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Abstract

As potential actinide-bearing phase for geological deposit of nuclear wastes, the b-Thorium Phosphate Diphosphate
ceramic (b-TPD), Th4(PO4)4P2O7, must be resistant against radiation. A high-energy ion beam (840-MeV Kr) was used
to check this property by simulating the electronic effects of radiation. The amorphization of the material was followed
in situ by using the on line XRD analysis setup (CHEXPIR) of the GANIL accelerator. XRD measurements show a com-
plete amorphization of the material with a kinetics which fits to a direct impact model. Thermal annealing of amorphized
samples leads to a complete recrystallization of the structure at 1023 K.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Ceramics, especially phosphated ones, are pre-
sented as good candidates for nuclear waste immo-
bilization [1–3]. Thorium phosphate diphosphate
(b-TPD), b-Th4(PO4)4P2O7, has been proposed as
an actinide-bearing phase for nuclear waste storage.
This material, which can be loaded in situ with large
amounts of tetravalent actinides [4,5], appears to be
very resistant against aqueous corrosion [6] and
exhibits a good thermal stability.
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A good candidate for nuclear waste immobiliza-
tion must also be resistant to radiation. Actually,
a nuclear waste matrice is subjected to the a-decay
of incorporated actinide elements, which produces
typically 5-MeV a-particles and heavy recoil nuclei
of about 100-keV. The kinetic energy of an incident
particle in a solid can be transferred either to elec-
trons by ionization or electronic excitations or to
atoms by ballistic processes involving elastic colli-
sions. In a-decays, the nuclear contribution is dom-
inant for low-energy recoil nuclei (�100 keV), while
the transfer is mainly electronic for the high-energy
a-particle (�5-MeV). It is well known that ion irra-
diation can deeply modify the crystalline structure
of a solid and consequently alter its physical and
.
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chemical properties, such as the chemical durability
of the irradiated zones [7]. Therefore it is of major
interest to study the production of radiation defects
in a storage matrix in both electronic and nuclear
regimes.

The most worrisome radiation effect affecting
nuclear matrices is certainly the transformation of
the crystalline phase into an amorphous one. Many
studies have been previously devoted to the amor-
phization trend of phosphate-based ceramics
selected for nuclear waste storage. Karioris et al.
[8] irradiated monazite (LnPO4) with 3-MeV Kr at
room temperature and found that this material
amorphizes at a fluence less than 5 · 1014 cm�2.
According to Meldrum et al. [9], phosphate ceram-
ics should present a lower sensibility to ion-beam
irradiation than silicate analogue structures. How-
ever, radiation effects have never been investigated
on b-TPD. It was necessary to submit this material
to drastic irradiation conditions in order to deter-
mine the limit resistance to amorphization.

This article presents a study of the damage result-
ing from the irradiation of b-TPD with 840-MeV
krypton ions. In storage conditions, the energy of
both a-particles and recoil nuclei is much lower
(see above). However, the high energy of krypton
ions was chosen with the double aim to (i) alter
the material on a thickness which is observable by
in situ XRD analyses and (ii) investigate the effects
of almost pure electronic energy loss. The study of
the radiation damage created by elastic collisions
via the use of low-energy ion beams is the topic of
a forthcoming work.

2. Experimental procedures

2.1. Synthesis of the samples

b-TPD can be synthesized through several ways
[4]. For irradiation experiments, the samples were
prepared by the wet chemical method [10] which
involves the initial precipitation of the thorium
phosphate hydrogen phosphate hydrate (TPHPH),
Th2(PO4)2HPO4 ÆH2O, as a crystallized precursor.
A mixture of concentrated thorium nitrate and phos-
phoric acid solutions (respectively of 5 · 10�4 mol
g�1, i.e., 0.7 M and 4 · 10�3 mol g�1, i.e., 5 M),
considering a mole ratio of r = PO4/Th = 3/2, was
slowly evaporated at 433 K for 8–10 days in a
PTFE container. The crystallized solids were sepa-
rated from the supernatant by centrifugation at
4000 rpm. They were washed several times with
deionized water in order to eliminate the remaining
acid and then with ethanol. They were finally dried
at 363 K for 2–3 h.

