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Carbon fiber composite (CFC) Sepcarb� N11 is used in the tokamak Tore Supra as plasma-facing compo-
nents. To investigate the fuel retention capability of this material, a mobile sample holder was used to
expose CFC N11 samples to direct irradiation by the scrape-off layer plasma of Tore Supra at fluences
up to 1 � 1025 m�2. Deuterium (D) elemental mapping using nuclear reaction analysis for the most-
exposed CFC sample showed that D retention occurs at depths greater than 8 lm due to the presence
of deep (>3.5 lm) local retention sites. In this work, combining transmission electron microscopy
(TEM) and electron energy-loss spectroscopy (EELS), we describe at a high spatial resolution where
and how D atoms are trapped in these sites. TEM experiments performed on thin cross-sections of the
plasma-modified surface show evidence of the presence of a 3.5 lm-thick deuterated amorphous carbon
layer deposited on the CFC surface. We show that specific localized retention sites correspond to the fill-
ing of relatively large (�3 lm.) and deep (at least 3 lm below the initial CFC surface) cracks between
fibres and matrix by the deuterated amorphous carbon layer.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

In modern thermonuclear fusion reactors, carbon fibre compos-
ites (CFC) are widely used as plasma-facing components, due to the
low atomic number of carbon and the high-quality thermo-
mechanical properties of CFC materials. However, interactions be-
tween CFC and hydrogen isotopes from the plasma lead to fuel
retention in the vessel [1]. This raises crucial economic and safety
issues for future fusion devices like ITER [2]. In the tokamak Tore
Supra (TS), containing actively cooled CFC plasma-facing compo-
nents, the deuterium (D) retention in the vessel during long pulses
appears to be closely linked to the D implantation and migration
into CFC materials [3,4]. The accurate characterization of this trap-
ping mechanism is therefore crucial to maintain the use of CFC
materials as plasma-facing components.

Dedicated experiments for this purpose were performed in TS
via the controlled irradiation of CFC samples. After the first exper-
iments during autumn 2003 [5], a second series of experiments
was recently carried out in TS using a mobile sample holder to ex-
pose 10 CFC N11 samples to direct irradiation by the scrape-off
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layer up to deuterium fluences of 1025 m�2. Nuclear reaction anal-
ysis (NRA), using D(3He,p)4He reactions [6], was performed to
determine the D depth profile in plasma-exposed CFC samples as
a function of discharge conditions. Fig. 1 illustrates the NRA-mea-
sured D profile up to a depth of 8 lm for the most irradiated CFC
sample, B1. This profile exhibits two characteristic zones: a con-
stant D concentration around 35 at.% from the surface down to a
depth of about 3.7 lm, followed by a tail extending beyond
8 lm. Previously, a similar D depth profile with a tail extending be-
yond 14 lm was found for the CFC N11 and NB31 irradiated by 30–
200 eV D ions both from ion beams and plasma devices in labora-
tory [7]. However, in dense pyrolytic graphite, the implantation
range is limited by the ion incident energy (typically around
10 nm for 200 eV D ions) [8]. Therefore, experiments carried out
in TS highlight the characteristic behaviour of CFC during plasma
irradiation, and also raise issues related to fuel retention deep into
the plasma-facing components (for instance choice of tritium re-
moval techniques [9]).

Given the known structural heterogeneity of CFC materials (i.e.,
fibres of diameter 6–7 lm embedded in a matrix), it is crucial to
ensure that the spatially averaged (over about 3 mm2) D depth pro-
file shown in Fig. 1 is representative of the D retention in CFC on a
micrometer scale. Spatially resolved NRA [10] was thus performed
to determine the lateral distribution of D retention. In this tech-
nique, a 3 MeV 3He ion beam (2 � 2 lm2) is used to produce
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D(3He, p)4He reactions. Three-dimensional D elemental mapping is
achieved by electrostatic beam scanning. Results [10] showed that
from the surface down to a depth of 3.7 lm, corresponding to the D
plateau displayed in Fig. 1, the D concentration is homogeneously
distributed. On the contrary, the D retention is heterogeneous at
higher depths as can be seen from Fig. 2 which shows the distribu-
tion of D retention at a depth of 5 lm. This spatially resolved NRA
image, representative of the D distribution at depths higher than
3.7 lm, reveals that D is trapped in localized sites deep into plas-
ma-exposed CFC materials. In order to structurally characterize
these D-rich zones, tracking by scanning electron microscopy
(SEM) was used in spatially resolved NRA experiments. It is shown
[10] that D-rich zones are always located in the vicinity of fibres
oriented perpendicular to the CFC surface. For instance, the SEM
image shown in Fig. 3 corresponds to the D-rich region indicated
by the square in Fig. 2.

