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a b s t r a c t
In this paper, we present the study of thermal behaviour of 36Cl in nuclear graphite used in the St. Laurent
A2 UNGG reactor (graphite moderated and CO2 cooled reactor). 37Cl, used to simulate 36Cl displaced from
its original structural site by recoil, has been implanted into nuclear graphite samples (energy = 250 keV,
ﬂuence = 5  1013 at cm2). The samples have been annealed in the 200–800 °C temperature range and
analysed by SIMS. Structural modiﬁcations have been controlled by Raman microspectroscopy. This study
shows that, in the considered temperature range and for a short annealing duration (4 h), chlorine is
released almost athermally. At 500 °C, around 20% of the initial 37Cl content is released. At 800 °C, the
release reaches a plateau and the loss of 37Cl is around 30%. Raman microspectroscopy shows that 37Cl
implantation induces a structural disorder and that during annealing, the original structure is not completely recovered.
Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction
The dismantling of the ﬁrst generation ‘‘Uranium Naturel Graphite Gaz” French reactors, called UNGG, will produce an important
quantity of irradiated graphite waste. According to the French
law of June 2006, a speciﬁc disposal must be created for this low
activity waste. It is therefore necessary to assess the graphite waste
long-term behaviour.
Nuclear graphite is manufactured from petroleum coke grains
(ﬁller) blended with coal tar pitch acting as a binder. Shaped blocks
are formed by extrusion of the blend. They are heat-treated up to
about 2800 °C (graphitisation treatment) and polycrystalline
graphite is obtained. Blocks, intended for the moderator or reﬂector, may be further impregnated with pitch, re-baked and regraphitised in order to increase the density. Virgin nuclear graphites
have initial densities in the range 1.6–1.8 g cm3. The difference
with graphite crystal (density = 2.265 g cm3) is due to internal
porosity [1]. As a result of mixing of several carbon compounds,
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this material is structurally heterogeneous at a local scale. Nuclear
graphite presents a complex multiscale organisation. It can be locally more or less anisotropic and not completely graphitised. Nuclear graphite has a polycrystalline structure and contains
micrometer sized grains. The grains are formed by several more
or less oriented crystallites with a size of a few hundreds nanometers. Each crystallite is formed by a triperiodical stacking of graphene planes. Nuclear graphite contains also small amounts of
impurities like oxygen, hydrogen, metals and halogens, among
them chlorine. Chlorine contents range from some at. ppm to
around 50 at. ppm (called pristine chlorine in the following). It
could result from graphite puriﬁcation (elimination of sulphur
and metallic impurities) [2], as well as be present as an impurity
in coke or pitch.
During reactor operation, the main part of 35Cl is activated into
36
Cl [3,4]. Consequently, irradiated nuclear graphite contains 36Cl
isotope as an impurity. 36Cl has a long radioactive half-life (about
300,000 years) and is highly soluble in water and mobile in the
environment. 36Cl can be released during dismantling and storage.
Moreover in the case of long term disposal, it may contribute to a
signiﬁcant dose peak at the outlet after water ingress into the site
[5]. The release of 36Cl could have an impact on environment because of the high soil to plant transfer factor of chlorine [6,7].
The release of 36Cl depends on different processes such as water
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saturation or water access into graphite pore spaces. Moreover, the
solubilisation of 36Cl is controlled by its chemical form, as well as
its properties regarding diffusion and retention. In order to be able
to identify and quantify the release mechanisms of 36Cl into water,
it is necessary to determine its location and speciation before any
contact between graphite and water i.e. before dismantling and
disposal. Two main factors may determine chlorine’s behaviour:
temperature and graphite oxidation (thermal or radiolytic) [8].
In this paper, we present results concerning the thermal behaviour of chlorine in virgin nuclear graphite using a micrometric approach. This study is based on the use of ion implantation. This
technique has been widely used to study the lattice location, the
diffusion and the release of ﬁssion and activation products in nuclear materials [9–12]. In this study, 37Cl is implanted to simulate
the behaviour of 36Cl displaced from its original site through recoil
during reactor operation. Indeed, 36Cl is mainly produced by neutron capture according to the 35Cl(n, c)36Cl reaction having a strong
cross section for thermal neutrons (around 33 barns) and providing
a series of c-rays spanning a wide energy range from 517 to
8579 keV [13]. The recoil energy of 36Cl is calculated according to
Coltman et al. [14]:

