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ABSTRACT 

In the framework of the Generation IV International Forum, carbides are sensed for the design of the fuel cladding of 
the Gas-cooled Fast Reactor. Among the studied carbides, Ti3SiC2 has the advantage of combining the properties of both 
metals and ceramics. After performing irradiations with 92 MeV Xe ions to 1019 m-2, hills were observed by AFM on 
the surface of Ti3SiC2. Such topographic modification seems to have never been observed in other materials irradiated 
in such conditions. A characterization of these hills by both XPS and X-TEM highlighted that these surface 
modifications do not appear in Ti3SiC2 but in a native amorphous oxide layer on the sample. Moreover, the thickness of 
this oxide layer grows under irradiation. The comparison between different irradiations permitted to conclude that this 
surface modification is due to electronic interactions in this amorphous layer, and a threshold in electronic stopping 
power for hill formation is evidenced.  

Keywords: Ti3SiC2, heavy ion irradiation, oxidation, atomic force microscopy, cross-sectional transmission electron 
microscopy, X-ray photoelectron spectrometry 
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1. Introduction 

The Gas-cooled Fast Reactor (GFR) is one of the six nuclear systems currently studied in the framework of the 
Generation IV International Forum (GIF) [1]. Because of working conditions planned for this reactor – high helium 
pressure, and high temperature (around 1000 °C in nominal operating conditions, and up to 1600-2000 °C in accidental 
scenario), refractory materials are required for the design of the fuel cladding. That is why many studies are conducted 
on carbides, as well for their development and the improvement of their properties [2-4], as to understand their 
behaviour under irradiation [5-8]. 

Among the studied carbides, the so-called MAX phase Ti3SiC2 seems to offer excellent prospects [9,10]. Indeed, in 
addition to presenting some resistance to mechanical stresses [11-14], which includes a better tenacity than the majority 
of carbides (K1C � 9 MPa m1/2 [9,15]), its nanolamellar structure could be useful in the conception of the cladding, for 
instance, using it as interphase in ceramic matrix composite. Moreover, this material with behaviour at the frontier 
between ceramics and metals, presents thermal properties fitting all the specifications required for this cladding: its 
decomposition temperature varies in the literature between 1400 and 1700 °C [11,16,17], it is thermal shock 
resistant [10,16], and presents a thermal conductivity above 30 W m-1 K-1 at the nominal working temperature of 
GFR [17]. However, to date few studies have been conducted on Ti3SiC2 behaviour under irradiation [18-21]. 

Previously, it was shown that Ti3SiC2 material exhibits some hills on its surface after an irradiation at room temperature 
with 92 MeV Xe ions to a fluence higher than 5x1018 m-2 [22]. This kind of relief looks like ripple formation under low 
energy ion irradiation in several materials, but was never observed for such irradiation parameters (swift heavy ion at 
normal incidence, in this range of fluence). 

The aim of this study is hence to better characterize both the formation and the composition of these hills, to suggest an 
hypothesis about their origin. In order to confirm that this surface structuration is due to electronic excitations, two kind 
of irradiation were performed: some with swift heavy ions for which the energy loss is essentially due to electronic 
interactions, and some with lower energy ions for which the nuclear interaction is the most important energy loss 
process.  
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2. Experimental 

The studied material is a polycrystalline Ti3SiC2 (3-ONE-2, Vorhees, NJ, USA). X-ray diffraction (XRD) measurements 
yielded 19% of TiC0.92 and 7% of TiSi2. The samples provided in the form of plates are cut into 10x5x5 mm3 samples 
and polished with diamond paste of a size down to 1 µm. 

Swift heavy ion irradiations were performed at room temperature with 74 MeV Kr and 92 MeV Xe ions provided by the 
IRRSUD beamline of GANIL (Caen, France). Low energy irradiations were carried out at room temperature with 
4 MeV Au ions provided by the ARAMIS accelerator of CSNSM (Orsay, France). All the irradiation conditions are 
summarized in Table 1. 

Table 1: Irradiations carried out in this study. Sn and Se stand respectively for nuclear and electronic stopping 
power; they are estimated on the surface of Ti3SiC2 with the TRIM-2008 code [23]. 

