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Abstract

Thoria is a promising matrix for the immobilisation of plutonium in either a burning or a conditioning strategy. The
aim of this work is twofold: to study the impact of the addition of plutonium, simulated with cerium, on the physico-
mechanical properties of thoria and to investigate the possibility of synthesising ceramics employing simple fabrication
routes. Th;_,Ce, O, powders with ceria concentrations from 0 to 75% were synthesised by the co-precipitation method.
The properties of the powders, such as thermal and crystallisation behaviour, were determined as a function of ceria
content and calcination temperature. (Th, Ce)O, pellets containing up to 20% ceria were compacted from non-ground
675 K calcined powder using a double repressing method. The pellets have densities of up to 0.98 TD and a homogeneous
surface with well-distributed pores. The main mechanical properties, such as microhardness and fracture toughness, were

also investigated as a function of ceria content.
© 2006 Elsevier B.V. All rights reserved.

PACS: 61.66.B; 81.20.E; 62.20.M; 68.37.E,H, LN

1. Introduction

The partitioning and transmutation strategy of
plutonium and the minor actinides has been
proposed for the reduction of the long-term radio-
toxicity of nuclear waste. Transmutation requires
the development of dedicated fuels. Alternatively,
after partitioning, the actinides can be conditioned
into stable dedicated solid matrices (partitioning &
conditioning strategy) [1]. Thorium oxide is a very
attractive matrix from a waste minimisation point
of view. In fact, by using thoria as a support for
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burning plutonium in LWRs, the actinide produc-
tion is very low and thus the consumption rates of
Pu are very high [2-5]. Moreover, thoria is also a
chemically inert matrix and very resistant to leach-
ing, so that it can be used as an inert matrix for final
disposal [6,7].

ThO,—PuO, system was already well investigated
and the fabrication of thorium oxide pellets,
spheres, or coated particles is well known [1]. How-
ever, some data about the impact of the addition of
plutonium on the thermal and crystallisation behav-
iour of the material are missing. Moreover, thorium
matrix may be used for further immobilisation of
trivalent actinides particularly in the case of a con-
ditioning strategy. In this case easy fabrication
processes and homogeneous final material being
required [1]. Because, the co-precipitation method
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is among the simplest techniques for rapid synthesis
of large amounts of material and chemically homo-
geneous for powder synthesis it appears as an inter-
esting method. However, the main disadvantage of
this method is the formation of interparticle bonds
during drying that cause particle aggregation/
agglomeration [8]. Thus a grinding-milling step is
usually required to reduce the agglomerate size
and so improve the sinterability of powders.
The aim of the present work is twofold:

(1) to study the impact of the addition of tetrava-
lent actinides, simulated in this work by cer-
ium, on the properties of the matrix;

(2) to investigate the possibility of synthesising
thoria-based ceramics for plutonium burning
and storage by using co-precipitation methods
without milling step.

In the present study, several oxide powders com-
posed of thoria and ceria (Th;_,Ce,O,), with a ceria
ratio (x) varying from 0 to 75 mol%, have been syn-
thesised by co-precipitation. In fact, cerium shows
properties similar to plutonium. These elements
are isostructural and have nearly identical cation
radii. Besides, the Ilattice constants for PuO,
(0.5395nm) and for CeO, (0.5411 nm) are close
together [9,10]. The thermal behaviour of the pow-
ders and the peculiarities of material crystallisation
have been investigated. Pellets containing ceria from
0 to 20% were fabricated, utilising powders pre-
pared by co-precipitation, without milling, using a
pressing by repressing method, and their micro-
structure and mechanical properties were also inves-
tigated as a function of ceria concentration.

2. Experimental procedure
2.1. Synthesis of Th;_.Ce.O> powders and pellets

Th,_,Ce, O, powders with ceria contents of 0, 5,
10, 15, 20, 25, 50, and 75 mol% were synthesised by
the co-precipitation method. Th(NOs;), - SH,O
(Merck, p.a.) and Ce(NO3); - 6H,O (Alfa Aesar,
99.9%) were used as initial materials. The required
quantity of the salt was dissolved in deionised water
at room temperature, reaching a concentration of
approximately 1072 mol/L. On stirring, ammonia
gas was used for co-precipitation. To ensure a slow
and homogeneous precipitation, NH; was added to
the surface of the solution until the reaction was
complete. Precipitates were then separated, washed

by deionised water, and finally dried at 385 K for
24 h. After drying, the powders were calcined in
air at 675 K for 5 h. Approximately 1g of the non-
ground powders was pressed by cold uniaxial press-
ing into cylindrical pellets of 10 mm diameter. The
powders were compacted by using a double repress-
ing method at 890 MPa. The pellets were then
sintered at 1875 K for 5 h in air atmosphere in an
electric resistance furnace (Linn HT 1800). The
employed heating rate from room temperature to
1875 K was 5 K min .

