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Abstract

Most of strategies to immobilize actinides are concerned with their incorporation in dedicated solid matrices for a
long disposal-time. Chemical durability of these matrices is a major problem. Radiation damages due to a-decay events
can strongly reduced it. The defect creation mechanism has been determined in fluoroapatite using a transmission
electron microscope (TEM) on line with an ion implanter. At room temperature, the defect creation is controlled by
amorphization directly in the cascade. From this result and published data on the defect annealing in this material, the
disorder evolution as a function of time has been established. An application concerning the incorporation of >*Cm is

considered. © 2001 Elsevier Science B.V. All rights reserved

PACS: 23.60.+e; 61.72Cc; 61.80.Az

1. Introduction

Actinides are very radiotoxic elements that often
have long life-times. Their incorporation in dedicated
ceramics for long time in a deep stabilized geologic re-
pository is one strategy under investigation to isolate
them from the biosphere. Several previous studies de-
scribe the apatitic structure as a crystalline phase of in-
terest for nuclear waste storage [1-7]. The most
abundant apatite chemical composition found in nature
is fluoroapatite (Ca,o(PO.)4F>). The general aim of this
work is to study the radiation effects from actinides in
this crystalline phase.

During o-decay events, energetic recoil nuclei
(a-recoils) may induce a large disorder level or even a
crystalline to amorphous phase transition. This phase
transformation has two effects:
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(i) The water dissolution rate is increased by a fac-
tor up to 100 [8].

(it) In case of multiphase matrices or inhomo-
geneous actinide concentrations, the associated
macroscopic swelling [8] can induce micro-fractures
or even a partitioning of the waste form which may
enhance the actinide release by another factor since
the leached surface area increases.

During the disposal time, a waste form will undergo a
significant radiation dose that is often expressed as the
number of displacements per atom (dpa), which is gen-
erally one to two orders of magnitude larger han the
dose necessary to amorphize it, depending on the acti-
nide loading. As a consequence, if no precaution is
taken, total amorphization can occur during disposal
thus leading to a large increase of the actinide release.
Consequently, waste forms should ideally have some
efficient recovery mechanisms to prevent total amorph-
ization. But the safest disposal conditions are even more
strict. Indeed, when the disorder increases, a percolation
phenomenon may appear between the disordered zones,
leading to accelerated dissolution paths deep inside the
waste form and hence to a large increase of the leachable
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surface area [9]. The disorder concentration should re-
main below about 20% or 30% to avoid this defect
percolation effect. Then it is obvious that the disorder
level in the waste forms must be predicted at any dis-
posal time to fulfill this condition. For this reason, the
creation and annealing rates of the defects induced by
a-recoils in the waste form have to be measured to de-
termine the disorder evolution. The defect annealing
rates have been measured on fluoroapatite single crystals
by Rutherford Backscattering Spectrometry associated
with channeling (RBS-C). These experiments have
shown that a very important defect recovery process
exists due to the electronic energy loss of a-particles
[10,11], and on the other hand, the thermal annealing is
very low and usually negligible compared to a-annealing
[9,11]. This paper is devoted to the determination of the
defect creation mechanism in fluoroapatite. From our
results and published data on the defect annealing be-
havior [10,11], the differential equation which governs
the disorder evolution as a function of time was estab-
lished in fluoroapatite [9]. An example of numerical
evaluation concerning the incorporation of 1% weight of
24Cm is considered.

2. Experimental techniques

Disorder induced by a-recoils are simulated by ion-
beam irradiation in this study. The disorder evolution as
a function of ion fluence is measured to determine the
defect creation rate. For this measurement, RBS-C
cannot be used in fluoroapatite due to the very efficient
a-annealing effect that anneals the defects created by
ion-simulated o-recoil [10]. Consequently, the disorder
creation was measured using a 120 kV transmission
electronic microscope (TEM) on line with the 190 kV
IRMA implanter [12,13]. TEM fluoroapatite samples
have been prepared from a sintered polycrystalline disc
[14]. This disc is thinned down to a 200 pm thickness and
carefully polished on one face with different diamond
powder suspensions down to a grain size of 0.25 um. The
other face is thinned to a bowl shape down to about a
5 pum thickness at the center. An argon ion mill was used
to thin the sample to preforation.

The 100 keV a-recoils are simulated at room tem-
perature by 320 keV Pb-ions. This energy has been
chosen because it does not modify the defect nature and
allows for increasing the disordered layer thickness
which improves the signal over noise ratio. The ion
current used is set as low as 0.05 pA/cm? to keep the
ion-beam heating effect at a negligible level. Irradiations
have been performed by steps of 10'* Pb/cm?. After
each irradiation the disorder level is measured using the
selected area electron diffraction technique (SAED) on
several zones in order to improve the accuracy.