The aim of this work is to propose a clear understanding for the
deep retention of D in plasma-exposed CFC materials. However, to
Fig. 2. Deuterium mappings from the B1 sample obtained by scanning a 3He
microbeam and filtering the NRA spectrum with region of interest covering depths
ranging from 4 to 6 lm. The D concentration follows a code of colours (the lowest
and the highest D concentration, respectively, correspond to white and green) [10].
The region confined in squares corresponds to Fig. 3 (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.).

Fig. 1. Deuterium depth profile for the most-exposed CFC N11 sample, named B1,
obtained by D(3He,p)4He nuclear reaction [6].
determine where and how D atoms are trapped in the D-rich re-
gions revealed by the NRA–SEM combination, three conditions
are required: (i) a higher spatial resolution, (ii) a cross-section to
visualize the structure as a function of the depth, (iii) chemical
analysis to detect the presence of chemisorbed D atoms. The tech-
nique of choice fulfilling these criteria is transmission electron
microscopy (TEM). The local coupling of structural information
provided by TEM with chemical information is performed using
electron energy-loss spectroscopy (EELS). Indeed, this technique
allows for a spatial resolution of 10 nm2 the characterization of
carbon atom hybridization state, which is particularly affected by
the amount of D chemisorbed.

In Section 2, experimental details are given. In Section 3, we
show, using the TEM–EELS combination, how D atoms are trapped
in the different zones of plasma-exposed CFC with a particular fo-
cus on those located deep into the material. After a short summary,
a mechanism explaining the deep retention of D is proposed in Sec-
tion 4.
2. Experimental

2.1. Sample exposure

A sample holder equipped with Langmuir probes and thermo-
couples has been installed on the fast-scanning probe system in
TS. It exposed 10 CFC samples to plasma irradiation in the
scrape-off layer. The cumulative ion fluence, the mean ion incident
energy, and the thermal history are simultaneously measured to
determine the plasma-CFC interactions as a function of discharge
conditions. We study here the most irradiated sample named B1
(deuterium fluence 1025 m�2, mean D energy 500 eV, mean sample
temperature 700 K). Note that mean D energy and mean sample
temperature are rough estimates given the strong variations dur-
ing the campaign (see Ref. [5] for more details).

The CFC sample is the Sepcarb� N11 type manufactured by SEP
(Bordeaux, France): the composite was fabricated from three-
dimensional PAN-based carbon fibres, the matrix being formed
by carbon vapour infiltration and graphitized afterwards at ele-
vated temperatures. The fibre volume fraction is of 30%, and the
density is equal to 1.8 g cm�3. The CFC samples were mechanically
cut from CFC blocks and no additional treatment was carried out.
CFC zones studied by NRA were chosen such that fibres are ori-
ented perpendicular to the surface corresponding to the highest
thermal conductivity.

2.2. Sample preparation

The thin foils for TEM analysis were prepared by focused ion
beam (FIB) milling (FIB 200TEM FEI machine using a 30 kV Ga+ ion
beam) [11]. This technique allows for the extraction of site-specific
cross-sections having near parallel sides over a dozen or so microm-
eters. Nevertheless, the use of high-energy ions for milling may cre-
ate amorphous damage layers in crystalline materials. To minimize
this damage, an optimized FIB procedure was developed in our lab-
oratory [12], which partly consists of a final low voltage (10 kV) and
low current (50 pA) ion beam to minimize the damaged layer on
each side of the FIB lamellae as well as a final cut normal to the sur-
face to avoid sidewall-ion implantation. A FIB procedure relatively
similar to our optimized one turned out to be effective when applied
to CFC materials with a graphitic matrix [13].