2.2. Characterisation

The thermal behaviour of the powders was inves-
tigated by thermogravimetry (TG) and differential
scanning calorimetry (DSC) in air with a heating
rate of 10 K min~' using a Netzsch STA 449C Jupi-
ter apparatus. The crystal structure of the powders
was investigated by X-ray diffraction (XRD) using
a Stoe transmission diffractometer system, STADI,
(Cu, 4=1.540598 A). The lattice parameters were
determined using the Nelson—Riley method [11].

Sintered pellets were carefully polished with dia-
mond paste (1 pm) for further investigations of the
microstructure. For SEM investigations, the sam-
ples were thermally etched in air at 1775 K for 1 h
and then their morphology was analysed. The den-
sities of the samples were measured by hydrostatic
weighing in water. The theoretical densities were
calculated from the XRD results [12].

The microhardness Hy (GPa) of sintered samples
was measured by a diamond Vickers indenter
(Anton Paar MHT 10) applying a load (F) of 4 N.
The microhardness was calculated by the following
expression [13]:

Hy = 1852F /d*, (1)

where F (N) represents the load and d (um) the aver-
age length of the diagonals of the Vickers indents.
The fracture toughness Kic (MPam®®) was esti-
mated by the indentation crack length method using
the Antis expression [13]:

Kic=0.032-Hy - (d/2)" - (E/Hy)* - (2c/d) ", (2)

where ¢ (um) represents the average length of cracks
and E (GPa) the Young modulus.

The Young modulus was estimated as a function
of the ceria content, Cc. (%), and the relative poros-
ity of the ceramics 5 (%) as

E = Ep(1-29n), 3)
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where E(, is the Young modulus of a dense ceramic
with a concentration of cerium Cc.. Eq. (3) and the
factor 2.9 were taken from [14]. The value E, was
estimated for each ceria content by a linear depen-
dence between Efyo, =249 GPa [15] and E¢., =
165 GPa [16].

3. Results and discussion
3.1. TG-DSC analysis

After synthesis and drying at 385 K, the thermal
behaviour of powders containing up to 75% ceria
was investigated by TG-DSC in air atmosphere.
All powders show similar behaviour, as represented
in Fig. 1 for the case of 50% ceria. As shown in
Fig. 1(a), the thoria-ceria powder presents a two-
step mass loss (8.15%) from 300 to 950 K. In the
temperature range from 300 to 650 K, the mass loss
(5.20%) is accompanied by a heat consumption
corresponding to the elimination of adsorbed and
hydrated water and impurities. From 665 (77) to
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Fig. 1. DTG and DSC curves of Thy s50Cey500, (a) and pure
CeO, (b) powder in air atmosphere.

950 K (Tr) a second endothermic effect with a
minimum at 770K (7\) and an enthalpy
AH=—-655Jg ! is observed on the DSC curve.
This effect is accompanied by a second significant
mass loss (2.95%). Heating at temperatures higher
than 1350 K (7%s) is necessary to stabilise the mass.

CeO, - nH,0 (Alfa Aesar, Reacton 99.9) was also
investigated by thermal analysis (Fig. 1(b)). The
mass of the sample first steeply decreases from 300
to 500 K and is accompanied by an endothermic
effect also corresponding to the elimination of
adsorbed water and impurities. By increasing the
temperature to 725 K, the DSC curve shows a sharp
exothermic effect at 561 K followed by an endother-
mic effect whose minimum is located at 610 K.
These effects are accompanied by another decrease
of mass (6.7%). The sharp exothermic peak still
remains if the sample is heated in inert atmosphere
(N,) and certainly corresponds to the elimination
of impurities and not to the oxidation of Ce(III)
[17]. Heating at temperatures higher than 1050 K
stabilises the mass.