Beam line Ion 
Stopping power (keV nm-1) 

Fluences (m-2) 
Sn Se 

ARAMIS 4 MeV Au 1.1 4.00 1016, 1017, 1018, 1019 

IRRSUD 

74 MeV Kr 5.5x10-2 15.7 1016, 1017, 1018, 1019 

92 MeV Xe 5.1x10-2 21.5 
1016, 1017, 2x1017, 4x1017, 8x1017, 1018, 
2x1018, 4x1018, 8x1018, 1019, 1.3x1019 

 

Three techniques were used to characterize the surface, before and after irradiation: atomic force microscopy (AFM), 
cross-sectional transmission electron microscopy (X-TEM), and X-ray photoelectron spectrometry (XPS). AFM was 
performed in contact mode (Veeco Nanoscope III A) with a Si3N4 tip of 0.12 N m-1 in stiffness. The transmission 
electron microscope, equipped with a field-emission gun, worked at 200 kV (Jeol 2010F). To examine the change in 
composition caused by irradiation, scanning energy dispersive spectrometry (STEM/EDS) was used: it permits to have 
qualitative information on chemical composition. The spot size used was 0.7 nm.  

A Thermo VG Thetaprobe XPS with a aluminum Kα source was used to analyze the surface chemistry. Analyzes were 
performed in constant energy resolution mode with a passage energy of 50 eV. Spectral decomposition was achieved 
thanks to CasaXPS software [24], using the Shirley's method [25] to define the baseline, and a pseudo-Voigt function of 
Lorent'z factor equals to 0.3 to describe the peaks. 

3. Results 

No hill is noticed on the as-polished specimen, hereafter called pristine sample [22]. After irradiation with 92 MeV Xe 
ions, to a fluence of 1019 m-2, surface modifications of Ti3SiC2 phases is evidenced by AFM observations (Figure 1). In 
TiC, such modifications are also evidenced, but the hills are smaller. There is no visible modification in TiSi2. X-TEM 
observations and XPS analysis were performed in this sample and in the pristine one in order to better characterize the 
hills on the Ti3SiC2 surface.  
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Figure 1: Observation by AFM and scanning electron microscopy of the microstructure of the sample irradiated 
at room temperature with 92 MeV Xe ions to 1019 m-2: (a) phase identification using energy dispersive X-ray 
spectrometry, (b) hills are observable on both Ti3SiC2 and TiC grains, but not on TiSi2 ones. 

 

In the pristine sample, a surface layer may actually be noticed by X-TEM (Figure 2). This layer appears to be uniform 
on the surface: its thickness was estimated to 3 nm. Observation in high resolution mode under many inclinations of the 
sample, even in axis zone for the underneath matrix, reveals that this layer is amorphous. EDS indicates that this layer 
seems to contain more oxygen than the underneath material.  

 

Figure 2: XTEM micrography of the surface of the pristine sample; Ti3SiC2 presents a native surface layer. 
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This is confirmed by XPS results. Figure 3 shows both the Ti 2p and Si 2p XPS peaks of the pristine sample. In 
Figure 3a, one can see the typical Ti 2p1/2 and Ti 2p3/2 peaks of the Ti-C bond of Ti3SiC2. Figure 3b exhibits another 
typical peak of Ti3SiC2 around 99 eV. This peak has been already mentioned by Kisi et al., but not identified [26]. Lee 
et al. have also observed such a peak on a TiSi2 layer obtained by titanium ion bombardment on a silicon substrate [27]. 
They have attributed it to the formation of Ti-Si bond in the bombarded layer. Taking into account firstly that Si-C bond 
does not exist in Ti3SiC2, and secondly that Ti-Si bond length is close to the ideal covalent bond length [26], it seems 
likely that this peaks is related to Ti-Si bond of Ti3SiC2.  

 

Figure 3: XPS spectra of the pristine sample: (a) Ti 2p peaks, and (b) Si 2p peaks. 

 

Besides the characteristic peaks of Ti3SiC2, the XPS spectra highlight the presence of oxygen in the form of both 
titanium (Figure 3a) and silicon (Figure 3b) oxides, the two oxides that forms on Ti3SiC2 with temperature [28,29]. 
Thus, it appears that the thin layer laying down the surface of the pristine sample is a native oxide layer.  

