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Abstract – The influence of the morphology of Th1-xUxO2 solid solutions on their chemical durability was 
evaluated considering two routes of preparation, involving either direct precipitation of a precursor or 
hydrothermal conditions. The great differences in terms of morphology and crystallization state of the so-
obtained samples were correlated to an important variation of the specific surface area of the final 
dioxides then to the density of the sintered pellets fired at 1500°C. In order to evaluate the chemical 
durability of such materials, leaching tests were undertaken. The dissolution of the samples was associated 
to low normalized dissolution rates typically ranging from 3.10-6 g.m-2.day-1 (HNO3 10-4M) to 2 10-5 
g.m-2.day-1 (HNO3 10-1M) at 25°C for x = 0.25. The influence of the x value on the normalized dissolution 
rate was found to be limited due to the homogenization of the cationic distribution obtained through the 
precipitation process. Moreover, the good crystallization state initially obtained from hydrothermal 
conditions led to a higher chemical durability. 

 
 

INTRODUCTION 
 
High-temperature materials such as actinide 
oxides, carbides or nitrides are currently studied 
as potential fuels for the fourth generation of 
nuclear reactors [1]. Particularly, mixed actinides 
dioxides, such as (U,Pu)O2 MOx, could be used 
in gas-cooled or sodium-cooled fast reactors 
although they are already successfully employed 
in french PWR’s. In these conditions, some of 
their physico-chemical properties like the 
homogeneity of the cationic repartition in the 
structure could be optimized in order to deal with 
the requirements of Gen-IV reactors, involving 
high temperature and pressure, associated to a 
sustainable fuel cycle based on the spent fuel 
reprocessing.  
The dry chemistry processes generally employed 
for the preparation of these solids could lead to 
some heterogeneity in the repartition of the 
cations in the structure. The preparation of 
Th1-xUxO2 solid solutions was thus undertaken 
from wet chemistry methods, involving the 
precipitation of crystallized precursors [2], as a 
model for the forthcoming synthesis of mixed 
Th/Np, Th/Pu or U/Pu oxides. The complete 
characterization of the crystallized precursors by 
the means of XRD, SEM and µ-Raman 
spectroscopy was performed prior sintering 
studies. This whole study finally aims to 
correlate the morphology of the mixed (Th,U)O2 
dioxides with this capability to dissolve during 
leaching tests. These experiments could be 
considered either in highly concentrated acidic 

media (corresponding to reprocessing step) or at 
moderate pH values in order to evaluate the 
behavior of the fuel in the framework of a direct 
storage in underground repository.  
In this context, this paper successively describes 
the different results relative to the 
characterization of the crystallized precursors 
then the study of their sintering to obtain dense 
pellets. Finally, the early results concerning the 
dissolution of Th1-xUxO2 solid solutions are 
presented in a third part. 
 
EXPERIMENTAL 
 
Synthesis 
 
Chemical reagents including thorium nitrate 
pentahydrate were supplied by VWR, Merck and 
Aldrich-Fluka. Concentrated thorium chloride 
solution (C ≈ 1.8 M) was issued from Rhodia 
while uranium chloride was obtained by 
dissolving uranium metal chips in 4 M 
hydrochloric acid. The initial solutions were 
diluted in order to obtain a final concentration of 
0.7 M and 1.1 M, respectively. 
 
Two different chemical routes were considered 
for the synthesis of Th1-xUxO2 solid solutions, 
both based on the initial precipitation of a 
mixture of acidic solutions containing cations 
with oxalic acid. In the first case, defined as open 
conditions, the oxalic acid was added dropwise 
to the actinides solution placed in an open vessel 
and heated at 50°C on a sand bath under 
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ultrasonic agitation. In the second method, 
defined as closed conditions, the mixture was 
placed in a closed PTFE container set in a Parr 
acid digestion bomb then heated in an oven for a 
week at 130°C In both conditions, the precipitate 
so-obtained was separated from the supernatant 
by filtration or centrifugation, washed several 
times with deionized water and ethanol, dried at 
about 70°C for one night then finally ground in a 
mortar. The desired Th1-xUxO2 mixed oxide 
powders were finally obtained after heating 
above 300°C. 
Electron probe microanalyses (EPMA) were 
carried out using Cameca SX50 or SX100 
apparatus. Thoria ThO2 (Mα ray of thorium) and 
urania UO2.12 (Mβ ray of uranium) were used as 
calibration standards. From these experiments, 
all the compounds were found homogeneous and 
single phase. Moreover, the elementary weight 
loadings as well as the mole ratios were 
consistent with that expected. Nevertheless, the 
uranium amount was sometimes found slightly 
lower due to the weak oxidation of U(IV) into 
U(VI) during the precipitation process. 
 
