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ABSTRACT

In the framework of the Generation IV InternatioRakum, carbides are sensed for the design ofuglecfadding of

the Gas-cooled Fast Reactor. Among the studiedd=sbTiSiC, has the advantage of combining the propertieotf b
metals and ceramics. After performing irradiatiorith 92 MeV Xe ions to 18 m?, hills were observed by AFM on
the surface of EBiC,. Such topographic modification seems to have nbgen observed in other materials irradiated
in such conditions. A characterization of thestsHily both XPS and X-TEM highlighted that theseate
modifications do not appear insBiC, but in a native amorphous oxide layer on the sanidbreover, the thickness of
this oxide layer grows under irradiation. The congmmn between different irradiations permitted éemcude that this
surface modification is due to electronic interais in this amorphous layer, and a threshold ictedeic stopping
power for hill formation is evidenced.

Keywords: TtSiC,, heavy ion irradiation, oxidation, atomic forcecnaiscopy, cross-sectional transmission electron
microscopy, X-ray photoelectron spectrometry
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1. Introduction

The Gas-cooled Fast Reactor (GFR) is one of thawgilear systems currently studied in the framevadrthe
Generation IV International Forum (GIF) [1]. Becaus working conditions planned for this reactdrigh helium
pressure, and high temperature (around 1000 °@rimimal operating conditions, and up to 1600-2000n°@ccidental
scenario), refractory materials are required ferdbsign of the fuel cladding. That is why manyl&s are conducted
on carbides, as well for their development andrirovement of their properties [2-4], as to untherd their
behaviour under irradiation [5-8].

Among the studied carbides, the so-called MAX phiag®iC, seems to offer excellent prospects [9,10]. Indéed,
addition to presenting some resistance to mechiastiesses [11-14], which includes a better tegab#n the majority
of carbides (Kc~ 9 MPa n¥?[9,15]), its nanolamellar structure could be usifihe conception of the cladding, for
instance, using it as interphase in ceramic matmposite. Moreover, this material with behaviouthe frontier
between ceramics and metals, presents thermal piexpgtting all the specifications required fhig cladding: its
decomposition temperature varies in the literah@®veen 1400 and 1700 °C [11,16,17], it is thershalck

resistant [10,16], and presents a thermal condtctibove 30 W rif K™ at the nominal working temperature of
GFR [17]. However, to date few studies have beenlacted on ESiC, behaviour under irradiation [18-21].

Previously, it was shown that;BiC, material exhibits some hills on its surface afteiirradiation at room temperature
with 92 MeV Xe ions to a fluence higher than 5¥1® [22]. This kind of relief looks like ripple formian under low
energy ion irradiation in several materials, buswaver observed for such irradiation parametevit(seavy ion at
normal incidence, in this range of fluence).

The aim of this study is hence to better charargdibth the formation and the composition of thakg, to suggest an
hypothesis about their origin. In order to confitmat this surface structuration is due to electr@xcitations, two kind
of irradiation were performed: some with swift hgaons for which the energy loss is essentially ttuelectronic
interactions, and some with lower energy ions faicl the nuclear interaction is the most imporemgrgy loss
process.
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2. Experimental

The studied material is a polycrystallingSiiC, (3-ONE-2, Vorhees, NJ, USA). X-ray diffraction (KR measurements
yielded 19% of TiG g, and 7% of TiSi. The samples provided in the form of plates atdrto 10x5x5 mm samples
and polished with diamond paste of a size downionl

Swift heavy ion irradiations were performed at rommperature with 74 MeV Kr and 92 MeV Xe ions pdad by the
IRRSUD beamline of GANIL (Caen, France). Low eneimggdiations were carried out at room temperatith

4 MeV Au ions provided by the ARAMIS accelerator@BNSM (Orsay, France). All the irradiation cormtits are
summarized in Table 1.

Table 1: Irradiations carried out in thisstudy. Sn and Se stand respectively for nuclear and electronic stopping
power; they are estimated on the surface of TisSiC, with the TRIM-2008 code [23].