2.3. TEM and EELS analysis

The experiments discussed here were performed on a Jeol
2010F TEM operating at 200 kV, equipped with a Gatan Imaging



Fig. 3. SEM image corresponding to the deuterium-rich zone indicated by the square in Fig. 2. The dotted arrow corresponds to the zone where the FIB lamella shown in Fig. 6
is extracted. M and F, respectively, correspond to the matrix and fibre zone.

Fig. 4. TEM image revealing the B1 sample microstructure from the surface up to
about 7 lm deep. We note the presence of a 3.5 lm-thick amorphous carbon layer
deposited onto the initial CFC matrix surface. The insets show diffraction pattern in
the amorphous layer and graphitic matrix.
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Filter (GIF 200). EELS spectra at the K edge of carbon, or C–K edge
EELS spectra, were acquired for all specimen in diffraction mode
with a channel dispersion of 0.3 eV. The spectral energy resolution
was evaluated at about 1 eV. The typical acquisition times for the
C–K edge and for the low-loss (i.e., energy losses smaller than
about 100 eV) were, respectively, 15 s and 0.1 s, these two spectral
portions being acquired with the same geometrical configuration.
Spectra were acquired with an incident convergence semi-angle
and a collection semi-angle both equal to about 2.1 mrad. As com-
monly performed, the initial spectral treatment mainly consists of
two steps [14]: a background subtraction performed by the pre-
edge window technique and a multiple scattering removal per-
formed by a standard Fourier-ratio deconvolution procedure. In
addition, all spectra were acquired on thin sample areas, in order
to ensure a correct spectral treatment [14].

We acquired EELS spectra to quantitatively extract the fraction
of sp2-bonded carbon atoms. The quantification is based on the
extraction of the 1s to p� peak located at about 285 eV in the C–
K edge EELS spectrum. This peak is indeed exclusively provided
by carbon atoms in hybridization sp2, such that the comparison
of the p� peak intensity in the unknown material with that in a
suitable known standard is a direct measure of the sp2 fraction
[15]. Since graphite exhibits a perfectly known crystallographic
structure (composed only of sp2 hybrid atoms) and does not suffer
from rapid irradiation damage under electron beam, this material
is used in this work as a standard to determine sp2 fractions. We
showed in previous studies how to avoid issues related to prefer-
ential orientation effects in graphite EELS spectra [16] and how
to proceed the extraction of the 1s to p� peak in the C–K edge EELS
spectra [17].

3. Results and discussion

The TEM-EELS study of the plasma-exposed CFC is performed in
two steps. The first one consists in analysing representative zones
of the largest part of the plasma-exposed CFC surface in order to
obtain general features of D retention in CFC. The second one con-
sists in performing FIB lamellae in D-rich zones revealed by spa-
tially resolved NRA in order to determine how D atoms are
trapped deep into the material.

Fig. 4 shows a TEM image of a FIB lamella extracted from a rep-
resentative zone of the largest part of the plasma-exposed CFC sur-
face. This figure presents a cross-section revealing the CFC
microstructure from the surface down to about 7 lm deep (FIB
depth-limit). Two characteristic zones can be distinguished: an
amorphous layer with a thickness of about 3.5 lm (as evidenced
by the halo in the power spectrum displayed in the inset of
Fig. 4), and an underlying zone exhibiting the same graphitic struc-
ture (as revealed by the spots in the second inset) as in CFC before
plasma irradiation. We also checked that the pores localized in the
CFC matrix (i.e., white zones in Fig. 4) are already present in the
virgin CFC, and are thus not caused by plasma irradiation.

