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Thanks to their refractoriness, carbides are sensed as fuel coating for the IVth generation of reactors.
Among those studied, the Ti3SiC2 ternary compound can be distinguished for its noteworthy mechanical
properties: the nanolamellar structure imparts to this material some softness as well as better toughness
than other classical carbides such as SiC or TiC. However, under irradiation, its behaviour is still unknown.
In order to understand this behaviour, specimens were irradiated with heavy ions of different energies,
then characterised. The choice of energies used allowed separation of the effects of nuclear interactions
from those of electronic ones.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

As part of Generation IV International Forum (GIF), new systems
are studied, from the point of view of the reactor as well as the fuel
cycle. These systems are characterised by an increased security le-
vel, better economic competitiveness, and an ability to recycle all
the fuel in order to upgrade to a fissionable material and minimize
long-lived waste production by transmutation. Among the six sys-
tems considered by the GIF, the Gas Fast Reactor (GFR) is studied in
France; it is designed to work under helium-pressure and high-
temperature (1100 – 1300 K).

These working conditions led to the selection of non-oxide
refractory ceramics as fuel coating. Thus, carbides turn out to be
great candidates thanks to their remarkable mechanical and ther-
mal properties. However, their behaviour under irradiation has to
be studied in more details.

Among the studied carbides, the ternary Ti3SiC2 presents some
interesting prospects. Indeed, in 1972 Nickl et al. [1] remarked that
this material, which was synthesized for the first time by a Viennese
group in 1967 [2], is abnormally soft for a carbide. At the beginning
of the 1990s, Pampuch et al. [3,4] and Lis et al. [5–7] led works on the
pure bulk Ti3SiC2 synthesis; their best results were compounds with
80 – 90% purity, impurities being TiCx and TiSi2. During their works,
they demonstrated that this material is both stiff (Young’s modulus
of 325 GPa) and soft (Vickers hardness of 6 GPa). Moreover, like Goto
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et al. [8] some years before, they noted that the hardness of this car-
bide decreases as the applied load increases; this property led them
to qualify Ti3SiC2 as a ‘ductile ceramic’.

At the end of the 1990s, Barsoum et al. [9–14] intensively stud-
ied this material as well as other ceramics with similar properties.
In 2000 [15], they brought all these compounds together within
one family of nanolamellar materials, named MAX Phases, of gen-
eral formula Mn+1AXn where n = {1,2,3}, M is an early transition
metal, A is an A-group (mostly IIIA and IVA) element, and X is C
and/or N. Materials of this family are unusual in that they combine
some properties of metals with those generally attributed to
ceramics; thus, these materials are stiff, thermal and electrical con-
ductors, readily machinable with tools for steels, and relatively soft
and tough. More specifically, Ti3SiC2 is stable under inert atmo-
sphere or vacuum up to 1975 K [9,13,16], resistant to quenching
from 1475 K to room temperature [9,17], has a thermal conductiv-
ity of 37 Wm�1 K�1 at room temperature and 32 Wm�1 K�1 at
1775 K [13], a toughness of 9 MPa m1/2 [15,18], a brittle – ductile
mechanical transition as a function of temperature and strain rate
[9,19–21], an electrical conductivity of 4.5 � 106 X�1 m�1

[9,15,22,23], and good corrosion resistance in common acids and
NaOH (corrosion rate <300 lm a�1 in HNO3, the worst case) [24–
26]. Nevertheless, no information is available about its behaviour
under irradiation.

Therefore, the aim of this study is a better knowledge of the
behaviour under irradiation of Ti3SiC2, whose otherwise outstand-
ing properties allow its consideration it as a cladding material for
future fuels.
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2. Experimental

The studied material is a polycrystalline commercial compound
provided by 3-ONE-2 (Voorhees, NJ, USA). An estimation of the sec-
ondary phase proportion in the as-received material was carried
out by X-ray Diffraction (XRD); the samples consist of about 80%
Ti3SiC2, 15 % TiCx, and 5 % TiSi2. Fig. 1 shows the surface state of
the as-polished specimens through Atomic Force Microscopy
(AFM); the lower hardness of Ti3SiC2 compared with the TiCx and
TiSi2 phases can be noted.