Characterization 
 
The X-Ray powder diffraction (XRD) diagrams 
were collected by a Bruker AXS D8 Advance 
diffractometer using Cu Kα ray (λ = 1.5418 Å). 
The unit cell parameters were refined using the 
fullprof software [3]. SEM micrographs were 
obtained on a Hitachi FEG S4800 apparatus 
µ-Raman spectra were recorded with a Horiba - 
Jobin Yvon Labram HR using a He-Ne laser 
(632.8 nm) or with a Labram T64000 
microspectrometer using a Ar/Kr-laser (568.2 
nm). Both were equipped with a Notch filter 
while the laser beam (1 to 17 mW) was focused 
on the sample using an Olympus microscope. 
Finally, the oxalate � oxide transformation was 
studied through TG/TD analyses using a Setaram 
92-16 apparatus. 
 
Sintering 
 
The sintering of Th1-xUxO2 solid solutions was 
performed through a two-step procedure based 
on a uniaxial pressing at room temperature 
followed by a heat treatment between 1300°C 
and 1700°C. Hot pressing experiments were also 
undertaken: in these conditions several 
heating/pressing steps were applied to the sample 
up to 20 MPa and 1250°C. 
The resulting relative densities were determined 
by water pycnometry using a Mettler-Toledo 

apparatus whereas the determination of the 
dimensions of the solid bodies led to the value of 
the geometric density. Complementary studies 
were performed on a TMA 92 dilatometer from 
Setaram working under argon atmosphere from 
room temperature to 1500°C.  
 
Leaching 
  
The resistance of the prepared materials to 
aqueous alteration was evaluated through 
leaching tests performed in 
polytetrafluoroethylene (PTFE) reactors 
considering high leachate renewal (called 
‘dynamic’ experiments). The concentrations of 
thorium and uranium in the leachate were 
determined by Inductively Coupled Plasma 
Atomic Emission Spectrometry (ICP-AES) using 
a Jobin-Yvon Ultima or a Perkin-Elmer Optima 
2000 apparatus. From these results, the 
normalized leachings NL (expressed in g.m-2) and 
the associated normalized dissolution rates RL (in 
g.m-2.day-1) were determined considering the 
following equation: 
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where Ei = Th, U  
In this expression, CEi corresponds to the 

concentration of the element Ei in the leachate, 
V, to the volume of leachate, xi, to the mass ratio 
of Ei in the solid and S, to the effective surface 
area of the solid [4]. 
 
RESULTS 
 
Characterization of the mixed precursors and 
dioxides 
 
Th1-xUx(C2O4)2 

. 2H2O solid solutions 
 
Several compositions of Th1-xUx(C2O4)2 

. 2H2O 
(x = 0, 0.25, 0.50, 0.75 and 1) were synthesized 
from the two chemical routes described above 
and extensively characterized using XRD, SEM 
and µ-Raman spectroscopy. 
 