From the FIB lamella image given in Fig. 4, we can conclude that
the D plateau from the surface up to about 3.7 lm deep observed
in the D depth profile in Fig. 1 corresponds to the D atoms trapped
in the amorphous layer. A C–K edge EELS spectrum of this depos-
ited amorphous layer is shown in Fig. 5 (spectrum a). Two features
of this spectrum have to be mentioned: (i) the 1s to r� peak is cen-
tred at about 295 eV while this peak in graphite is centred at a low-
er energy (spectrum b), (ii) unlike in graphite EELS spectra, there is
no fine structure after the 1s to r� peak in the spectrum displayed
in spectrum a. Therefore, the EELS spectrum acquired in the depos-
ited amorphous layer is typical of amorphous carbon EELS spectra
[18]. In addition, the amorphous layer EELS spectrum, following
the quantification process [17], corresponds to a sp2 fraction of
72%. Combining this value with the D concentration of 35 at.% ob-
tained by NRA, and using the ternary phase diagram in amorphous
carbon – hydrogen alloys given in Ref. [19], we can show that the
electronic structure of the deposited amorphous layer in the plas-
ma-exposed CFC is consistent with published data referring to
amorphous hydrogenated carbon layers produced in laboratory
by plasma enhanced chemical vapour deposition [19]. It can be
reasonably thought that the growth mechanism of the deposited
amorphous layer is due to either sticking of CxDy molecules or im-
pact on the CFC surface of carbon atoms (coming from different
parts of TS) simultaneously bombarded by a D flux from plasma.



Fig. 5. EELS spectra acquired (a) in the deposited amorphous layer of B1, (b) on
highly order pyrolytic graphite (HOPG) with the graphene sheets parallel to the
optical microscope axis (c) 20 nm below the interface between the amorphous layer
and the matrix, (d) in the matrix of a non-irradiated CFC sample. Note that in
spectrum (a), the 1s ? r* peak is shifted approximately 3.8 eV to higher energies.

Fig. 6. TEM image of the FIB lamella extracted from the zone represented by the
dotted arrow in Fig. 3. We note that the amorphous layer (A) penetrates and fills the
large (�3 lm large), deep crack between the fibre (F) and the matrix (M). Contrast
variation in the layer A is only due to the presence of the hole (H) in the supporting
carbon film allowing the acquisition of EELS spectra without contribution of the
supporting film.

Fig. 7. TEM image illustrating the presence of intrinsic narrow (�50 nm large) crack
between fibres and matrix in the CFC N11. The circular contrast variation is only
due to the presence of holes in the supporting film.

604 N. Bernier et al. / Journal of Nuclear Materials 385 (2009) 601–605
We verified on five FIB lamellae extracted from different CFC
zones that results showed the same trends: the EELS spectra dis-
played in Fig. 5 are thus representatives of these zones. Spectrum
c shows a typical EELS spectrum (sp2 fraction of 96 ± 4%) acquired
in a zone located 20 nm under the deposited amorphous layer. The
TEM images of this zone (not shown here) evidence a graphitized
structure with (002) spots in diffraction patterns corresponding
to the resolved lattice of perfect graphite (i.e., a spacing of
0.33 nm related to (002) planes). Given both the sp2 fraction value
and the graphitized structure, we can conclude a total absence of
chemisorbed D atoms in the matrix as soon as the interface amor-
phous layer – matrix is reached. It also has to be noticed that the
EELS spectrum of the virgin CFC matrix given in Fig. 5(d) is strictly
identical to that of the plasma-exposed CFC matrix, and thus lead
to the same sp2 fraction of 96%. The comparison of sp2 fractions be-
fore and after plasma irradiation is another relevant approach to
conclude that matrix exhibits no sign of D retention. We used this
later mentioned approach in the case of fibres constituting 30 vol.%
of CFC N11: as we showed that fibres EELS spectra are identical be-
fore and after plasma irradiation, we conclude a negligible reten-
tion in plasma-exposed CFC fibres. From these results, the D
trapping sites deep into the plasma-exposed CFC, evidenced by
the spatially resolved NRA D mapping shown in Fig. 2, are not lo-
cated in fibres and matrix.