The effect of the addition of ceria is clearly
observed on the characteristic parameters (77, T,
Tg, Ts, and AH) of the system (Fig. 2). As defined
in the case of 50% ceria (cf. Fig. 1), Ty, T, and
TE correspond to the temperature of the beginning,
the minimum, and the end of the second endother-
mic peak, respectively. Tg is the temperature of
the stabilisation of mass and AH the enthalpy of
the second endothermic peak. If T¢ remains con-
stant at around 955K, T; and Ty first slightly
decrease up to a ceria concentration of 20% and
then decrease tending to the values of pure ceria.
Simultaneously, the intensity of the endothermic
peak AH also decreases from —13.1 to —79.9 T g~!
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Fig. 2. Influence of ceria concentration on the characteristic
temperatures 71, T, Tr and Ts and the enthalpy AH.
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with ceria addition, following the same behaviour as
the temperatures 77 and 7. Moreover, Ts remains
constant at 1410 4+ 10 K for ceria concentrations of
up to 20% and then decreases to 1340 + 10 K for
higher ceria contents.

Thus, the physical properties of the Th;_,Ce, O,
system can be divided into two regions as a function
of ceria concentration: from 0 to 20% and from 20
to 100%. In the first region, the investigated proper-
ties (71, Tnm, Tw, Ts, and AH) remain constant and
are mainly determined by the properties of the tho-
ria matrix. In the second region, the properties tend
to the properties of ceria.

3.2. XRD analysis

According to the TG-DSC results, pure thoria
and ceria, and the powders containing 10, 25 and
50% ceria were calcined in the DSC furnace at
475, 575, Ti, Twm, Ty, 1375 and 1875 K before
XRD analysis.

Pure thoria and ceria crystallise after drying in a
face-centred cubic (fce) fluorite-type structure. Their
lattice parameter a (A) continuously decreases with
increasing calcination temperature (Fig. 3). Their
lattice parameters were determined as a function
of mass loss (Am), as defined in Eq. (4):
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Fig. 3. The lattice parameter of ThO,, CeO,, Thg 75Ce 50, and
Thy 50Ce.500, as a function of the calcination temperature.
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Fig. 4. The lattice parameter as a function of mass loss for ThO,.

Am = [m(Ty) — m(T)]|/m(Ty). (4)

As represented in Fig. 4 in the case of pure ThO,,
the lattice parameter has a linear dependence on the
mass loss. The linear correlation confirms that the
lattice parameter is determined by the presence of
OH groups in the material [18].

Thus, the endothermic peaks observed on the
DSC curves at Tyy = 857 and 614 K for thoria and
ceria are representative of the elimination of the
OH groups present in the lattice.

According to XRD, the ThCeO, system contain-
ing 10% of cerium crystallises after drying in a
(Th, Ce)O, solid solution, fcc fluorite-type structure.
By increasing the temperature, the lattice parameter
of this system also decreases. However, contrary to
pure ThO,, no linear dependence between the lattice
parameter and the mass loss in the temperature
range from 77 to 1825 K can be established. The sec-
ond endothermic peak observed on the DSC curves
can be described not only by the elimination of OH
groups of the (Th,Ce)O, system.

After drying and at calcination temperatures
lower than T, the XRD peaks of the powders con-
taining 25, 50 and 75% ceria can be decomposed
into 2 Gaussians revealing the presence of two sep-
arate phases, fcc fluorite type, in the powder. Thus,
in the case of 25%, after drying, the system is mainly
composed of pure thoria and of a (Th, Ce)O, solid
solution with a deficiency of thorium. ThCeO, pow-
ders with ceria concentration of 50 and 75% mainly
consist of pure CeO, and of a (Th, Ce)O, solid solu-
tion with a deficiency of cerium. All these systems
(ThO,, CeO, and (Th,Ce)O,) crystallise in a fcc,
fluorite-type structure.
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The lattice parameter was thus determined for
each concentration as a function of the calcination
temperature (Fig. 3).

By increasing the calcination temperature up to
T, the lattice parameter of the different systems
decreases. At the calcination temperature 7T, the
XRD lines are sufficiently sharp, so that they cannot
be clearly described by two separated Gaussians. In
this case, the average value of the XRD lines was
used for the determination of lattice parameter a.
At TF%, the a value tends to the value of the lattice
parameter of a (Th;_,Ce,)O, solid solution. Fur-
ther heating up to T (1375 K) results in a complete
solid solution formation. The lattice parameter then
remains fairly constant with temperature.

These results can be extended to powder with low
ceria concentrations. In fact, ThO, has a low crystal-
linity degree after calcination at low temperature and
the determination of this additional phase by the
XRD method is therefore difficult. Moreover, in
the case of 10% ceria, the clear stoichiometry of the
observed XRD phase could not be established. Con-
sidering these facts, powders containing up to 25%
ceria were certainly composed of (Th, Ce)O, solution
and a segregation of ThO,, that could only be clearly
detected as a separate phase in the case of 25% ceria.