Whatever the x value considered, the XRD 
patterns of both mixed oxalates were similar and 
characteristic of orthorhombic 
Th1-xUx(C2O4)2 

. 2H2O (fig. 1). However, the 
sample synthesized through hydrothermal 
process appeared much more crystallized with 
narrower peaks (the full width at half maximum 
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reaches 0.1° while it was found to be about 0.2° 
for the open system). 
The unit cell parameters of the compounds 
obtained through hydrothermal precipitation 
were then refined on the basis of that reported in 
the literature for U(C2O4)2, 2H2O [5]. Their 
linear variations evidence the formation of a 
complete solid solution between U- and Th- 
end-members. The a and b parameters remains 
almost constant :  

a = 8.460(4) – 0.003(5) × x Å (2) 
b = 10.382(6) + 0.0037(9) × x Å (3) 

while c decreases with the uranium loading : 
c = 9.757(4) – 0.230(6) × x Å (4) 
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Fig. 1. XRD patterns of Th(C2O4)2

. 2H2O 
prepared in open and closed systems. 

 
SEM observations (Fig. 2) of the powders 
revealed that samples prepared in hydrothermal 
conditions were composed by well-defined small 
single crystals of 20 - 70 µm. The corresponding 
surface area was found to 0.3 m2.g-1 using the 
BET method based on N2-adsorption. In 
comparison, the powders prepared in open vessel 
exhibit small spherical grains of about 1 µm 
forming squared agglomerates of 5 µm. The 
corresponding specific surface area reached 3 
m2.g-1. These observations appear in good 
agreement with the XRD patterns and evidence a 
significant improvement of the precursors 
crystallization state when using the hydrothermal 
precipitation route.  
 
Finally, µ-Raman spectra were recorded from 
200 to 1700 cm-1 for each sample. They were 
found to be similar whatever the precipitation 
conditions and were composed by five vibration 
ranges corresponding to: 

• 100-300 cm-1: M-O vibration modes 
(M: Th, U). 

• 400-600 cm-1: C-O vibration modes. 
• 850-950 cm-1: C-C vibration modes. 
• 1400-1550 cm-1: C=O symmetric 

stretching modes. 
• 1600-1800 cm-1: C=O antisymmetric 

stretching modes. 
These results appear consistent with those 
reported in the literature for many natural 
oxalates, such as CaC2O4 

. 2H2O [6]. 
 

 

 
 

Fig.2. SEM micrographs of 
Th1-xUx(C2O4)2

. 2H2O solid solutions prepared in 
open (a) and closed (b) systems. 

 
Th1-xUxO2 solid solutions 
 
Th1-xUxO2 dioxide solid solutions were obtained 
through the heat treatment of oxalate precursors. 
TG and TD analyses (fig. 3) allowed to follow 
this transformation and to determine the 
influence of the precursor crystallization state. 
Each intermediate was identified by 
extrapolating the molecular formula from the 
mass loss.  
The three endothermic peaks observed on the TD 
curve were assigned to three decomposition steps 
associated to a total mass loss of 40 % [7]. The 
first step can be associated to the loss of one 

(

(a) 

(a) 

(b) 
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water molecule (mass loss: 4 %) and occurs at 
200 °C whatever the system considered. The 
second water molecule leaves at 320°C and 
260°C for the open and closed system, 
respectively, leading to the anhydrous 
Th1-xUx(C2O4)2. The third step, with a mass loss 
of around 32 %, corresponds to the 
decomposition of oxalate groups leading to the 
release of 2 CO and CO2 at 390 °C and 360 °C 
for the open and closed systems, respectively.  

 

 
 

Fig.3. TG and TD curves obtained for 
Th0.5U0.5(C2O4)2 

. 2H2O sample (closed system). 
 

 
In parallel, the variation of the XRD patterns was 
followed versus the heat temperature. The 
FWHM was found to decrease continuously 
from 400 to 1500°C where it reaches about 
0.05°. Moreover, it is worth noting that the XRD 
lines of dioxide samples prepared from 
hydrothermal precipitation were found 
systematically narrower than that of powders 
obtained in open systems. 
 
Finally, the µ-Raman spectra of the mixed 
dioxide were examined (fig. 4).  
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Fig.4. Raman spectra of Th0.5U0.5O2 prepared in 

open (black) and closed (red) systems. 

