was used to deduce



depth profiles from experimental spectra. Note that with SiC material, the depth resolution of the RBS technique,
using a few MeMu patrticles, is about 15-20 nm from the surface (from RESOLNRA 1.0 program [50]). Carbon
and oxygen content in the material were determined using 5.7MeV and 7.5MeV incelegrgies, respectively

(non-Rutherford cross-sections [51]). The following stoichiometry was obtained for sintered bodiggdsiC

(composition after the first 10 nm and the classical oxygen surface peak).

The specimens were implanted with 800 keV Xmns at room temperature (RT) at fluences of
5.10" at.cm?® (Xe beam current density i = 0.278 pA:gnand 167 at.cn?’ (i = 2.54 pA.crif) in the Institute of
Nuclear Physics of Lyon. Fig. 4 shows the theoretical damage distribution created by Xe ions and the
distribution of Xe as a function of depth. The values of dpa (displacement per atom) and Xe concentration were
converted from the results calculated by the SRIM-20@ile [52]. In the case of the sample irradiated with Xe
ions at a fluence of $0at.cm? the dpa profile is simply 20 times higher than that of the'8&t@m? implanted
samples in the entire depth range, since the dpa value is proportional to ion fluence only if ion species and
acceleration voltage are fixed. Hereafter, the 8.20cm” and 1.18" at.cnm?® implanted samples are termed as
“low fluence” (or ®;) and “high fluence” (ord,) samples, respectively. In the following section, the RBS

technique will be used to determine experimental xenon depth profiles using 2c5pvaticles.
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Figure 4: Xenon depth profiles and corresponding dpa profiles, deduced from SRIMs2®@&tions, for the two flueno@s

(low fluence) and?; (high fluence).



[1l- Results

I1I-1 Surface morphology, structure and microstuouet

The surface of SiC pellets was observed by SEM #te implantation at both fluences (see Fig. 5 a)
and 5 b)). As can be seen, little modification soed after irradiation a®; = 5.10° at.cmi” with only a slight
smoothing of the surface and the disappearancepivisible porosity. Ford, = 1.13" at.cn?, the surface
aspect is radically modified with a massive swelland a huge increase of roughness (Fig. 5 b)h $éctions
of these samples were prepared by FIB and wereabserved by TEM (Fig. 6 a)) and STEM (Fig. 6 b)).
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Figure 6: a) TEM image of the SiC surface afteroeRT implantation?; and b) STEM imagafter implantation at®,

By SAED-TEM and for both fluences, the implanteceaarwas shown to be amorphous (see
diffractograms in the inserts of Fig. 6 a) and § bt in the case of the highest fluence a ratie¢erogeneous
morphology is observed (Fig. 6 b)). Diffractograofigsegions 1 and 2 (circles in Fig. 6 b)) both egpond to an
amorphous material but with rings of different deters indicating the presence of two distinct pbase
Moreover, large xenon bubbles (bright points) ampty cavities (dark holes) are present in the imigd area.
The empty cavities were formerly xenon bubbles, thatFIB sampling empties them. This means thableub
formation and growth take place during Xe implaiotat Elongated cavities are formed near the surfapeto
250 nm for the longest axis) and appear responfiblimcal swelling. Most of the large cavitiesddieter > 30
nm) are empty but it is very likely that they cdntd xenon before FIB sampling. Smaller bubblesafme
diameter < 5 nm) are mostly located at deeper deptlowever, some regions do not present large bsbbl
(region 1 on Fig. 6 b)). If we focus on these af&ag. 7), then only nanobubbles (< 1-2 nm) aréblés Bubbles
coalescence and growth is therefore different betwegion 1 and 2 of Fig. 6 b).

Nanobubbles

-STEM 200KV x150k 100%

Specimen [ STEM BF ]
JEOL-S
Cor ent

Figure 7: STEM imagef region 1 after implantation a®,. Nanobubbles are clearly visible.