Five conditions must be fulfilled to compare the
different SAED patterns obtained during in situ experi-
ment [15]:

(i) It is necessary to work with the same crystalline
orientation far from any low index axis to avoid
large variations of the electron fraction that pro-
duces the diffuse halo [16,17].

(ii) As the sample has an inhomogeneous thickness,
each measurement must be performed with the
same electron-beam spot size and with the same po-
sition on the sample to keep constant the crystalline
fraction of the selected area.

(iii) The electron beam current of only 0.5 nA was
spread on a 50 pm? area to limit the defect anneal-
ing by the analyzing electrons [18,19]. Under these
conditions, the required time to come back on a
given position and to take a picture is about 1
min; thus the electron annealing effect corresponds
to less than 1% of defects that are present.

(iv) The diffraction patterns are registered on photo-
graphic plates with always the same exposure time
(Fig. 1). To make correction for any electron-beam
current drift, its intensity is measured precisely with
a Faraday cup before each SAED measurement.
(v) All the plates corresponding to a given position
on the sample must be developed simultaneously to
prevent any perturbations due to the developer
temperature and age.

Fig. 1. Diffraction pattern after 2 x 10> Pb/cm? implantation.
The diffuse ring due to the electron diffraction on the amor-
phous zones and the diffraction maximum due to the crystalline
remaining part are displayed.
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Fig. 2. Typical diffuse ring intensity profile: (a) as measured,
(b) after correction for photographic plate nonlinearity, and
(c) background fit.

The plates are then digitized to measure the intensity
of the diffuse ring produced by the electron diffraction
on the amorphous zones. The intensity profile is mea-
sured along four different radial directions chosen where
there are no diffraction maximum. Each intensity profile
is corrected to account for the nonlinear response of the
plates [15] (Fig. 2). The diffuse ring appears on a back-
ground that varies rapidly. A good fit of this back-
ground can be obtained on both side of the diffuse ring
using the sum of two exponentials and a constant term
[15] (Fig. 2). Its subtraction gives us the ring intensity.
The average of the results on the four radii is used to
define the disorder level after each irradiation step.

3. Experimental results

During the first Pb-ion irradiation the thinnest parts
of the TEM sample are destroyed. Therefore, a large
fraction of the zones investigated provides a thickness
that can be larger than the Pb-ion range. Thus, the
diffuse ring intensity, which is proportional to the total
disorder volume, corresponds to a very inhomogeneous
defect distribution versus depth since a fraction of the
sample thickness always remains crystalline. The mea-
sured intensity as a function of Pb-ion fluence gives the
evolution of an average disorder level over zones having
different defect concentrations. It is thus difficult to get
from these measurements a very precise value for the
defect creation rate and the amorphization dose. How-
ever, the experimental data as a function of Pb-ion flu-
ence (Fig. 3) can be fitted by Eq. (1)

y=1—exp(-V®/R), (1)

where y is the disorder fraction when there is no defect
post-cascade annealing, @ the ion fluence, V' the average
amorphized volume by each ion impact, and R is the
average amorphized thickness. The fit is consistent with
the fluoroapatite amorphization being governed by the
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Fig. 3. Amorphization curve of Ca;o(POy4)(F, as a function of
lead ion fluence. The solid line is obtained using Eq. (1).

direct-impact model [20,21]. When this amorphization
process is dominant every ion creates a small-localized
amorphous volume in the virgin part of the crystal. This
volume, which depends on the temperature, defines the
defect creation rate.

Eq. (1) fit provides a V/R ratio equal to (4.5+
0.3) x 107" cm?. From a SRIM calculation [22] the
amorphized thickness R is determined to be to 73 +4
nm. Thus, the amorphous volume created by each lead
ion is equal to (3.3+0.4) x 107! cm?.

4. Application for actinide immobilization

The present results, showing that the fluoroapatite
amorphization occurs according to the direct impact
model, allow the use of the differential equation estab-
lished by Chaumont et al. [9] to calculate the matrix
disorder level evolution, y, as a function of time in the
case of fluoroapatite

dy = W(T)[l — y|dD — y[F exp(—E,/kT)dt
+ (c(T)E,/2)dD). )

This equation contains:

(i) The disorder creation term, V,(T), which is the
average disordered volume produced by a a-recoil
at temperature, 7, (1 — y) is the crystalline fraction
and dD is the dose increment.