The as-received specimens were polished with diamond sus-
pensions down to 1 lm. They were subsequently irradiated at
room temperature with heavy ions. This kind of irradiation aims
to simulate the interactions present in reactors (impacts of fission
products, recoil atoms of alpha-decays, and neutrons) without the
drawback of activating the specimens.

When heavy ions penetrate through a solid, they get deceler-
ated via two different processes, namely, elastic collisions with tar-
get nuclei (with nuclear stopping power Sn) and inelastic collisions
with target electrons (with electronic stopping power Se). In order
to understand the effects of both nuclear and electronic interac-
tions on Ti3SiC2, two runs of irradiation were performed. The first
one, called ‘low energy irradiation’, was achieved with the 4 MeV
Au ions of the ARAMIS accelerator at the CSNSM of Orsay (France)
to gain the nuclear interactions effects. The second one, named
‘high energy irradiation’, was made with the 90 MeV Xe ions deliv-
ered by the IRRSUD accelerator at the GANIL to understand the
electronic interactions influence. Each run was carried out for 4
Fig. 1. Surface of as-polished Ti3SiC2 by AFM (a) and back-scattered electrons FEG-
SEM (b)
ion fluences: 1012, 1013, 1014 and 1015 cm�2. The depths of the
damaged zone were determined aided by the TRIM code [27].

To characterise surface modifications to the samples, two
microscopic methods were used: Field Emission Gun Scanning
Electron Microscopy (FEG-SEM) and AFM. The structure of the irra-
diated zone was analysed by Low Incidence XRD (LI-XRD)
technique.

3. Results

The low energy irradiation spoils the first 500 nm of Ti3SiC2

essentially by nuclear interactions. By microscopic means, modifi-
cations are noticeable from a fluence of 1015 cm�2. By FEG-SEM
(Fig. 2), at some places it was noted that the Ti3SiC2 grain bound-
aries were eroded. This could be the consequence of preferential
sputtering due to weaker displacement threshold energy of the
atoms in grain boundaries than inside the grains. By AFM, surface
etching can be observed; it may be explained by preferential sput-
tering as a function of the Ti3SiC2 crystallite orientation. In fact, ori-
entation of the basal planes of the Ti3SiC2 hexagonal close-packed
structure perpendicularly to the ion beam would lower the ion
channeling effects inside the lattice, and so would increase the
sputtering yield; therefore, as a function of the crystallite orienta-
tion, the sputtering yield would vary and so lead to this kind of
microstructure. However, the as-irradiated surface is too spoiled
to differentiate the three phases.

For the low energy irradiation, XRD was achieved under a 1�
incidence angle (Fig. 3), which corresponds to a X-ray penetration
of 230 nm in Ti3SiC2; Al peaks are from a mask intentionally laid on
the virgin part of the samples during measurements. It brings out
both a decrease of the peak intensity of the three phases as a
Fig. 2. Surface of Ti3SiC2 after Au (4 MeV) irradiation at a fluence of 1015 cm�2 by
FEG-SEM (a) and AFM (b).



Fig. 3. XRD patterns of Au irradiated samples.

Fig. 5. XRD patterns of Xe irradiated samples.

306 J.C. Nappé et al. / Journal of Nuclear Materials 385 (2009) 304–307
function of the Au fluence from 1014 cm�2, and an increase of the
baseline. These diffractogram changes are certainly due to a partial
amorphisation of the material due to nuclear collisions. Indeed,
this phenomenon was often encountered during irradiation of
other materials such as SiC [28] or some oxides [29].

The high energy irradiation damages the first 5 lm of Ti3SiC2 by
electronic interactions. Through FEG-SEM and AFM, two phenom-
ena are revealed from Xe fluence of 1015 cm�2 fluence (Fig. 4):

– A surface etching due to different behaviour under irradiation of
the phases present; the identification of the phases was per-
formed by Energy Dispersive X-ray spectroscopy.

– The appearance of ‘hills’ on the Ti3SiC2 surface: their diameter
varies from 50 to 100 nm, with a height of around 10 nm, and
an estimated density of about (1.0 – 1.5) � 1010 cm�2.
Fig. 4. Surface of Ti3SiC2 after Xe (90 MeV) irradiation at a fluence of 1015 cm�2

AFM; (a) 5 � 5 lm2 scan and (b) 1 � 1 lm2 scan of the Ti3SiC2 phase.