It is well known form the literature [9,10,19-22],
ThO,—CeO, system and ThO,—PuO, system crystal-

Table 1
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Fig. 5. Dependence of relative sintered densities of pellets on
ceria content.

lises at high temperature in a fcc solid solution, fluo-
rite type and that their lattice parameters follow the
Vegard’s law. For control, the powders were
calcined at 1875 K. All powders crystallise in a fcc
solid solution, fluorite type, and their lattice para-
meters follow the Vegard’s law:

a = —0.1849x + 5.5945, (5)

Our data correlates very well with the data obtained
in the literature [9,10,19,20].

Evolution of the lattice parameter (calculated and experimentally determined) of (Th, Ce)O, and (Pu, Th)O, powders calcined at 1875 K,
with the cerium/plutonium fraction x in mol%; relative standard deviation, o

(Th, Ce)O, (Pu, Th)O,

XMOl%)  awoqa (MM)  dep (m) 0 (%) a[19](m) 6 (%)  amesa (MM)  ap(nm) o (%)
0.0 0.5601 0.5595 0.11 0.5599 0.03 0.5601 0.5598 0.05
5.0 0.5592 0.5585 0.12 - - - - -
10.0 0.5582 0.5576 0.12 0.5577 0.10 — — —
15.0 0.5573 0.5567 0.12 - - 0.5570 0.5568 0.03
20.0 0.5564 0.5557 0.12 0.5559 0.09 — - —
25.0 0.5555 0.5547 0.15 - - - - -
26.0 - — — — - 0.5547 0.5546 0.01
30.0 0.5546 — — 0.5542 0.06 - — —
36.9 — — — — — 0.5524 0.5526 0.03
40.0 0.5527 - - 0.5519 0.15 — - -
46.7 - - — — — 0.5504 0.5502 0.04
50.0 0.5509 0.5505 0.08 0.5504 0.09 — - —
60.0 0.5490 - — 0.5486 0.08 — - —
63.5 - - - - - 0.5469 0.5469 0.00
70.0 0.5472 — - 0.5464 0.14 — — -
75.0 0.5463 0.5458 0.08 — — — — —
80.0 0.5453 - — 0.5445 0.15 — - —
82.5 — — - — — 0.5430 0.5428 0.03
90.0 0.5435 - - 0.5427 0.15 - - -
100.0 0.5417 0.5409 0.14 0.5414 0.05 0.5393 0.5396 0.05
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However, if the lattice parameter of (Th;_,Pu,)O,
obtained by XRD follows the Vegard’s law, it has
been recently demonstrated by Heisbourg et al.
[23] that the next neighbour and the next near neigh-
bour distances given by XAFS investigation, do not
follow this law. This type of behaviour may be
extended to our system and to other tetravalent
actinides, since the difference between the radius of
Th*" and the immobilised actinide is large.

(Th,Ce)O,, extendly (Th,Pu)O,, crystallise in a
stable fluorite type structure, where metal atoms
have a coordination number (CN) of 8 and oxygen

atoms have a CN of 4. According to the Ingel
and Lewis model [24], in the case of a fluorite struc-
ture, the lattice parameter a can be defined as
following:

a=4(" +r")/V3, (6)

where r~ and r" are the ionic radius of the anionic
and cationic species, respectively. The ionic radius
+ . . .
r" should be considered as an average of all ionic
radii, expressed as

= Z xiRi, (7)

Fig. 6. SEM photographs of (Thg 99Cey.19)O, pellets sintered at 1875 K for 5 h.
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where x; is the fraction and R; the ionic radius of the
species i at fixed CN.

The Th*", Ce*" and Pu*" have a ionic radius of
0.105, 0.097 and 0.096 nm, respectively [25]. The lat-
tice parameter of (Th, Ce)O, and (Th, Pu)O, system
were so theoretically determined as a function of the
Ce or Pu concentration (Table 1) and the data were
compared with the experimental data obtained for
powder after calcination at 1875 K (from this work
and from the work of [19] and [21]). The calculated
data well correlates to the experimental data and the
deviation are 0.1% and 0.03% in the case of Ce and
Pu, respectively. The Ingel and Lewis model can so
be used to describe both systems.