In the sample irradiated with 92 MeV Xe ions to 1019 m-2, one can notice hills on surface by X-TEM (Figure 4). 
Observations under many inclinations indicate that the hills are amorphous (Figure 4b). The average thickness of this 
amorphous layer is bigger than for pristine sample, around 10 nm. The roughness of the crystalline part of the sample 
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does not show any noticeable change by comparison with the virgin one: hill formation occurs only in the amorphous 
layer on the surface.  

 

Figure 4: XTEM micrographs of the hills on sample irradiated with 92 MeV Xe ions to 1019 m-2; hills are 
amorphous. 

 

Figure 5 shows XPS spectra after irradiation with 92 MeV Xe ions to 1019 m-2. In these spectra, the peaks relative to 
Ti3SiC2 are not present anymore: only those of both titanium and silicon oxide can be noticed. 
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Figure 5: XPS spectra of the sample irradiated with 92 MeV Xe ions to 1019 m-2: Ti 2p peaks, and (b) Si 2p peaks. 

 

Hence, the hill formation on Ti3SiC2 samples is not occurring in this phase but in the native 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 formation under 92 MeV Xe ion irradiation starts between 2x1018 and 4x1018 m-

2, and that they grow in both diameter and height with the fluence (Figure 6). By performing many AFM profiles for 
each irradiated sample, we characterized both the diameter and the height of the hills, and evaluated their density 
(Table 2).  
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Figure 6: Evolution of the hill microstructure by AFM as a function of the fluence in 92 MeV Xe ions. 
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The density of hills decreases with increasing the fluence up to reach saturation around 1019 m-2. At the beginning of the 
hill formation, their density is important and their height is small. For higher fluences, the hill diameter increases 
whereas the height stays constant, leading to a reduction of the hills density. When the density and the diameter saturate, 
the height of the hills grows.  

 

Table 2: Description of the hill appearing on Ti3SiC2 as a function of the 92 MeV Xe ion fluence. 

Fluence (m-2) Mean diameter (nm) Mean height (nm) Density (µm-2) Density (m-2) 

4x1018 37.5 ± 5.1 2.06 ± 0.28 910 ± 120 (9.1 ± 1.2)x104 

8x1018 60.0 ± 9.5 2.26 ± 0.47 354 ± 56 (3.54 ± 0.56) x104 

1019 97 ± 14 9.5 ± 1.7 136 ± 20 (1.36 ± 0.20) x104 

1.3x1019 98 ± 12 11.6 ± 1.7 133 ± 16 (1.33 ± 0.16) x104 

 

The proportion of oxides in the thickness analyzed by XPS was estimated by the ratio between the area of the Ti 2p3/2 
peak relative to the Ti-O bond, and the sum of the areas of the two Ti 2p3/2 peaks (relative to both Ti-O and Ti-C bonds); 
by considering the Ti 2p peak, the analyzed thickness is estimated to 5 nm. Figure 7 shows the evolution of the oxide 
proportion in the first 5 nm as a function of the 92 MeV Xe ion fluence. 

 

Figure 7: Evolution of the oxide proportion in the surface of samples irradiated with 92 MeV Xe ions as as a 
function of the fluence; the oxide proportion is estimated with the Ti 2p3/2 XPS peaks. 

 

The oxide thickness seems to be stable up to 1017 m-2, then slightly increases between 1017 and 1018 m-2 to reach 100 % 
of the thickness analyzed by XPS to 1019 m-2 (Figure 7). Thus, it appears that the oxide layer grows before the formation 
of hills. 

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

Figure 8 shows the microstructure by AFM of samples irradiated with both 4 MeV Au and 74 MeV Kr ions. No hill is 
evidenced by AFM for these two irradiation conditions. Note that the grain boundary revealing (Figure 8a) is due to an 
anisotropic swelling induced by the nuclear collisions [30]. 
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Figure 8: Microstructure of Ti3SiC2 grains by AFM for samples irradiated with (a) 4 MeV Au and (b) 74 MeV Kr 
ions to 1019 m-2; in Figure 8a the height scale is 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 irradiated with both 4 MeV Au and 74 MeV Kr ions to 1019 m-2 
(Figure 9) confirm the absence of hills noticed by AFM (Figure 8). Moreover, if the oxide layer does not seem to be 
affected in the case of the sample irradiated with 4 MeV Au ions, its thickness appears to be larger for the 74 MeV Kr 
irradiation. This confirms that the oxide layer grows under electronic interactions, and that it could occur without hill 
formation.  
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Figure 9: XTEM micrographs of the surface of samples irradiated with (a) 4 MeV Au and (b) 74 MeV Kr ions to 
1019 m-2. 