(i1)) The defect thermal annealing term, which de-
pends on temperature and is defined by F the jump
frequency and E, the activation energy. This ther-
mal annealing term should be proportional to the
surface of the crystalline/amorphous interface. This
surface cannot be precisely calculated since the
shape of individual defects is not known, but after
some time a more or less steady size distribution
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will probably appear. Consequently, as a first ap-
proximation, we will assume that the thermal an-
nealing term is proportional to y.

(iii) The a-annealing term, ¢(7), which is the vol-
ume recovery per electronvolt deposited by the
a-particles having an energy E,. When a-annealing
operates the disordered fraction, y, decreases ac-
cording to a mono-exponential law as a function
of the «_flux [10]. It means that the annealing effect,
dy, is always proportional to y and that only the
energy deposited into the amorphous zones is effi-
cient.

This differential equation can only be partially solved
using the initial conditions: y=0and D=0at ¢t =0. It
gives rise to Eq. (3) where the amorphous fraction, y,
appears as a function of the cumulative dose, D

vy =A[l — (Fexp(—E,/kT)I(t) + 1) exp(—(V(T)
+ e(T)E,/2)D — F exp(—E,/KT)1)]

with
A =W(T)/(W(T) + c(T)E,/2)

and

10 = [ expl(4(r) + (7). /2D
+ F exp(—E,/kT)u] du. (3)

More details on this equation will be published else-
where [9].

When actinides are introduced into fluoroapatite, a
chemical composition modification is necessary to
keep the charge balance. To apply Eq. (2), one assumes
that for low actinide concentrations this chemical
modification does not change the defect creation and
annealing rates. This equation was solved in case of a
fluoroapatite matrix loaded with 1 wt% of **Cm
(tio = 18.1 years, E, = 5.8 MeV) which decays succes-
sively to 2*Pu (1, = 6570 years, E, = 5.18 MeV) and
38U (1, = 2.4 x 107 years) which was considered as
stable in the present application.

The disorder volume produced by a 95 keV recoiling
240pPy atom at room temperature has been calculated
from the disordered volume produced by 320 keV lead
ion assuming that both volumes are proportional to the
respective number of displaced atoms obtained by
SRIM calculation [22]. This volume is equal to
1.2 x 107" c¢m?, while previous RBS measurements give
a V, value of 4.8 x 1072 cm? [9]. Presently, it is difficult
to know which method gives the more accurate result.
To calculate the disorder level evolution, an average
value of Vj = 8.4 x 1072 cm? was used.

In the beginning of the disposal time, the waste form
temperature will be higher than 25°C, the temperature
where V;(7T) has been measured. Taking into account the
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Fig. 4. Disorder level evolution as a function of time for a
fluoroapatite matrix loaded with 1 wt.% of >*Cm at 60°C.

fact that the amorphization dose is inversely propor-
tional to 75(7) when the direct-impact model applies, the
published curves giving the amorphization critical dose
evolution with respect to temperature for the fluoroap-
atite [23,24] can be used to evaluate the amorphous
volume reduction with the temperature rise. Presently,
the repository temperature evolution is not yet well de-
termined. If one considers a constant temperature of
60°C, an increase of 25% in the critical amorphization
dose can be expected with respect to 25°C data [23,24].
Consequently, ¥} is effectively decreased by a factor 1.25:
Vo (60°C) = 6.7 x 1072 cm®. For the annealing terms,
previous evaluations give at 60°C a defect thermal life-
time of 1 million years [25] and a recovery volume per
electronvolt equal to 1.16 x 10723 cm?/eV [9,10].

From these data, the disorder evolution versus time
in fluoroapatite can be calculated. It is plotted in Fig. 4.
This curve shows that the disorder level increases rapidly
up to about 17% and then reaches a plateau lasting 10°
years that ends when the a-activity becomes negligible
and the thermal annealing operates. There is no signifi-
cant variation of the disorder level when the **Cm is
replaced by its daughter >°Pu with a lower a-energy,
since the recoiling atom energy is reduced in the same
proportion.

5. Conclusion

The first result of this study is that the amorphization
process in (Cajo(PO4).F>) fluoroapatite follows the di-
rect-impact model. This amorphization mechanism has
already been reported for a >**Cm loaded silicate apatite:
Ca,Ndg(Si04)40; [8,26]. Thus, this study confirms that
direct-impact amorphization is the dominant process for
a large range of apatite compositions.

The second result is that in a fluoroapatite potential
matrix, the disorder induced by a-recoils rapidly reaches
an equilibrium low level that is independent of the dose
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rate. This property is due to the very efficient annealing
effect produced by the a-particle flux.

However, the chemical composition of the phos-
phocalcic fluoroapatite must be modified to introduce
in the structure a significant amount (10% weight) of
actinides.

Experiments are in progress to determine the influ-
ence of this modification on the defect creation and
annealing rates.
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