Stopping power (keV nif)

Beam line lon Fluences (i)
Sn Se
ARAMIS 4 MeV Au 1.1 4.00 1Y, 10", 10, 10'°
74 MeV Kr  5.5x10° 15.7 16 10", 10'8, 10'°
lRRSUD 6 7 7 7 7 8
92 MeV Xe  5.1x18 215 10'¢, 10", 2x10, 4x107, 8x10", 10,

2x10%® 4x10°8 8x108, 10'°, 1.3x1d°

Three techniques were used to characterize thacgyrbefore and after irradiation: atomic forceroscopy (AFM),
cross-sectional transmission electron microscopy¥ EX), and X-ray photoelectron spectrometry (XPJM was
performed in contact mode (Veeco Nanoscope IIl A& SiN, tip of 0.12 N it in stiffness. The transmission
electron microscope, equipped with a field-emisgjan, worked at 200 kV (Jeol 2010F). To examinectienge in
composition caused by irradiation, scanning endiggersive spectrometry (STEM/EDS) was used: ilmitsrto have
qualitative information on chemical composition.€T$pot size used was 0.7 nm.

A Thermo VG Thetaprobe XPS with a aluminura Kource was used to analyze the surface chenfstayyzes were
performed in constant energy resolution mode witlassage energy of 50 eV. Spectral decompositienashieved
thanks to CasaXPS software [24], using the Shglmgthod [25] to define the baseline, and a ps&itgt-function of
Lorent'z factor equals to 0.3 to describe the peaks

3. Results

No hill is noticed on the as-polished specimenehter called pristine sample [22]. After irradiatiwith 92 MeV Xe
ions, to a fluence of 1®m?, surface modifications of 3$iC, phases is evidenced by AFM observations (Figuréni)
TiC, such modifications are also evidenced, buthiie are smaller. There is no visible modification TiSk. X-TEM
observations and XPS analysis were performed gnsilainple and in the pristine one in order to bettaracterize the
hills on the TiSiC, surface.
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Figure 1: Observation by AFM and scanning electron microscopy of the microstructure of the sampleirradiated
at room temper ature with 92 MeV Xeionsto 10* m? (a) phase identification using energy dispersive X-ray
spectrometry, (b) hills are observable on both Ti;SIC, and TiC grains, but not on TiSi, ones.

In the pristine sample, a surface layer may agtum|noticed by X-TEM (Figure 2). This layer appetr be uniform
on the surface: its thickness was estimated to 30tmservation in high resolution mode under mauwjinations of the
sample, even in axis zone for the underneath ma#eals that this layer is amorphous. EDS indig#bat this layer
seems to contain more oxygen than the underneatriaia

Figure2: XTEM micrography of the surface of the pristine sample; TizSiC, presents a native surface layer.



This is confirmed by XPS results. Figure 3 showthlitbe Ti 2p and Si 2p XPS peaks of the pristimaa. In

Figure 3a, one can see the typical Tj,2and Ti 2p,, peaks of the Ti-C bond of JBiC,. Figure 3b exhibits another
typical peak of T4SiC, around 99 eV. This peak has been already mentibpédsi et al., but not identified [26]. Lee
et al. have also observed such a peak on g Tager obtained by titanium ion bombardment orliasi substrate [27].
They have attributed it to the formation of Ti-®indl in the bombarded layer. Taking into accoustlfirthat Si-C bond
does not exist in TBiC,, and secondly that Ti-Si bond length is closéhtwitieal covalent bond length [26], it seems
likely that this peaks is related to Ti-Si bondTofSiC,.
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Figure 3: XPS spectra of the pristine sample: (a) Ti 2p peaks, and (b) Si 2p peaks.

Besides the characteristic peaks aSIT,, the XPS spectra highlight the presence of oxygehe form of both
titanium (Figure 3a) and silicon (Figure 3b) oxidéee two oxides that forms onsBiC, with temperature [28,29].
Thus, it appears that the thin layer laying dowenghrface of the pristine sample is a native olagter.

In the sample irradiated with 92 MeV Xe ions td°%, one can notice hills on surface by X-TEM (Figdje
Observations under many inclinations indicate thathills are amorphous (Figure 4b). The averam#riess of this
amorphous layer is bigger than for pristine samgleynd 10 nm. The roughness of the crystalline gfahe sample



does not show any noticeable change by comparigbrile virgin one: hill formation occurs only ine amorphous
layer on the surface.

amor phous.