The obtained TPHPH powder was characterized
by X-ray diffraction (XRD), electron probe micro-
analysis (EPMA) and scanning electron microscopy
(SEM). The surface area was estimated at 15 m2 g�1

from the BET method. These results match well
with previous studies [11].

After heating at 723 K in air in order to eliminate
volatile compounds, the obtained a-TPD powder
[12] was sintered via an uniaxial room temperature
pressing at 250 MPa in a 10 mm diameter cylindri-
cal die. The resulting pellets were then thermally
heated in an alumina crucible for 15 h at 1473–
1523 K to prepare b-TPD. The sintering enables to
increase the cohesion of the grains in the solid and
leads to a compound with an enhanced mechanical
resistance. The dimensions of the pellets after sinter-
ing are 8.8 mm in diameter and 0.9 mm in thickness.

2.2. Irradiations and X-ray diffraction analysis

Ion irradiations were performed with 840-MeV
78Kr32+ ions at room temperature on the CHEXPIR
setup at the GANIL accelerator (Caen, France).
This facility enables to follow in situ the structural
evolution of irradiated materials by means of an
INEL XRD apparatus equipped with a CPS 120
detector. The XRD patterns were recorded at room
temperature from 10� to 60� (2h) using a monochro-
matized Cu Ka radiation (k = 0.15418 nm). The ion
flux was about 5 · 108 cm�2 s�1, which led to an
increase of temperature lower than 100 K. Thus,
thermal annealing under irradiation was negligible
and could not compete significantly with amorph-
ization. XRD acquisitions were performed at sev-
eral fluences in the range 1011–1013 cm�2 in order
to follow the evolution of the crystalline structure
of b-TPD under irradiation. As the pellet got acti-
vated under irradiation, it was necessary to let the
activity decrease for at least 15 min after each irra-
diation run before performing the XRD acquisition
in order to limit the background.

The electronic (Se) and nuclear (Sn) contributions
to the Kr ion energy loss were determined with the
Monte Carlo simulation TRIM 2000 code [13]
assuming a density of 5.2 g cm�3 and a threshold
energy of 25 eV for all atoms [14]. The variations
of Se and Sn versus depth for 840-MeV Kr ions in
b-TPD are reported in Fig. 1. The projected range
Rp and the range straggling DRp of incident ions



Fig. 1. Variation of nuclear and electronic energy loss contribu-
tions versus depth in a b-TPD pellet irradiated with 840-MeV Kr
ions.
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Fig. 2. XRD diagrams of sintered b-TPD pellet irradiated with
840-MeV Kr ions at several fluences.
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Fig. 3. Variation of the intensity of the XRD lines corresponding
to the (020) reticular planes versus the Kr fluence.
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are about 72 lm and 0.79 lm, respectively. The
maximum X-ray penetration in b-TPD is about
9 lm, which corresponds to the first 12% of the
range. Consequently, the characterization by XRD
analysis only concerns an irradiated thickness where
Se can be considered as constant and equal to
1.03 · 104 keV lm�1. In this thickness, the nuclear
contribution Sn is equal to 7 keV lm�1 and is thus
negligible compared to Se. Actually, Sn leads to a
dose of 10�4 dpa (for the maximum fluence of
1013 cm�2 investigated in this study) which is well
below the critical amorphization dose of 0.2 dpa
determined in previous studies [15]. Thus, irradia-
tion-induced defects in the thickness probed by
XRD are mainly created by electronic processes.

2.3. Annealing experiments

Annealing experiments of fully amorphized
b-TPD pellets were made in alumina boats using
Pyrox HM 40 or Adamel FR 20 furnaces. Samples
were heated under air at 1023 K. After each hour
of heating XRD diagrams were registered in order
to track recrystallization. They were collected with
a Brücker D8 Advanced Roentgen diffractometer
system using Cu Ka rays.