The STEM micrograph of Fig. 6 b) was segmented using ImageJ software [48] into a binary image. The
bubble/cavity diameter histogram (bright points and empty cavities of Fig. 6 b)) is shown in Fig. 8 a) and in

order to illustrate this, the best ellipse fit is drawn in Fig. 8 b) for a given area of the previous micrograph.
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Figure 8: a) Bubble and cavity diameter histogram and b) best ellipse fit of binary image obtained after image segmentation (ImageJ
software [48])

The mean diameter of the bubbles filled with xenon and calculated under spherical approximation is

17.5 nm with a standard deviation of 11.9 nm. Note that very small bubbles (diameter < 2 nm) were not detected

. . . . . XA
after segmentation and thus the previous mean diameter value is overestimated. The mean roul?ré-lgg;s r

(where A is the area and X the major axis of the ellipse) was found to be 0.754 (1 for a circle) with a standard
deviation of 0.191.

I11-2 Elemental composition

STEM-EDX analysis of the implanted area was performed and the resulting elemental mapping is
shown in Figs. 9 and 10 fab, and ®,, respectively. As can be seen in Fig. 9, the irradiatich;aésulted in
slight O-enrichment at the interface between the irradiated and non-irradiated region (~300nm from the surface).
Xenon is visible (even slightly) at this fluence at a depth concordant with the initial range Z8p nm +
~20nm) meaning that a slight swelling has occurred. The dark regions observed in the non-irradiated region on
the STEM image (free carbon + porosity) are no longer visible in the implanted region due to amorphization,
induced swelling and ballistic mixing. F@p, (Fig. 10), elemental mapping confirmed the presence of xenon
bubbles in the irradiated region, the largest cavities being empty as indicated previously. On the Si- and C-
images, a clear region is observed (upper-right) corresponding to elemental enrichment compared to the rest of
the implanted region which is globally O-enriched. This distribution of the elements can be interpreted in terms
of isolated islands of remaining SiC. These are separated from the non-irradiated SiC region by an oxide layer
(amorphous Sig). On the one hand, large empty or filled bubbles (from 10 to 300 nm) are located exclusively in
the oxide phase. On the other hand, homogeneous nanometric bubbles are more likely to be present in the SiC
islands. The two huge cavities observed in Fig. 6 b) are responsible for the deformation of the surface at that
location. Thus, a clear correlation can be made between the surface morphology observed in Fig. 5 b), the

consequent swelling of the surface and the presence of these huge bubbles beneath it.



f 200nm 1

Figure 9: Elemental mapping of the implanted arétained by STEM-EDX after xenon irradiation@&g
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Figure 10: Elemental mapping of the implanted anb#ained by STEM-EDX after xenon irradiation@t
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[1I-3 Xenon profiles

Xenon profiles were obtained by RBS and were caopthdo SRIM simulations for both fluences

(Fig. 11).
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Figure 11: Xenon experimental depth profiles froBSRanalysis and the corresponding theoretical fesfileduced from SRIM2008

software, for the two fluences: a) low and b) hilgience.®, profiles were obtained considering 3i& the implanted material

(0= 2.2 g.cn, red curve). The green curve indicates the sinediaenon profile in pure SiC.
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Figure 12: Experimental depth profiles for xenontfte @, sample together with the Gaussian fitting.

Depth profiles deduced from RBS analysis are iihtiabtained as a function of the areal density

(10" at.cm?) using SIMNRA software [49]. In order to obtairlength in Sl units, the areal density has to be

converted into a length unit using the material sitgn For ®;, a density similar to SiC was assumed