Figure 5 shows XPS spectra after irradiation w2HvgeV Xe ions to 18 m™. In these spectra, the peaks relative to
Ti3SiC, are not present anymore: only those of both titaénd silicon oxide can be noticed.
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Figure5: XPS spectra of the sampleirradiated with 92 MeV Xeionsto 10" m™? Ti 2p peaks, and (b) Si 2p peaks.

Hence, the hill formation on 33iC, samples is not occurring in this phase but inndiive amorphous oxide layer on
the surface, which grows during irradiation.

3.1. Effect of ion fluence on the hill formation

AFM observations indicate that the hill formatiomder 92 MeV Xe ion irradiation starts between 2%&hd 4x16° mi
2 and that they grow in both diameter and heigtti wie fluence (Figure 6). By performing many AFkbiiles for
each irradiated sample, we characterized bothitlmaeder and the height of the hills, and evalu#ited density
(Table 2).
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Figure 6: Evolution of the hill microstructure by AFM as a function of the fluencein 92 MeV Xeions.



The density of hills decreases with increasingflinence up to reach saturation around”102. At the beginning of the
hill formation, their density is important and thbeight is small. For higher fluences, the hilimlieter increases
whereas the height stays constant, leading touctied of the hills density. When the density anel diameter saturate,
the height of the hills grows.

Table 2: Description of the hill appearing on TisSiC, asa function of the 92 MeV Xeion fluence.

Fluence (rf) Mean diameter (nm)Mean height (nm)Density (unf)  Density (n?)

4x10 375+5.1 2.06 +0.28 910 + 120 (9.1 +1.2)%10

8x10'® 60.0+9.5 2.26 +0.47 354+56  (3.54+0.56)%10
10* 97 + 14 95+1.7 136 +20  (1.36 + 0.20) X10
1.3x10°¢ 98 +12 11.6+1.7 133+16  (1.33+0.16) X10

The proportion of oxides in the thickness analyagPS was estimated by the ratio between theafrtdee Ti 2p)»

peak relative to the Ti-O bond, and the sum ofatteas of the two Ti 2p peaks (relative to both Ti-O and Ti-C bonds);
by considering the Ti 2p peak, the analyzed thiskns estimated to 5 nm. Figure 7 shows the ewwludf the oxide
proportion in the first 5 nm as a function of tHMeV Xe ion fluence.
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Figure 7: Evolution of the oxide proportion in the surface of samplesirradiated with 92 MeV Xeionsasasa
function of the fluence; the oxide proportion is estimated with the Ti 2pz, XPS peaks.

The oxide thickness seems to be stable up tbrii, then slightly increases between 18nd 16® m? to reach 100 %
of the thickness analyzed by XPS td°u? (Figure 7). Thus, it appears that the oxide layews before the formation
of hills.

3.2. Effect of the electronic and nuclear stopping power s on the hill formation

Figure 8 shows the microstructure by AFM of samplexliated with both 4 MeV Au and 74 MeV Kr iorido hill is
evidenced by AFM for these two irradiation condisoNote that the grain boundary revealing (Figakis due to an
anisotropic swelling induced by the nuclear cathis [30].
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Figure 8: Microstructure of TizSiC, grainsby AFM for samplesirradiated with (a) 4 MeV Au and (b) 74 MeV Kr
ionsto 10" m? in Figure 8a the height scaleis higher than for the other micrographs because of the nuclear-
interaction induced anisotropic swelling that causes the revealing of the grains[30].

X-TEM micrographs of the surface of samples irrgetiavith both 4 MeV Au and 74 MeV Kr ions tofon?
(Figure 9) confirm the absence of hills noticedd®M (Figure 8). Moreover, if the oxide layer doext sBeem to be
affected in the case of the sample irradiated wikfieV Au ions, its thickness appears to be largettie 74 MeV Kr
irradiation. This confirms that the oxide layer @gsunder electronic interactions, and that it caddur without hill
formation.