Er ¼ 5:4  104

E2c =A

ð1Þ

with Er, the recoil energy in MeV, Ec, the gamma energy in MeV and
A, the atomic mass. It leads to a chlorine recoil energy value ranging
from 4 eV for a 0.5 MeV gamma-ray to 1.1 keV for a 8.6 MeV gamma-ray. This recoil energy is most of the time, large enough to displace the 36Cl atom from its equilibrium position, since a mean
energy of 25 eV is sufﬁcient to displace an atom from its lattice site
[15]. The displaced 36Cl will be a free uncharged atom or an electrically charged species. In either of these forms, 36Cl will be extremely
chemically reactive and will form bounds with the ﬁrst other species it encounters [16]. In nuclear graphite, chlorine will be able
to react with carbon (major constituent), oxygen (around 1%) and
metals (some ppm at.). Similarly, the implanted 37Cl is likely to create bounds with the nuclear graphite matrix elements. The distribution of 37Cl has been followed by Secondary Ion Mass Spectrometry
(SIMS). The evolution of the graphite structure after 37Cl implantation, and after the thermal treatments has been followed by Raman
microspectroscopy.
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2. Experimental
2.1. Samples
Several samples of virgin nuclear graphite (pile grade) used in
the French nuclear reactor Saint Laurent A2 (graphite moderated
and CO2 cooled reactor) have been studied (Fig. 1). Two kinds of
samples have been investigated. Both have been cut in a same
block (Fig. 2a). The ﬁrst one, called XY, contains grains preferentially oriented perpendicularly to the spinning axis. The second
one, called Z, contains grains preferentially oriented along the spinning axis. As a consequence, the XY plane contains more inter crystallite pores than the Z plane (Fig. 2b). The sample surfaces (around
1 cm2) have been polished to the micrometer.

2.2. Sample implantations and annealings
After manual polishing, the samples have been annealed at
1000 °C during 8 h under secondary vacuum in order to anneal defects induced by polishing.
In order to study the migration properties of chlorine at a
microscopic scale, 37Cl has been implanted into the polished sample surfaces. 37Cl+ ions have been implanted into the polished surfaces using the 400 kV ion implanter of the Institute of Nuclear
Physics of Lyon (IPNL, France). Target samples were cooled to
15 °C during implantation. The implantations have been performed
at a ﬂuence of 5  1013 at. cm2 and at an energy of 250 keV. The
37
Cl projected range (Rp) has been calculated using the Stopping
and Range of Ions in Matter (SRIM), based on Monte Carlo calculations, software [17]. The SIMS analyses have been performed at the
scale of nanoporous graphite grains. A matrix density of 2.2 g cm3
has been chosen for the calculations because we assume that this
density is representative of the nanoporous grains density. The
implantation results in a nearly Gaussian proﬁle with a projected
range Rp centred around 200 nm and a maximum atomic concentration around 50 ppm. The implantation ﬂuence was chosen to
limit the creation of defects and the effects due to release and/or
trapping usually observed at higher ﬂuences for volatile elements.
Indeed, the value of displaced atoms at the maximum of the defect
proﬁle in the implanted volume, calculated with SRIM, is around

Fig. 1. Picture of the surface of St. Laurent A2 nuclear graphite obtained by optical microscope.
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Fig. 2. (a) Sketch of XY and Z samples in a block of St. Laurent A2 nuclear graphite (b) Sketch of