(i.e. 3.21g.ci) and the resulting profile is consistent with 8RIM theoretical simulation. In the casedf the

situation is more complex because the density efrtfaterial is not known precisely due to the preseof

several phases (amorphous SiC + p#&hd xenon bubbles in the implanted area. Nevietbea density similar

to Si0, was assumecp(=2.2g.crit) for the first approximation. The resulting cuigeshown in Fig. 11 b) and is

compared with the SRIM simulation (also

calculatagsuming Si@ as the implanted material). The
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experimental profile exhibits a peak located aepth of about 360 nm as predicted by SRIM. Howeiteso
shows a pronounced tail toward the surface. Trodilprcan by fitted using two Gaussian signals laews in
Fig. 12. The nearest signal to the surface (dattede) has a maximum located in the first 100 nnienthat of
the second Gaussian (dashed curve) is near 360.@nthgoretical RXe) in SiG;). The xenon experimental
profile has been superimposed on a TEM micrographustrate the correspondence between the xengemm
profile and surface morphology (Fig. 13). A goodretation is found even if the area observed by Té&vinot
be regarded as representative of the whole surféoeever, based on this comparison, it seems reat®no
assume that peak 1 in the previous fit is maingoamted with xenon in the huge bubbles and in iSliahds
(near the surface) whereas peak 2 better matcleepdpulation of smaller bubbles located at a deyathr
Ro(X€)sioz

w

0o ;o

(6, W]

2
2
1
1.0
05
0

O C

Figure 13: Superposition of the TEM micrograph axgerimental xenon depth profile deduced from RE&yais assuming a density
similar to SiQ
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V- Discussion

The irradiation at an ion fluence df; = 5.13° at.cn?® results in a complete amorphization of the
material (see diffractogram in Fig. 6 a) regionlh)fact in Fig. 4, we can see that the dpa vatssulated by
the SRIM-2008 code fab; fluence are 13, close to the surface, and 2GhtBamaximum dpa located at 150 nm.
These values are higher than the critical dpa vafué 0.2 for amorphization of SiC as given in the htieire
[41-42].

Slight oxidation of the material occurs at the ifgee between the irradiated and non-irradiatecegon

(see the oxygen map in Fig. 9). This oxidationugpssing for two reasons. Firstly, during the Rilplantation,

the sample temperature, measured with a thermoeazlpke to the sample, does not exceed 323K (50 °C)
(cooled sample holder). However, the local tempeeain the implanted zone is probably slightly taglbut
should not be more than a few hundred Celsius. iB#gothe vacuum is maintained below 5%1fbar during

the process, which means that the oxygen partisispre is always less thari®ibar, which is sufficiently low

to avoid oxidation even at several hundred degésdsius. The oxidation can also be explained bypibst-
sintering thermal treatment. As indicated previgutiie samples were heated at 1000°C for 10h um&acuum
below 5.1¢° mbar just before implantation in order to reli¢kie stress caused by the polishing step. However,
this primary treatment did not result in any sigraht oxidation of the samples that could have hdeserved by
DRX or RBS. We can therefore assume that the cerside oxidation which occurred during the impléinta
process is largely due to radiation damage gerketatexenon ions. Such oxidation due to irradiatffects has
already been seen for SiC. For example, Muto ¢53].have shown that SiC thin foil specimens waubject to
considerable surface oxidation during TEM obseoratit 290 K (focused electron beam of 1 MV andrfaeeof
about 2 dpa) and the amount of oxygen uptake waeased with the structural disordering. In ourecdke
high damage level obtained aft®s, results in severe oxidation of the irradiated chamocal heating of the
surface is also suspected as being responsibléhdooxidation. In fact, a current density of 2.54.¢m? can
increase the surface temperature. However, thedeaye does not exceed 300 °C because aboveathis, no
amorphization of SiC occurs [41]. We can therefoomclude that oxidation under irradiation couldypka
crucial role in the behavior of SiC material in laar conditions as traces of oxygen are likely ¢éopbesent in

the vicinity of core and structural materials.

Concerning xenon, no bubbles were observedl;gfXe].x= 0.42 at. %). Velisa et al. [43] have also
shown that no gas bubbles were formed in singlstaly after irradiation with argon ions at a fluenaf
5.10° at.cm?® (CY nax = 6.4 at. %, dpax = 54). In fact, both argon and xenon atoms areetepl to be slowly
mobile in SiC at RT which explains the absence isfble gas bubbles at such relatively low fluence (
coalescence). Ab,, result interpretation is more difficult becauddah® severe SiC oxidation. For SiC islands,
only nanobubbles were observed, which means that bihbble formation threshold has been reached
([Xelmax= 7.93 at. %). Large bubbles were found in thedexphase. It can therefore be deduced that Xe
mobility is very different in Si@ than in SiC. In the oxide, the higher mobility umgs significant Xe

coalescence which therefore leads to significamtigvg.