Fig. 6. Ti3SiC2 unit cell parameters as a function of the Xe irradiation fluence; lines
are only to guide the eye.
The XRD analysis was realised under a 3� incidence angle
(Fig. 5), which corresponds to a X-ray penetration depth of
720 nm in Ti3SiC2. Diffraction patterns also reveal an amorphisa-
tion phenomenon, but only for Ti3SiC2 phase. Moreover, we can no-
tice a modification of the unit cell of this compound; the peak
initially located at 40.9�, relative to the (00l) diffraction planes,
is shifted to lower 2h as a function of the fluence. Estimating the
parameters of the unit cell as a function of the fluence (Fig. 6), an
expansion of the unit cell along the c axis without significant var-
iation of the unit volume may be underlined.

4. Discussion

Whereas the phenomena due to nuclear interactions can be
understood through the elastic collisions during a low energy irra-
diation, those due to electronic interactions are often misunder-
stood. This discussion allows to brightening these phenomena.

The phenomenon of the appearance of ‘hills’ was apparently not
yet observed in other materials for these conditions (energies of
about 100 MeV and ion fluences close to 1015 cm�2). Indeed,
numerous authors remarked bumps during irradiations with simi-
lar energies, but generally fluences do not exceed some 1012 cm�2

[30–36]; thus they noted the same number of hills as of incident
ions. In this case, authors usually attribute their appearance to
the thermal spike model. The swift heavy ions lose energy during
a short time (<10�16 s) inside a cylindrical zone around the ion
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trajectory. When Se is higher than Seth (threshold electronic stop-
ping power) melting of the cylindrical zone followed by cooling
and re-solidification lead to the formation of amorphous tracks in-
side the material. This phenomenon, which is more important at
the near surface (where Se is maximum), leads to high stresses
and strains that would result in a flow of matter to form one hill
by each ion. Only one paper notes about bumps for fluences higher
than some 1012 cm�2 [34]; they noticed hills from lower fluence up
to 2 � 1014 cm�2 and explained this by an agglomeration of the
hills formed by thermal spikes. Nevertheless these explanations
are not valid in our case: first, the density of hills is about 105 lower
than the fluence, so thermal spikes cannot account for the bumps;
second, this type of relief are only noted from 1015 cm�2 (not at
lower fluences), so bumps are not due to agglomeration.

Other authors observed the same type of relief for very low en-
ergy ions (a few keV) at higher fluences (greater than 1016 cm�2).
In this case, the surface morphology would depend on both ion
erosion and surface diffusion processes [37]. Other authors inter-
pret this type of relief as the agglomeration of the projected ions
at the very near surface of the target, implying the formation of
nanobubbles [38] or nanoparticles [39]. Whatever the explanation,
our fluences are too weak to allow the formation of 50 – 100 nm
hills.

Defects noticed by LI-XRD are also not yet entirely understood.
Amorphisation can be explained by several processes such as the
formation of amorphous tracks by thermal spikes, irradiation in-
duced microstrains in the unit cell, or a drop-off of the crystallite
size. Irradiation induced microstrains seem to be an appropriate
explanation since an expansion of the unit cell was also noted for
Ti3SiC2.

In order to better understand these electronic interaction-in-
duced phenomena, an in-depth study of the diffraction patterns
is in progress. Observation of cross-sections by Transmission Elec-
tron Microscopy will also be performed.

5. Conclusion

This first study about damages induced by heavy ions in Ti3SiC2

at room temperature allows distinction between the effects of nu-
clear and electronic interactions on this remarkable ceramic. Elas-
tic collisions lead to the amorphisation of all the phases of the
specimens, sputtering of the Ti3SiC2 grain boundaries, and prefer-
ential sputtering as a function of the crystallite orientation. On
the other hand, electronic interactions induce the amorphisation
of only Ti3SiC2, expansion of the Ti3SiC2 unit cell along the c axis,
and the formation of ‘hills’, the latter of which remains misunder-
stood yet.
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