0.02 dpa (displacement per atom). It is however high enough to get
a signiﬁcant signal of the implanted versus the pristine chlorine
during SIMS depth proﬁling.
In order to study the effect of graphite texture on the release of
chlorine, two implantation directions have been considered for the
implantations. The ﬁrst implantation has been performed in the
plane Z (along the spinning axis) and the second one in the plane
XY (perpendicularly to the spinning axis) (Fig. 2b).
After implantation, the samples have been annealed at temperatures ranging from 200 °C to 1000 °C during 4 h under argon ﬂux.
For each annealing, the furnace was pre-set to the requested temperature before entering the samples.
2.3. Analysis
SIMS experiments were carried out using the CAMECA IMS 6f
SIMS facility at the ‘‘Ecole des Mines de Paris” in Fontainebleau
(ENSM-P, France) to analyse 37Cl depth proﬁles on the implanted
and annealed samples. The focused primary beam was rastered
over an area of 150  150 lm2 on the sample surface. Secondary
ions were collected from a smaller region (8 lm in diameter) located at the center of the sputtered area to minimize crater-edge
effects. Accelerating voltages were set to 10 kV in the primary
ion source and to 4.5 kV on the sample holder, resulting in rastering of a 14.5 keV primary cesium ion beam of about 8 nA intensity.
Negative secondary ions detected as 37Cl (mostly implanted ions),
35 
Cl (initial impurities) and 12C (matrix ions) were collected. The
mass resolution M/DM, where M is the molecular mass of an isotope, was set to 800 to avoid a major polyatomic interference
due to C3H. As the 12C signal does not vary with the annealing
time, we used it as an internal reference to normalise the 37Cl signal. Pre-implantation 37Cl contribution (initial impurities) has been
computed from 35Cl signal and subtracted from total 37Cl signal
to obtain the actual 37Cl implanted concentration. 37Cl intensities
have been obtained as a function of sputtering time. For each sput-
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Cl implantation into XY and Z samples.

tered proﬁle, the depth scale has been determined by measuring
the crater depth by optical interferometry at the ‘‘Institut National
des Sciences Appliquées” (INSA Lyon, France), with Microsurf 3D
interferometer of Fogale nanotech. The depth resolution was estimated to be around 50 nm at the bottom of the craters. This value
is mainly due to the residual sample surface roughness (0.2 lm)
and to differential erosion rates due to local heterogeneities (more
or less graphitised zones in relation with the different carbon compounds). 37Cl intensities have been converted to 37Cl atomic concentrations, by normalising the areas of the as implanted SIMS
proﬁles by the areas of the proﬁles calculated with SRIM.
Finally, the evolution of graphite structure has been controlled,
at each step of the treatments (implantation and post-thermal
treatments), by Raman microspectroscopy, at the ‘‘Ecole Normale
Supérieure de Paris” (ENS, France), with a Renishaw InVia spectrometer using a laser wavelength of 514.5 nm. The analysed surface and mean depth were respectively around 1 lm2 and 0.2 lm.
3. Results and discussion
3.1. Temperature dependent evolution of chlorine concentration
Fig. 3 displays the comparison between the SRIM calculated
proﬁle and the as implanted experimental 37Cl proﬁles obtained
by SIMS for both samples. Table 1 presents the characteristics of
the concentration proﬁles (Full Width at Half Maximum (FWHM),
mean value Rp and integrated surface S) for the as implanted and
annealed samples. The comparison of the experimental proﬁles
and the SRIM proﬁle shows (Fig. 3): (1) A shift of the Z experimental proﬁle peak maximum with respect to the SRIM proﬁle; the
shift is lower or of the same order as the depth resolution; (2) A
spreading of both experimental proﬁles Z and XY over depth compared to the SRIM proﬁle. The FWHM of the SRIM, as implanted Z
and XY proﬁles are respectively of 84, 95 and 110 nm; we assume
that this spreading results from the porous texture of graphite.
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Fig. 3.
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Cl calculated proﬁle simulated by SRIM software and 37Cl implanted experimental proﬁles measured by SIMS for XY and Z samples of St. Laurent A2 nuclear graphite.