3. Results and discussion

Fig. 2 presents XRD diagrams recorded before
and after irradiation at several ion fluences. Patterns
exhibit a decrease of the amplitude of the main
peaks as the fluence increases. A more detailed anal-
ysis of these diagrams in a reduced angular field
(between 16.5� and 17.2�) shows the effect of irradi-
ation on the intensity of the XRD lines correspond-
ing to the (020) reticular plane of b-TPD (Fig. 3).
These figures underline the decrease of the net area
and the increase of the full-width at half-maximum
(FWHM) of the diffraction lines. This observation
evidences the progressive amorphization of b-TPD
by Kr ions. Amorphization of the whole irradiated
thickness occurs at about 1013 cm�2.

The classical method of analysis of FWHM
values uses the Williamson relation which enables
to estimate the value of the constraints and the size
of the coherent fields [16]:

dð2hÞ cos h � kk
s
þ 4e sin h; ð1Þ
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where k is the form factor which lies between 0.9
and 1, k is the X-ray wavelength, s is the mean
diameter of coherence fields, h is the diffraction
angle, e is the squared average of the relative defor-
mation of the interreticular distance, and d(2h) is the
width corresponding to the material. The size of
coherent fields was calculated according to Eq. (1)
and was found to be about 1 lm. Thus, Eq. (1)
was used out of its field of validity.

The net area of the diffraction lines depends on
the relative proportion of the amorphous phase in
the crystalline structure according to the equation
[17]

fa ¼ 1�

Pn
i¼1

Airradiated
i

Aunirradiated
i

n
; ð2Þ

where Airradiated
i is the net area of the diffraction line

number i in the XRD diagram recorded on the irra-
diated sample, Aunirradiated

i is the net area of the same
diffraction line in the XRD diagram on the unirradi-
ated sample and n is the number of diffraction lines
considered.

The amorphization build-up may be followed by
measuring the normalized area of the 26 main XRD
lines in the XRD diagrams (Fig. 4). Experimental
data may be modeled assuming that amorphization
occurs via a direct ion impact mechanism [18], rep-
resented by the equation

fa ¼ 1� expð�raUÞ; ð3Þ
where fa is the amorphous fraction, U is the ion
fluence and ra is the cross-section of the cylinder
around the ion path in which the matter is amor-
phized. The fit of experimental data to Eq. (3)
allows one to extract the cross-section for radiation
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Fig. 4. Variation of the amorphous fraction with the Kr fluence.
The solid line corresponds to a fit of data using Eq. (3).
damage formation, ra = (5.0 ± 0.7) · 10�13 cm2,
which corresponds to a track diameter of 8.0 ±
0.5 nm.

The unit cell parameters and volume of the mate-
rial under irradiation were estimated by fitting the
XRD spectra with the U-Fit software [19]. This
analysis was possible for fluences lower than
5 · 1012 cm�2, i.e., when the diffraction lines are still
well defined. Although the precision of the fit is not
very high because of the broadening of the diffrac-
tion lines upon irradiation, the unit cell parameters
decrease with increasing irradiation fluence (Fig. 5).
The relative decrease is estimated to 1% between the
unirradiated material and the fluence of 5 ·
1012 cm�2 in the three spatial directions: this leads
to a decrease of the unit cell volume of �3%. The
similar decrease of the three unit cell parameters a,
b and c shows the isotropy of the deformation due
to amorphization. This interpretation is coherent
with the similar evolution of the areas of the differ-
ent diffraction lines of XRD spectra during irradia-
tion (Fig. 6). Amorphization does not alter
preferentially any crystallographic plan family.

This observation of a decrease of the cell volume
is quite unusual for irradiated materials: it is far
more common to observe a swelling of the unit cell
in the first steps of amorphization. An exception is
provided by silica which exhibits a densification
under irradiation, due to the shift of the SiO4 tetra-
hedral groups from their initial crystallographic
positions [20]. In the case of b-TPD, the same phe-
nomenon may occur with the phosphate or diphos-
phate groups which may be displaced without being
destroyed. This interpretation is supported by
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Fig. 5. Relative variations of the unit cell parameters (d: a, m: b,
j: c) and of the cell volume (�) of b-TPD versus the Kr fluence.
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Fig. 6. Relative variations of the normalized areas of some XRD
lines of b-TPD versus the irradiation fluence: (s) (210), (d)
(020), (j) (212), (n) (421).
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Fig. 7. l-Raman spectra recorded on unirradiated and irradiated
b-TPD sintered at the indicated fluences.
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results obtained from l-Raman spectroscopy
(Fig. 7). Indeed, the spectra recorded on irradiated
samples always display the vibration bands charac-
teristic of either phosphate or diphosphate groups
even after complete amorphization (i.e., at a fluence
of 1013 cm�2) (Table 1). Some spectra also present
an increasing base line: this is due to the lumines-
cence of the material under laser excitation, due to
Table 1
Attribution of l-Raman bands (cm�1) for unirradiated and irradiated