Figure 9: XTEM micrographs of the surface of samplesirradiated with (a) 4 MeV Au and (b) 74 MeV Kr ionsto

10° m?,

We also evaluated this growth by the estimatiothefoxide proportion by XPS: for the sample irréelibwith 74 MeV
Kr to 10"° m?, the peaks relative to jBiC, are always available. Figure 10 shows the evaiuticthe oxide proportion
in the first 5 nm as a function of the electrortimpping power, for a fluence of ¥m?2.

T T T T T T T T
100 | A 4
X 7
e
g ool ° ]
g e
[ /
c 8or .
o /'
= - /// m  Virgin sample
e o 7 ® 74 MeVKrto 10" m?
g s A 92 MeV Xe to 10 m?
5 e Linear fit:
o R, = 1.9 Se + 60
s oor * = 0.999 T
1 " 1 N I " I s I
0 5 10 15 20

Electronic stopping power (keV nm")

25

Figure 10: Evolution, as a function of the electronic stopping power, of the oxide proportion in the surface of
samplesirradiated to 10 m? the oxide proportion is estimated with the Ti 2py, XPS peaks.
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Without paying much importance to the linear fihieh is achieved with only 3 points, it is inteiagtto note that a
direct relationship seems to exist between theebdgler thickness and the electronic stopping pokence, like the
hill formation, the growth of the oxide layer seetnde induced by electronic interactions.

4. Discussion

The electronic interactions are known to causeouarphenomena involving electrons, ions and atdrtizeatarget.

The result is usually a modification of the solihich may be local or not [31]. All these phenomaracaused by
energetic transfers from the ions to the atomé&etarget. They usually occur beyond a certairstiokel electronic
stopping power S$g which corresponds to the energetic thresholawhétion of ion tracks in the material [32,33];sthi
threshold mainly depends on the irradiated material

The oxide layer thickness increases before thedtiom of hills. From our point of view, this incamay be caused
either by its growth or by its swelling. In our eabe thickness almost doubles, without any foromadif cavities
(Figure 9). Moreover, swift heavy ion irradiatiaabs to the compaction of amorphous materialserittection
parallel to the ion beam [34-36]. Therefore, wéeatbelieve that the oxide layer thickness incréaskie to its growth
by oxidation of the underneath material. Such adation has ever been observed on zirconium irtadiay fission
products [37] or ions provided by the IRRSUD beamlj38,39] (more than 600 nm of oxide aftet*1&? but with
higher residual pressure). Due to the large quaotienergy exchanged between the ions and theéiated material,
the electronic interactions usually increase tliiisipn of species in the material. Thus, Avasthdl. have shown that
oxygen adsorbed on their iron films diffuses irfte film when the electronic stopping power is higttan Sg of

iron [40]. Since Sgwould be around 6 keV nfrin titanium oxide [41], and less than 4 keV hin amorphous silicon
oxide [42], the increase of the oxide layer thidseould be the result of the oxidation ofSIC, by the residual
oxygen in the irradiation chamber (pressure betvi€€rand 10 Pa). Based first on the works led by Roller ef48],
and second on the structural damage induced byyheavrradiation in TiSiC,, which indicates that $eof TisSiC, is
above 28 keV nim[19,44], we suggest the following oxidation medkan It seems indeed likely that the electronic
interactions induce the diffusion of adsorbed oxymeside the oxide layer toward theSiC,/oxide interface, which
would be the reactive front where the oxidationursc

As previously suggested [22], the fact that 4 MaYi#n irradiation induces no hill formation indieatthat this
phenomenon is due to electronic interactions andmballistic collisions. Concerning the 74 MeV Kradiation, the
electronic stopping power seems to be too lowHertill formation: therefore, this phenomenon woaddur either
above a threshold Se, or above a critical fluehaéwould decrease when Se increases. This elec#oergy loss
threshold (15.7 keV nthin TizSiC, for 74 MeV Kr) is high by comparison to electroeigergy loss threshold for track
formation in the oxide layer.