The samples prepared from closed system show 
an intense band located around 465 cm-1. This 
band was assigned to the triply degenerated 
Raman active vibration mode (T2g). In 
comparison, for the samples prepared from open 
systems, this band appears larger with a lower 
intensity, probably due to the poor crystallization 
state of the sample. Moreover, this spectrum 
exhibits an additional intense and large band 
around 670 cm-1. The appearance of this 
additional band as well as the enlargement of 
that corresponding to the active T2g mode could 
be explained by a slight distortion of the lattice 
due to a hyperstoichiometry in oxygen [8]. 

 
Sintering 
 
In order to improve the reactivity of the starting 
powder prior to the sintering process, the specific 
surface area of the low-temperature precursors 
prepared in open and closed systems was 
followed versus the heating temperature. For 
both powders, an optimal value was obtained 
after firing the sample for few hours at 400°C. 
Nevertheless, the specific surface area appeared 
strongly dependent on the precipitation route. 
Indeed, it was found to be about 50 m2.g-1 for 
samples prepared in closed system while that 
obtained in open system only reaches 10-15 
m2.g-1. This large difference could be correlated 
to the different morphologies of the precursors, 
the decomposition of the oxalate group into CO 
and CO2 during the oxalate ⇒ oxide 
transformation leading to the implosion of the 
small single crystals observed by SEM and 
described in the first part. 
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Fig. 5. Dilatometric study of ThO2 prepared in 

open (black) and closed (red) systems. 
 
Consequently to this study, the powders were 
first heated during 10 hours at 400°C, shaped 
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through uniaxial pressing at room temperature 
then fired at high temperature. The operating 
conditions of the final heating treatment were 
determined by the means of dilatometric study 
(fig. 5). The variation of the relative shrinkage 
appears almost continuous for both preparation 
methods which is in good agreement with the 
chemical stability of the oxide phase in this 
temperature range. The shrinkage of the pellet 
starts around 500°C and could be correlated to a 
grain growth step which generally presents lower 
activation energy than the sintering [9]. The 
major part of the shrinkage is then observed 
above 800°C and corresponds to the 
densification, i.e. to the sintering of the material. 
Even if this phenomenon mostly takes place 
below 1500°C, it does not seem fully completed 
at this temperature which was the upper limit of 
the dilatometer furnace. Nevertheless, a large 
relative shrinkage is observed at 1500°C and 
indicates a good densification state of the 
samples. It is interesting to note, that the highest 
shrinkage value is obtained with the sample 
prepared in closed system which is in good 
agreement with the highest specific surface area 
observed in these conditions. 
Thus, the sintering of the pellets prepared after 
heating at 1500°C was checked through density 
measurements and compared to samples fired at 
1400°C. As expected from the dilatometric 
curve, samples heated at 1400°C appeared 
poorly densified: the relative density varies from 
75 % to 85 % of the calculated value depending 
on the initial synthesis route (table I). The 
important porosity of such samples was 
confirmed through SEM micrographs (fig. 6a). 
Only few grain boundaries were observed while 
the grain size was found between 2 and 5 µm 
which confirms the existence of a grain growth 
step below 900°C. 
 
TABLE I. Evolution of the Relative Density of 
Th0.5U0.5O2 Pellets versus Heating Time. 

Heating time 
(hours) 

0.5 1 2 3 5 8 

Open 
system 

77 79 79 79 80 79 

1
40

0°
C

 

Closed 
system 

82 84 86 86 86 85 

Open 
system 

93 96 96 99 97 97 

15
00

°C
 

Closed 
system 

88 90 94 98 97 97 

All the densities are given with an experimental uncertainty 
of about 2%. 

On the other hand, the pellets prepared after 
firing at 1500°C appeared much denser, 
confirming that the sintering mostly occurs at 
this temperature. The maximum density is 
obtained after only 3 hours of heating whatever 
the method of preparation considered. For both 
samples, the final density lies between 96 and 
98% of the calculated value and was correlated 
to the formation of numerous grain boundaries as 
shown in figure 6b. The residual open porosity 
was also observed and could be hardly 
eliminated at this temperature since the density 
did not vary significantly after 3 hours of 
heating. Nevertheless, these results appear very 
promising compared to that generally observed 
in the literature for ThO2 or Th1-xUxO2 solid 
solutions. Indeed, such high density values are 
generally only obtained between 1600°C and 
1700°C [10]. In these conditions, the use of 
oxalates as low-temperature crystallized 
precursors allows to lower significantly the 
sintering temperature of mixed actinides 
dioxides. 
 