Table 1
Full Width at Half Maximum FWHM, projected range Rp and integrated surface S for
as implanted and annealed samples of XY and Z St Laurent A2 nuclear graphite.
Annealing temperature (°C)

FWHM (nm)

Rp (nm)

S (ppm nm)

Z

As implanted
200
400
600

95
95
105
100

175 ± 20
195 ± 20
185 ± 20
170 ± 15

1530
1310
1390
1220

XY

As implanted
600
800
1000

110
110
100
105

190 ± 15
175 ± 20
175 ± 20
210 ± 15

1180
960
996
866

Moreover, the larger spreading of the XY proﬁle compared to the Z
one is probably due to the fact that the XY plane contains more
pores forming preferential paths for chlorine implantation.
The depth proﬁles of 37Cl have been measured as a function of
annealing temperature from 200 °C to 1000 °C. Fig. 4a and b display the as implanted 37Cl proﬁle and the proﬁles after annealing
for both samples. In any case, no signiﬁcant spreading of the distributions, nor shift of the Rp is observed (as conﬁrmed in Table 1).
Only a decrease of the integrated peak surface is observed as a
function of annealing temperature. Consequently, the main migration process is chlorine release. Table 2 displays, for each annealing
temperature and each sample, the ratio CT/C0, the 37Cl release percentage and k the release kinetic constant (in s1) calculated
according to the following formula:

C T =C 0 ¼ expðkDtÞ

ð2Þ

with CT, the quantity of 37Cl in ppm after annealing at a temperature
T in K, C0, the as implanted quantity of 37Cl, Dt, the annealing duration in s. This table shows that chlorine is already notably released
at a low temperature around 200 °C. For the XY sample, the release
increases with temperature up to 800 °C where it reaches a plateau
with a maximum loss around 30%. This plateau is observed even for
longer annealing times of 8 or 12 h (not shown here). Moreover, the
release of chlorine is generally more important in sample XY com-

Fig. 4. SIMS proﬁles of as implanted 37Cl and after annealing for (a) XY and (b) Z
samples of St. Laurent A2 nuclear graphite.

pared to sample Z (Fig. 5). This could indicate that the inter crystallite pores are also preferential paths for chlorine release.
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Table 2
CT/C0 ratio, 37Cl release percentages and k release kinetic constant for XY and Z
samples of St. Laurent A2 nuclear graphite at different annealing temperatures for an
annealing time of 4 h. The associated errors correspond to statistical uncertainties.
Annealing
temperature (°C)

Sample

200

XY
Z

400

CT/C0

37

Cl
release (%)

Release constant
k (s1)

0.81 ± 0.19
0.84 ± 0.05

19
15

(1.5 ± 1.9)  105
(1.2 ± 0.4)  105

XY
Z

0.64 ± 0.17
0.88 ± 0.03

35
12

(3.0 ± 1.7)  105
(8.7 ± 1.9)  106

600

XY
Z

0.70 ± 0.03
0.81 ± 0.04

29
19

(2.4 ± 0.2)  105
(1.5 ± 0.3)  105

800

XY
Z

0.71 ± 0.02
0.81 ± 0.13

29
19

(2.4 ± 0.1)  105
(1.5 ± 1.2)  105

1000

XY
Z

0.71 ± 0.17
0.70 ± 0.11

29
30

(2.4 ± 1.2)  105
(2.5 ± 1.5)  105

The results have been plotted in an Arrhenius plot displaying
the release constant k versus the inverse of annealing temperature
for both samples (Fig. 6). This plot shows that the release follows a

Fig. 5.

Fig. 6.