 

We also evaluated this growth by the estimation of the oxide proportion by XPS: for the sample irradiated with 74 MeV 
Kr to 1019 m-2, the peaks relative to Ti3SiC2 are always available. Figure 10 shows the evolution of the oxide proportion 
in the first 5 nm as a function of the electronic stopping power, for a fluence of 1019 m-2.  

 

Figure 10: Evolution, as a function of the electronic stopping power, of the oxide proportion in the surface of 
samples irradiated to 1019 m-2; the oxide proportion is estimated with the Ti 2p3/2 XPS peaks. 
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Without paying much importance to the linear fit, which is achieved with only 3 points, it is interesting to note that a 
direct relationship seems to exist between the oxide layer thickness and the electronic stopping power. Hence, like the 
hill formation, the growth of the oxide layer seems to be induced by electronic interactions.  

4. Discussion 

The electronic interactions are known to cause various phenomena involving electrons, ions and atoms of the target. 
The result is usually a modification of the solid, which may be local or not [31]. All these phenomena are caused by 
energetic transfers from the ions to the atoms of the target. They usually occur beyond a certain threshold electronic 
stopping power Seth, which corresponds to the energetic threshold of formation of ion tracks in the material [32,33]; this 
threshold mainly depends on the irradiated material. 

The oxide layer thickness increases before the formation of hills. From our point of view, this increase may be caused 
either by its growth or by its swelling. In our case the thickness almost doubles, without any formation of cavities 
(Figure 9). Moreover, swift heavy ion irradiation leads to the compaction of amorphous materials in the direction 
parallel to the ion beam [34-36]. Therefore, we rather believe that the oxide layer thickness increase is due to its growth 
by oxidation of the underneath material. Such an oxidation has ever been observed on zirconium irradiated by fission 
products [37] or ions provided by the IRRSUD beamline [38,39] (more than 600 nm of oxide after 1019 m-2 but with 
higher residual pressure). Due to the large quantity of energy exchanged between the ions and the irradiated material, 
the electronic interactions usually increase the diffusion of species in the material. Thus, Avasthi et al. have shown that 
oxygen adsorbed on their iron films diffuses into the film when the electronic stopping power is higher than Seth of 
iron [40]. Since Seth would be around 6 keV nm-1 in titanium oxide [41], and less than 4 keV nm-1 in amorphous silicon 
oxide [42], the increase of the oxide layer thickness could be the result of the oxidation of Ti3SiC2 by the residual 
oxygen in the irradiation chamber (pressure between 10-4 and 10-5 Pa). Based first on the works led by Roller et al. [43], 
and second on the structural damage induced by heavy ion irradiation in Ti3SiC2, which indicates that Seth of Ti3SiC2 is 
above 28 keV nm-1 [19,44], we suggest the following oxidation mechanism. It seems indeed likely that the electronic 
interactions induce the diffusion of adsorbed oxygen inside the oxide layer toward the Ti3SiC2/oxide interface, which 
would be the reactive front where the oxidation occurs. 

As previously suggested [22], the fact that 4 MeV Au ion irradiation induces no hill formation indicates that this 
phenomenon is due to electronic interactions and not to ballistic collisions. Concerning the 74 MeV Kr irradiation, the 
electronic stopping power seems to be too low for the hill formation: therefore, this phenomenon would occur either 
above a threshold Se, or above a critical fluence that would decrease when Se increases. This electronic energy loss 
threshold (15.7 keV nm-1 in Ti3SiC2 for 74 MeV Kr) is high by comparison to electronic energy loss threshold for track 
formation in the oxide layer. 