 

 
Fig. 6. SEM micrographs of ThO2 pellets 

prepared in closed system and fired at 
1400°C (a) and 1500°C (b) for 10 hours. 

 
 
 
 

(a) 

(b) 
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Leaching tests 
 
The chemical durability of the sintered 
Th1-xUxO2 pellets was evaluated through leaching 
tests developed in acidic media (HNO3). The 
influence of the leachate acidity (1 ≤ pH ≤ 4), the 
temperature (25°C ≤ T ≤ 50°C), the chemical 
composition (x = 0.25, 0.50 and 0.75) and the 
preparation method was successively examined.  
  
The evolution of the normalized leaching in 
thorium and uranium during the dissolution of 
Th0.5U0.5O2 (closed system) was first compared 
in 10-1 M and 10-4 M HNO3 at 25°C (fig. 7). 
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Fig.7. Evolution of normalized leaching of 
NL(Th) (○)and NL(U) (●) when leaching 

Th0.5U0.5O2 in nitric acid. 
 
The relative behavior of thorium and uranium 
was found to vary depending on the pH. On the 
one hand, the normalized dissolution rate was 
found to 2.10-5 g.m2.day-1 for both actinides at 
pH=1. The dissolution could thus be described as 
congruent (1/3 ≤ RL(U)/RL(Th) ≤ 3. On the other 
hand, when raising pH to 4, the dissolution 
appears clearly incongruent due to the great 
difference observed between the normalized 
dissolution rates determined for thorium 
(RL(Th) = 3.4 10-7 g.m2.day-1) and uranium 
(RL(U) = 3.8 10-6 g.m2.day-1). This is due to the 
rapid precipitation of thorium as a neoformed 
phase. This phenomenon was already observed 
during the dissolution of powdered samples of 
Th1-xUxO2 solid solutions [11] and was attributed 
to the formation of amorphous Th(OH)4 (or 
ThO2

 . 2H2O). This phase could then act as a 
passivation layer and induces the decrease of 
RL(U). In these conditions, it appeared very 
difficult to determine accurate values for the 
normalized dissolution rates, then to evaluate the 

dependence of the dissolution rate with the 
proton concentration.  
 
On the contrary, a first value of the activation 
energy of the dissolution reaction could be 
deduced from the variation of the normalized 
leachig rates of Th0.25U0.75O2 (open system) in 
10-1 M HNO3 between 25°C and 50°C. Indeed, 
RL was found to vary from 2 10-3 g.m².day-1 at 
25°C to 7 10-3 g.m².day-1 at 50°C. Following the 
Arrhenius law, the activation energy was 
evaluated around 46-48 kJ.mol-1, depending on 
the actinide considered. This value indicates a 
weak dependence of the leaching rate with the 
temperature which traduces the control of the 
dissolution by surface reactions [12]. Moreover, 
this value appears in good agreement with that 
reported in the literature for powdered samples 
[13]. Several leaching tests are currently under 
progress in order to confirm and refine this 
result.  
 
Chemical composition  
 
Since uranium dioxide is known to be much 
more soluble than thorium dioxide [14] in 
oxidative media, it appeared very interesting to 
study the effect of the chemical composition of 
Th1-xUxO2 solid solutions on the normalized 
dissolution rate. Several samples were thus 
altered in 10-1 M HNO3 at 25°C. The logarithm 
of the normalized leaching rates was determined 
from the uranium concentration then plotted 
versus the x substitution rate (fig. 8).  
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Fig.8 Variation of log RL versus the uranium 
substitution rate x (10-1 M HNO3, T = 25°C). 