(P–O)

ds (cm�1) das (cm�1) ms (cm

Unirradiated b-TPD 350–450 490–645 960
1012 cm�2 350–450 490–650 950
7 · 1012 cm�2 310–480 490–660 NO
2 · 1013 cm�2 320–500 450–650 NO

Fig. 8. SEM micrographs of the surface of a b-TPD sintered sam
2.5 · 1012 cm�2 (b) and 1013 cm�2 (c).
the presence of crystalline defects induced by irradi-
ation. But the phosphate groups remain unchanged.

According to Scanning Electron Microscopy
observations (Fig. 8), grain boundaries are less visi-
ble as irradiation progresses. This microstructure
evolution may be due to the vitrification phenome-
non observed in other irradiation experiments [15]
and leads to a progressive disappearing of grain
boundaries.
b-TPD samples at several Kr fluences

(P–O–P)

�1) mas (cm�1) ms (cm�1) mas (cm�1)

970–1190 700–740 920–950
970–1180 700–740 910–970
970–1200 680–800 NO
900–1220 680–820 NO

ple before (a) and after irradiation with 840-MeV Kr ions at
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Fig. 9. XRD diagrams of an amorphous b-TPD sample during thermal annealing (T = 1023 K, one hour steps).
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Annealing experiments were performed on fully
amorphized b-TPD samples by heating them at
1023 K for 13 h under air (Fig. 9). At the end of
the annealing process, XRD spectra revealed a total
recrystallization of the amorphous layer. The evolu-
tion during the thermal treatment of the net areas of
the diffraction line for the different crystallographic
planes is presented in Fig. 10. A similar increase of
the areas of the various diffraction lines evidenced
that the recrystallization process is isotropic (as
amorphization). Furthermore, additional experi-
ments showed that, at 900 K, the annealing kinetics
is very low: more than 1000 h are required to reach
complete recrystallization. This observation con-
firms the absence of annealing process under
irradiation.
4. Conclusion

This study aimed to follow in situ the structural
evolution of the phosphate-based ceramic b-TPD
during irradiation with high-energy ion beams by
using the CHEXPIR setup of the GANIL accelera-
tor. Amorphization was achieved upon irradiation
with 840-MeV ions at room temperature. The
exploitation of the XRD diffraction line areas
enabled to estimate the amorphous fraction of the
material as a function of the ion fluence. The varia-
tion of the amorphous fraction fits perfectly to the
direct impact model, which leads to an estimation
of the diameter of the ion track: 8.0 ± 0.5 nm. Total
amorphization occurs in the whole thickness of the
material at a fluence of 1013 cm�2. An isotropic
compaction of the pellets is also observed under
irradiation: the unit cell volume decreases by about
3% with the same kinetics in the three dimensions.
Furthermore, no preferential alteration of any
crystallographic plane family is observed. This phe-
nomenon can be explained by a displacement of
phosphate and diphosphate groups (PO4 and
P2O7) from their initial crystallographic positions
without being altered. The presence of chemical
bounds characteristic of phosphate groups in the
amorphized material was confirmed by l-Raman
spectroscopy. Total recrystallization was achieved
upon thermal heating at 1023 K.

This work was mainly devoted to the study of the
effects of radiation on the structure of b-TPD. The
irradiated samples were then submitted to dissolu-
tion tests in order to study the consequences of
irradiation on the chemical properties of the mate-
rial, more particularly the chemical durability of
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the irradiated phase. These results will be presented
in a forthcoming paper [15].
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