3.3. Sintering behaviour and physico-mechanical
properties of pellets

(Th, Ce)O, pellets were fabricated with ceria con-
centrations from 0 to 20%. After calcination at
675 K for 5h, the powders were directly pressed
by repressing, applying 3 times a pressure of
890 MPa. The relative density of the pellets was
determined as a function of ceria addition (Fig. 5).
The density of the pellets reaches a value of 0.94
TD for pure thoria and 5% ceria and then steeply
increases up to 0.98 TD for concentrations of 10
to 20% ceria. This significant increase may be corre-
lated with a decrease of the agglomerate strength of
the powders by addition of ceria, which allow an
easier crashing and reorganisation of agglomerates
during the compaction and so enhance the sinter-
ability. Moreover, the addition of cerium enhances
the sinterability of thorium [26]. Similar behaviour
were observed in the case of plutonium [22,27].
Recently, within the framework of the European
Thorium Cycle Project, ThO, and (Th, Pu)O, pellets
were prepared by the sol-gel route, for an irradia-
tion experiments in the High-Flux Reactor in Pet-
ten. The pellets containing 11% plutonium have a
higher density than pure ThO, [2].

After sintering, the pellets were polished, ther-
mally etched at 1775 K for 30 min and their surfaces
investigated by SEM. For all ceria contents, the
pores are well distributed in the matrix (Fig. 6(a))
and mainly located at the grain boundaries. The
pores have an irregular shape and can be very large,
reaching a size of up to 10 um. This effect can be
explained by the non-homogeneity of the initial
packing. Moreover, the surface is composed of
grains (Fig. 6(b)) with well-formed grain bound-
aries. However, they have an irregular curvature.
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Fig. 7. Dependence of microhardness (Hvy) and fracture tough-
ness (Kjc) on ceria concentration.

The grains have a maximum size of 8.0 um with
an average grain size of 2.4 um.

The dependence of the microhardness Hy and
fracture toughness (Kjc) of the pellets on the ceria
content was also investigated. The microhardness
of the pellets increases with ceria addition from
8.6 to 10.3 GPa, correlating with the evolution of
pellet density (Fig. 7). As described in [28], ThO,
pellets with a density of 95% have a Vickers hard-
ness of 7 GPa. According to the work of Maschio
et al. [29], a ceramic of pure CeO, with a density
of 0.94 TD has a microhardness of 3.9 GPa. Since
both systems have a similar crystal structure, it is
supposed that the addition of ceria to the ThO,
matrix will decrease the mechanical properties of
the matrix [29]. Moreover, Basak et al. [30] prepared
Pug 04Thg 960, pellets of 92% density and measured
a Vickers hardness of 3.4 GPa at 400 K. An extrap-
olation of the data to room temperature gives a
value of 4 GPa. Thus, the addition of Pu is also sup-
posed to decrease the mechanical properties. How-
ever, in our case, the addition of ceria leads to an
increase of sintered pellet density (Fig. 6) and the
mechanical properties of the material increase with
increasing density [31]. Thus, for ceria contents
from 5 to 25 wt%, the high increase in density of
the pellets has a good effect on microhardness.

The fracture toughness of the pellets linearly
decreases with ceria from 1.20 to 1.05 MPa m~ /2.
The data obtained for pure thoria correlates well
with the literature [32].

4. Conclusion

The thermal and crystallisation behaviour of
the ThO,—CeO, system was studied in detail for
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different ceria concentrations. After drying, ThO,
and CeO, crystallise in a fcc fluorite-type structure.
During heating, they exhibit endothermic behaviour
due to the elimination of OH groups from the lattice.

In addition, Th;_,Ce,O, systems present an
endothermic character, corresponding also to the
elimination of OH-groups. However, after drying
the Th,_,Ce, O, powders mainly consists of two
fce phases:

— a (Th,Ce)O, solid solution and pure ThO, for
ceria contents less than 25%;

— a (Th,Ce)O, solid solution and pure CeO, for
ceria contents higher than 50%.

Heating these Th;_,Ce, O, powders at tempera-
tures between 960 and 1410 K leads to the forma-
tion of a Th;_,Ce, O, solid solution, which also
crystallises in a fcc fluorite-type structure. At high
calcination temperature, the system follows
Vegard’s law.

(Th,Ce)O, pellets were fabricated from non-
ground powders by using a repressing process and
reached densities of up to 0.98 TD. For all ceria
contents, the pellets show a homogeneous micro-
structure with well-distributed pores that have an
irregular shape and can be large, reaching a size
up to 10 pm. The microhardness and fracture
toughness of the pellets were investigated and are
very sensitive to the density variation of the system.
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