In the literature, many authors have also obsehilésdlon other materials irradiated by SHI due lec&ronic
interactions [45,46], but in these cases each Bedcdillock” was created by the passage of omgls ion. In our
samples, in the single impact regime (fluence lotlvan 18° m?) no hills were observed. At fluence for which hidlre
observed, the calculated hill density is well belbw fluence and decreases when increasing fluiadse 2).
Therefore, the hill formation is not the resultao§ingle ion. Previous results indicates thg$ill, is insensitive to
electronic interaction [44]. In this work, TEM olrgation indicates that the hill formation occurdfe oxide layer on
the surface of EBIC,, but not in the MAX phases, confirming that theaétonic energy loss of 92 MeV Xe ions
(21.5 keV nnit) is not sufficient to induce modification ins8iC,. So we could conclude that the observed
phenomenon is due to electronic interaction inatkide layer and need ion tracks recovery.

As far as we know, the formation of hills by seVesHll, in irradiation conditions similar to thoséthis study, has
never been observed on other materials [22]. Howeate that similar relief, so-called ripples, damobserved on
samples irradiated with ions of lower energy (fewntired of keV) to higher fluences (abové®®?) [47-49].
Nevertheless, this phenomenon differs from thaenked in this study, first because of the irradiattonditions, and
second because ripples are usually observed agnvtb# amorphous layer as in the crystalline stmecunder the
amorphous layer [47,48].

In amorphous silicon irradiated with SHI above, %@ 10° m?, Hedleret al. have shown a plastic deformation that they
have attributed to the ion hammering effect [5Cpaalled Klauminzer effect [51,52]. The modehtiek to this effect
predicts an anisotropic growth of amorphous phasdiated by SHI, to wit both an expansion perpeudr and a
shrinkage parallel to the ion beam direction. Tharacteristics of this anisotropic growth are thiéofvings [51]:

- Beyond a certain incubation fluengg the dimensional changes increase with the fluence
- (. decreases when Se increases [53];

- The deformation rate is low at low Se, and insesdinearly beyond g
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- The dimensional changes decrease with incredasmgerature.

Trinkaus have shown that this phenomenon stems tiereffect of the thermal stresses induced bkbetronic
interactions [51]. In the region around the iortkiahese interactions allow a relaxation of thiesstes. Nevertheless,
according to the thermal spike model [32,33], théden cooling of this relaxed state induces a thagkly
constrained, which represents a mesoscopic defsponsible for the growth of the affected aregp@edicularly to the
ion beam.

This effect seems to occur in all the amorphousenads, including metals, ceramics and polymers3g} Thus,
following this model, a hypothesis concerning tiileformation would be that ion hammering effecttive oxide layer
induces strong stresses, which are opposed tatohetgof this layer. Theses stresses could thea,nirechanism not
understood yet, be accommodated by the formatidmillefon the surface. This accommodation woulddectake place
beyond an incubation fluengg that decreases when increasing Se. For irrad&tigth 74 MeV Kr ions, there are two
possibilities: either Se is smaller than,Ser @. is higher than 1 m?

5. Conclusion

In this work, we studied both the composition amel formation of hills induced by swift heavy iorH$ irradiation of
TisSiC, samples. We first showed that before irradiatfmndurface of the samples is coated with an amopbgride
layer with both titanium and silicon. The thicknegghis layer increases with the SHI fluence dmdgrowth rate
seems to increase with the electronic stopping pdive attributed this to the oxidation 0£%iC,: SHI would enhance
the diffusion of adsorbed oxygen atoms througlotkide layer, and the oxidation would occur at tiSilC,/oxide
interface, leading to an increase of the oxidekitgss.

We also showed that the formation and the growthetills depend on both the fluence and the ®laixt stopping
power. Based on the Klaumiinzer effect model, wesiden that the hills are formed on the surfacectmanmodate
high stresses in the oxide layer. Thus, the hibisitel be formed only for electronic stopping poweghler than a
threshold Sg, and beyond a certain incubation flueggewhich would decrease when the electronic stoppmger
increases. This hypothesis is in agreement witlotleeall results obtained in this study.

These results clearly evidence that the hill foramapreviously observed on the surface of irradiafgSiC, is not the
sign of a modification of the MAX phase under swifavy ion irradiation, but is due to an irradiat&ffect on the
amorphous layer on top.
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