37

general trend and a mean activation energy could be calculated.
The activation energy Ea has been calculated using the Arrhenius
law:

k ¼ k0 expðEa =kB TÞ

ð3Þ
1

with k0, the initial release kinetic constant in s , Ea, the activation
energy of 37Cl release in eV, kB = 8.65  105 eV K1 the Boltzmann
constant, T, the annealing temperature in K. The resulting activation
energies Ea, according to Eq. (3), are equal to 0.01 ± 0.01 eV for the
XY sample and to 0.04 ± 0.02 eV for the Z sample. These values
show that, in the considered temperature range and for annealing
times of 4 h, the release of chlorine is athermal.
3.2. Structural evolution of graphite during annealing: Raman
microspectroscopy
The structural evolution of graphite has been followed using Raman microspectroscopy. Fig. 7a and b represent the virgin graphite,
the implanted graphite and the evolution of Raman spectra for
sample XY as a function of annealing temperature. The comparison
of the spectra shows that: (1) The virgin graphite (Fig. 7a) displays

37

Cl release for both planes of St. Laurent A2 nuclear graphite.

Cl release as a function of inverse annealing temperature for an annealing time of 4 h for St. Laurent A2 nuclear graphite XY and Z.
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Fig. 7. Raman spectra of St. Laurent A2 nuclear graphite XY (a) virgin, (a) polished, (a and b) implanted and (b) annealed samples.

3 main bands: the G band centred at around 1580 cm1 corresponding to the ‘‘graphite” band (E2g mode) and two bands, called
D1 and D2, centred respectively at around 1350 and 1620 cm1
corresponding to defect bands [18–20]; (2) polishing (Fig. 7a) increases the D1 and D2 bands as a consequence of the decrease of
crystallite sizes as well as a probable modiﬁcation of the interlayer
spacing distribution [21]; (3) implantation (Fig. 7a and b) results in
a strong increase of D1 and D2 bands and induces a new D3 defect
band located around 1500 cm1. Such an increase of the D/G surface ratio probably corresponds to a crystallite size decrease
[18,22]. In fact, during the implantation, covalent bonds of sp2 carbons of aromatic rings are broken and covalent bonds (in-plane or
between different graphene layers) are created. The size of the
coherent domains decreases [23]. The same kind of defects has
been observed by Tanabe et al. [24] during graphite irradiation.
Irradiation with neutrons or ions results in discrete vacancies
and interstitials situated in and between the basal planes and are
also likely to include sp3 carbons. At high ﬂuences or with heavy
ion irradiation, the in-plane defects accumulate, resulting in bending of basal planes and three dimensional defect clusters. (4) During annealing (Fig. 7b), the intensities of the defect bands decrease
but, even at 800 °C and after 4 h annealing, the original structure is

not completely recovered. This progressive and incomplete
restructuration of nuclear graphite could be correlated to the release of 30% of the implanted 37Cl. This observation is in agreement
with the results obtained by Elman et al. who observe a restructuration of Highly Oriented Pyrolytic Graphite after annealing of implanted samples [23].
4. Conclusion
This paper aimed to study the thermal behaviour of 36Cl in the
Saint Laurent A2 nuclear graphite at a micrometric level. Following
main results have been obtained:
(1) SIMS experiments show that the thermal release of 37Cl,
used to simulate 36Cl displaced from its original structural
site by recoil, takes place already at 200 °C. For an annealing
time of 4 h and at 500 °C (temperature corresponding to
mean operating conditions), around 20% of the implanted
chlorine is released. The very low activation energy
(<0.1 eV) shows that chlorine loss is athermal. The release
reaches a plateau around 30% at 800 °C. Open pores likely
form preferential paths for chlorine release.
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(2) Raman microspectroscopy experiments show that the introduction of 37Cl induces the creation of defects. The progressive release of 37Cl during annealing is correlated to the
partial recovery of the initial structure.
Our results are in agreement with those of Clayton et al. [16]
obtained on irradiated graphites. These authors measured a rapid
release around 50% of the initial chlorine in Magnox and 30% in
AGR reactors. Moreover, they suggest that the further 40% of the
remaining chlorine is released over the reactor lifetime. All these
results are in favour of the existence of two chlorine chemical
forms of different thermal stabilities. It is likely that during reactor
operation the more labile fraction is rapidly released. Complementary experiments are underway in order to conﬁrm this hypothesis
and to take into account the corrosion effects.
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