 
As previously observed during the study of 
powdered samples, log (RL) exhibits a linear 
variation versus x. Nevertheless, this dependence 
appears clearly weaker for samples prepared 
from crystallized low-temperature precursors. 
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Indeed, the slope is reduced from 6 to 3 when 
using such preparation routes. This lower 
dependence on the uranium amount could be 
explained by the probable homogenization of the 
cations distribution in the structure thus to the 
absence of UO2 clusters in the solids which 
could enhance the normalized dissolution rate. 
Statistical EPMA experiments are thus planned 
to confirm the better cationic distribution 
expected from this way of synthesis.  
 
Preparation method  
 
Finally, the influence of the preparation method 
on the behaviour of Th1-xUxO2 sintered pellets 
during leaching tests was examined. In this 
purpose, three Th0.5U0.5O2 samples were altered 
in 10-1 M HNO3 at 25°C : two of them were 
prepared from open system then sintered by 
natural or hot pressing techniques while the other 
one was obtained from closed system then 
sintered after room-temperature compaction.  
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Fig.9 Evolution of normalized leaching NL(U)of 

Th0.5U0.5O2 (10-1 M HNO3, θ = 25°C). 
 

The evolution of NL(U) plotted in fig. 9 for the 
three compounds shows great differences 
depending on the synthesis/sintering method 
considered. Indeed, the normalized dissolution 
rate of samples prepared in open system 
(RL(U) = 3 10-4 g.m².day-1) is about one order of 
magnitude larger than that of samples obtained 
from closed system (RL(U) = 2 10-5 g.m².day-1). 
In these conditions, the improvement in the 
crystallization state of the precursors observed 
when using hydrothermal processes seems to 
influence the physico-chemical properties of the 
final compounds in terms of resistance to 
aqueous alteration. For samples prepared from 
poorly-crystallized precursors, a similar 
dissolution rate could be only obtained through a 
hot pressing step which allows to get cohesive 

materials showing a relative density close to 
100%.  
 
CONCLUSION 
 
The preparation of Th1-xUxO2 dioxides sintered 
pellets was successively achieved from 
crystallized precursors precipitated at low 
temperature through two chemical routes. The 
first one, based on a direct precipitation (called 
open system), allowed to obtain a complete 
Th1-xUx(C2O4) 

. 2H2O solid solutions which led 
to desired dioxides after heating above 300°C. 
The use of hydrothermal conditions (called 
closed system) did not modify the structure of 
the precursors precipitated but led to a significant 
improvement in the crystallization state 
associated to great differences in the 
microstructure, as evidenced from XRD, SEM 
and µ-Raman experiments. 
These precursors were then employed in the 
preparation of sintered mixed dioxides samples. 
Dense pellets were obtained after heating at 
1500°C, the remaining porosity being lower than 
5%. This value appears satisfying since similar 
results are generally only obtained when heating 
above 1600°C. 
The positive consequences of the initial 
precipitation of well-crystallized low-
temperature precursors were also pointed out 
during the dissolution tests. The normalized 
dissolution rates obtained from the uranium 
concentration in the leachate were generally 
found to vary from 3.10-6 g.m-2.day-1 (10-4 M 
HNO3) to 2 10-5 g.m-2.day-1 (10-1 M HNO3) at 
room temperature for x = 0.25. The influence of 
the temperature remains low (EA ≈ 46-48 
kJ.mol-1) which indicates surface reactions 
controlling phenomena. Moreover, the increase 
of RL generally observed along with the 
substitution of thorium by uranium appears to be 
limited in our samples, probably due to the better 
homogenization of the cationic distribution 
during the precipitation process. Finally, the 
normalized dissolution rate was found to be 
lowered by one order of magnitude when using 
hydrothermal conditions for the precipitation of 
precursors. 
Several studies are under progress to allow a 
more precise description of the dissolution 
phenomena, especially near the solid/solution 
interface. Additional dissolution tests will be 
undertaken to obtain accurate values of the 
associated kinetic data (activation energy, partial 
orders) in order to give the multiparametric 
expression describing the dissolution. A special 
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care will be also taken to the study of the 
neoformed phases precipitated at the surface of 
the leached pellets for incongruent reactions: a 
complete characterization will involve grazing 
XRD, SEM and µ-Raman while the associated 
solubility product will be evaluated.  
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