The largest bubbles are systematically located e@yge to the surface whereas small and medium-

sized bubbles are deeper. This shift in xenon kmpbkition was already observed by Naas et alifbttje case
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of amorphous Si@irradiated with 300 keV xenon ions at a fluencel dfd® at.cm? These authors reported a
shift of the xenon peak toward the vacancy peakipagR,(V)) during implantation, which may approximately
correspond to our dpa maximum here (see Fig. 4fadt) xenon appears to be pumped frogiXe) to R,(V)
because of the formation of very stable,Xg complexes near JR/), which can be considered as bubble
precursors. Note that these authors worked on amomp thermally-grown SiQlayers and therefore the
observed xenon bubbles have a spherical shaper lcese, bubble coalescence occurs mainly in 1Bg [Biase
and much less in the SiC islands. This situatiads$eto bubble elongation (long axis quasi-normathe

surface) and very heterogeneous swelling of thiaser(Fig. 5 b).

It is important to point out that no xenon releases observed at either fluence despite the sigmific
structural and compositional changes in the imgldrthtand. Amorphization and oxidation of SiC ledato

amorphous Si@phase which can support significant swelling withany gas release.

From our results, the following schematic is pregubfor the progressive transformation of the nilter
during the irradiation process (Fig. 14). For ¢iarihree symbolic steps are shown in the diagrapedding on

the fluence; although in reality the evolution loé tsurface is assumed to be continuous.

Xe Xe Xe Xe Xe Xe Xe Xe Xe Xe

TIL1Ld AR
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Rp
. Amorphous SiO,  Amorphous SiC islands +
Xenon bubbles  Amorphous SiO, T
Intermediate fluence ®; < ® < @, High fluence @,

Figure 14: Schematic model of bubble nucleation axide growth during xenon implantation in polydajtne 3-SiC

It is interesting at this stage to compare SiC bighavith that of TiC irradiated in similar conditis. It
has been shown in a previous work [44] that polgtaliine TiC (submicronic to micrometric grains) rist

amorphized by xenon irradiation at RT up to anflaence of 1.2.1Y at.cn¥® (423 dpa). Nevertheless, nano- or
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micro-cracks are formed at depths near the projected range 180 nm) and where lateral extension varies
with the size of the considered grain (Fig. 15). Micrometric blisters are clearly visible on the surface just after

implantation (see Fig. 15 b)).
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Figure 15: a) TEM image of a TiC cross-section obtained by FIB after Xe RT-irradiation at a fluence df atxaf. Surface swelling

(blister) and micro-cracks are visible, b) SEM image of surface blisters.

A remarkable fact in the case of Xe-irradiated SiC is that amorphization, and also the drastic
modification of surface composition at high fluence, is not associated with noticeable xenon release. On the
other hand, the exfoliation of some blisters and the possible fracturation of the surface under the effect of gas

pressure were shown in our previous work to result in a partial release of xenon from crystalline TiC.

The results presented here are of great interest concerning the use of SiC in nuclear reactors because one
of the major roles expected of this compound is that it must prevent fission product release under extreme
conditions of irradiation. The next step of this work will be to apply thermal treatments to Xe-implanted SiC in
order to study recrystallisation and its consequence on the distribution of xenon bubbles in the material, and

eventually gas release.

Another question which needs to be considered concerns the influence of the temperature imposed
during xenon implantation. Irradiation experiments at temperatures comprised between -195 °C (cooling with
liquid nitrogen) and + 1000 °C will be performed to evaluate the impact of both oxidation, amorphization and

defect healing on xenon behavior in polycrystalpasiC.
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