In the literature, many authors have also observed hills on other materials irradiated by SHI due to electronic 
interactions [45,46], but in these cases each so-called “hillock” was created by the passage of one single ion. In our 
samples, in the single impact regime (fluence lower than 1016 m-2) no hills were observed. At fluence for which hills are 
observed, the calculated hill density is well below the fluence and decreases when increasing fluence (Table 2). 
Therefore, the hill formation is not the result of a single ion. Previous results indicates that Ti3SiC2 is insensitive to 
electronic interaction [44]. In this work, TEM observation indicates that the hill formation occurs in the oxide layer on 
the surface of Ti3SiC2, but not in the MAX phases, confirming that the electronic energy loss of 92 MeV Xe ions 
(21.5 keV nm-1) is not sufficient to induce modification in Ti3SiC2. So we could conclude that the observed 
phenomenon is due to electronic interaction in the oxide layer and need ion tracks recovery. 

As far as we know, the formation of hills by several SHI, in irradiation conditions similar to those of this study, has 
never been observed on other materials [22]. However, note that similar relief, so-called ripples, can be observed on 
samples irradiated with ions of lower energy (few hundred of keV) to higher fluences (above 1020 m-2) [47-49]. 
Nevertheless, this phenomenon differs from that observed in this study, first because of the irradiation conditions, and 
second because ripples are usually observed as well in the amorphous layer as in the crystalline structure under the 
amorphous layer [47,48]. 

In amorphous silicon irradiated with SHI above Seth to 1019 m-2, Hedler et al. have shown a plastic deformation that they 
have attributed to the ion hammering effect [50], also called Klaumünzer effect [51,52]. The model relative to this effect 
predicts an anisotropic growth of amorphous phase irradiated by SHI, to wit both an expansion perpendicular and a 
shrinkage parallel to the ion beam direction. The characteristics of this anisotropic growth are the followings [51]: 

- Beyond a certain incubation fluence φc, the dimensional changes increase with the fluence;  

- φc decreases when Se increases [53];  

- The deformation rate is low at low Se, and increases linearly beyond Seth;  
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- The dimensional changes decrease with increasing temperature. 

Trinkaus have shown that this phenomenon stems from the effect of the thermal stresses induced by the electronic 
interactions [51]. In the region around the ion track, these interactions allow a relaxation of the stresses. Nevertheless, 
according to the thermal spike model [32,33], the sudden cooling of this relaxed state induces a track highly 
constrained, which represents a mesoscopic defect responsible for the growth of the affected area, perpendicularly to the 
ion beam. 

This effect seems to occur in all the amorphous materials, including metals, ceramics and polymers [34-36]. Thus, 
following this model, a hypothesis concerning the hill formation would be that ion hammering effect in the oxide layer 
induces strong stresses, which are opposed to the growth of this layer. Theses stresses could then, in a mechanism not 
understood yet, be accommodated by the formation of hills on the surface. This accommodation would hence take place 
beyond an incubation fluence φc that decreases when increasing Se. For irradiations with 74 MeV Kr ions, there are two 
possibilities: either Se is smaller than Seth, or φc is higher than 1019 m-2.  

5. Conclusion 

In this work, we studied both the composition and the formation of hills induced by swift heavy ion (SHI) irradiation of 
Ti3SiC2 samples. We first showed that before irradiation the surface of the samples is coated with an amorphous oxide 
layer with both titanium and silicon. The thickness of this layer increases with the SHI fluence and the growth rate 
seems to increase with the electronic stopping power. We attributed this to the oxidation of Ti3SiC2: SHI would enhance 
the diffusion of adsorbed oxygen atoms through the oxide layer, and the oxidation would occur at the Ti3SiC2/oxide 
interface, leading to an increase of the oxide thickness.  

We also showed that the formation and the growth of the hills depend on both the fluence and the electronic stopping 
power. Based on the Klaumünzer effect model, we consider that the hills are formed on the surface to accommodate 
high stresses in the oxide layer. Thus, the hills would be formed only for electronic stopping power higher than a 
threshold Seth, and beyond a certain incubation fluence φc, which would decrease when the electronic stopping power 
increases. This hypothesis is in agreement with the overall results obtained in this study.  

These results clearly evidence that the hill formation previously observed on the surface of irradiated Ti3SiC2 is not the 
sign of a modification of the MAX phase under swift heavy ion irradiation, but is due to an irradiation effect on the 
amorphous layer on top. 
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