In order to precisely characterize these deeply located D trap-
ping sites, FIB lamellae were extracted from D-rich zones revealed
by the NRA–SEM combination. For instance, Fig. 6 shows a TEM im-
age of the FIB lamella (positioned on a supporting carbon film) ex-
tracted from the zone represented by the dotted arrow in Fig. 3. It
has to be noticed that the TEM–EELS study showed once more no
sign of D retention in the matrix and the fibres. Fig. 6 reveals the
presence of a crack about 3–4 lm large between the fibre (labelled
F) and matrix (labelled M). Although the probed depth is limited by
the FIB technique, these cracks are believed to extend to depths at
least 3 lm under the initial CFC surface. From the different FIB
lamellae, we can also note that fibres in the direct vicinity of cracks
regularly present an irregular shape located some microns below
the mean surface of the CFC matrix. This behaviour is thought to
be issued from the fibre breaking during the mechanical cut of
CFC blocks. The black layer (labelled Pt), corresponding to the pro-
tective Pt layer deposited before the FIB etching procedure, follows
the same contours as an underlying grey layer labelled A (for amor-
phous). This layer, from the top to the bottom of the FIB lamellae, is
homogeneous (note that the contrast variation in the layer is only
due to the presence of the hole in the carbon supporting film, la-
belled H, allowing to acquire EELS spectra without contribution
of the supporting film) and exhibits the same sp2 fraction of 72%
as the layer shown in Fig. 4. Therefore, it can be reasonably thought
that the amorphous layer present in the cracks is exactly the same
as that deposited on the initial CFC surface.

From all these results, the presence of deeply located D-rich
zones revealed by spatially resolved NRA can be interpreted in
the following manner: a deuterated amorphous carbon layer is
deposited onto the CFC surface and exactly follows the local micro-
metric topography. This results in the filling of large gaps between
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matrix and fibres yielding D retention deep into the material. The
lateral heterogeneity of this retention has two explanations:

(i) The absence of emerging fibres in some CFC zones.
(ii) When samples are mechanically cut from CFC blocks, only

some fibres smash below the mean CFC surface and lead to
large cracks.

Indeed, Fig. 7 clearly shows a fibre exhibiting a plane surface at
the same height as the CFC matrix surface. In this case, in place of
large cracks between the fibres and the matrix, we note the pres-
ence of an intrinsic nanometer crack which could offer a way for
D atoms to migrate deeper into the material. Analysis of these
intrinsic cracks after plasma exposition is under progress.

4. Conclusion

In order to investigate the D retention capability of CFC materi-
als and to explain the particle balance results in Tore Supra during
long discharges, irradiation of CFC N11 samples at fluence up to
1 � 1025 m�2 has been achieved in TS. NRA and SEM analysis of
the most-exposed CFC sample, named B1, previously revealed the
presence of deep D-rich sites located in the vicinity of fibres. These
sites account for the long profile tail extending beyond 8 lm in the
D depth profile of the B1 sample. For a precise characterization of
these sites and for a detailed understanding of D retention mecha-
nisms, structural and chemical information on a submicron scale
are required. Therefore, in this work we have carried out a com-
bined TEM–EELS study of the B1 sample.

Results can be summarized in three main points:

(i) The investigation of the CFC microstructure before and after
plasma irradiation gives evidence of the growth of a 3.5 lm-
thick deuterated carbon layer on the CFC surface. This layer
can be unambiguously related to the D plateau observed in
the D depth profile measured by NRA.

(ii) TEM and EELS analysis demonstrated that there is no sign of
D retention in matrix and fibres.

(iii) D trapping sites located deep into the plasma-exposed CFC
correspond to the filling of large (3–4 lm) and deep (at least
3 lm below the initial CFC surface) cracks between fibres
and matrix by the deposited carbon layer. These cracks likely
appear when fibres smash during the mechanical cut pro-
cess of CFC blocks.
We can conclude that the deep and heterogeneous D retention
reported earlier is mainly due to the deposition of a deuterated
amorphous carbon layer which penetrates and fills the large, deep
cracks between some fibres and matrix. The question then arises as
to whether D is migrating in combination with carbon, for instance
via hydrocarbon radicals. Experiments investigating high-fluence D
implantation mechanisms in CFC materials without simultaneous
C fluxes would certainly provide valuable information regarding
this question. We can also wonder whether the same mechanism
of D infiltration is relevant for the nanometer cracks intrinsically
present in the CFC materials. This point is of major importance be-
cause these cracks, though narrower, would potentially allow D
atoms to migrate deeper in the material. These cracks could there-
fore offer a direct, simple path for D atoms to penetrate different
kinds of pores in the material.
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