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Abstract – Fabrication of fuels or targets for transmutation of minor actinides (MA) requires a dust-free 
process. Such a requirement can be fulfilled by sol-gel methods, which allow the production of microsphere 
precursors. Internal gelation, one of these methods, was studied at CEA Marcoule and FZ Jülich. A study 
of the parameters involved in internal gelation (essentially the quantity of organic additives urea and 
hexamethylenetetramine HMTA present in the initial solution) was performed. Afterwards, the effects of 
these parameters on the structural evolution of the microspheres during thermal treatment were studied. It 
was observed that the structure and density of the microspheres are heavily dependant of the quantity of 
organic precursors present in the initial solution. Urea in particular has been found to bring porosity to the 
material, in addition to its catalytic effect on HMTA decomposition. The elimination of these organic 
compounds is however a major issue which causes the formation of cracks on the microspheres if no 
optimization is performed. 

 
 

INTRODUCTION 
 

Partitioning and Transmutation and 
Partitioning and Conditioning are two promising 
methods for management of spent nuclear fuel 
[1]. In both cases, a suitable material is required 
to contain minor actinides retrieved from 
partitioning. Research on such a material is 
mainly aimed towards Inert Matrix Mixed Oxide 
fuels (IMMOX), and among them is yttria-
stabilized zirconia especially promising [2]. In 
addition to the formation of a solid solution with 
tetravalent actinides, interesting properties of this 
matrix include small neutron capture cross 
section, high melting point, and high radiation 
and chemical stability. 

The sol-gel methods present a great interest 
in the preparation of such matrices: the wet 
chemistry suppresses the formation of dust and is 
simple enough to be remote handled. Internal 
gelation in particular is technically very simple, 
and has therefore been chosen in this study.  This 
process produces small beads or kernels, which 
can be directly used as a fuel after sintering 
(SPHEREPAC process) [3]. It requires however 
optimizations to ensure good mechanical 
properties of the material. Moreover, the precise 
role of the organic precursors used 
(hexamethylenetetramine HMTA and urea) is not 
totally clear. 

In this study, gels and kernels of ceria-doped 
yttria-stabilized zirconia were prepared and 
characterized [4]. This paper will specifically 
focus on the role of urea and HMTA, and on the 
effect of thermal treatment on the material 
obtained. The pressing of kernels into pellets will 
also be studied. 
  
EXPERIMENTAL PROCEDURE 
 
Broth Preparation 
 

Zirconium oxychloride, yttrium nitrate and 
cerium nitrate were dissolved in deionized water 
at room temperature, with a total concentration 
of 1.6 mol/L and a composition of 76% Zr, 14% 
Y and 10% Ce. HMTA and urea were dissolved 
with different concentrations in a second 
solution. Equal volumes of both solutions were 
then mixed at 3°C to prepare a broth, the cooling 
step being needed to prevent premature gelation. 
Broths compositions are defined by the ratios RU 
and RH, corresponding to the molar ratios of urea 
on metal and HMTA on metal, respectively. 
 
Viscosity Measurements 
 

The viscosity of broths was measured 
continuously during their heating to 90°C. A 
steep increase of viscosity was observed during 
gelation. The temperature corresponding to this 
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increase was considered as the gelation 
temperature for this broth. The structure of the 
obtained gels was also studied by SEM after 
heating to 110°C. 

 
Fabrication of Kernels and Pellets 
 

Kernels were prepared by dropping broths 
through a nozzle into silicone oil heated at 90°C. 
The heat causes the protonation and 
decomposition of HMTA (eq. 1 and 2), with 
formation of ammonia. 
 

[ ]++ ↔+ HNCHHNCH 462462 )()(   (1) 

[ ] OCHNONHNOHHNCH 2343462 64443)( ++→++ −+−++

     (2) 
 

The subsequent pH increase causes the 
hydrolysis of the metal ions (eq. 3, for Zr) and 
the gelation of the droplets into solid kernels. 
 
[ ] [ ] ++ +⋅→+ HOHOHZrOHOHOHZr 816)(8)()( 21642

8
16284

     (3) 
 

The kernels are then washed, first with CCl4 
to remove silicone oil, then with a 2 mol/L 
solution of NH4OH to remove by-products and 
complete gelation [5], and finally with water 
until a neutral pH is obtained. They are then 
dried at room temperature overnight prior to 
thermal treatment (see Fig. 1). 
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Fig. 1. Flowsheet of kernels preparation. 

 

Some calcined kernels were pressed into pellets 
with a pressure of 900 MPa prior to sintering at 
1600°C. 

Kernels were characterized by thermal 
analysis (TG-DSC) and SEM. The density of 
pellets was measured by hydrostatic weighing in 
water and their structure studied by SEM. 

 
RESULTS AND DISCUSSION 
 
Gel Studies 
 

The results of the studies of gels for 
different quantities of urea and HMTA in the 
broths are summarized in Fig. 2. It is observed 
that the gelation temperature decreases when the 
quantity of HMTA increases, but also when the 
quantity of urea increases for a fixed quantity of 
HMTA. This indicates a catalytic effect of urea 
on HMTA decomposition [6]. A clear effect of 
urea and HMTA on gel structure is also 
observed. A porous structure is obtained with a 
high quantity of urea and a relatively low 
quantity of HMTA, and a dense structure 
otherwise. This indicates that urea is also a 
porosity bringer, in addition to its catalytic role. 
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Fig. 2: Gelation temperature for different molar 
ratios of urea and HMTA on metal in the broth 

and corresponding gel structure. 
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Thermal Treatment of Kernels 
 

Kernels were prepared from broths with 
different concentrations of urea and HMTA. It 
was observed that the structure of kernels 
matched the structure of gels. Moreover, it was 
found that the quantity of urea present had an 
influence on the stability of the kernels during 
thermal treatment. They were found indeed 
totally broken if no urea was present in the broth, 
and only cracked otherwise. For kernels with a 
porous structure, the cracks formation only starts 
for temperatures higher than 110°C. Urea is 
therefore required to improve the mechanical 
properties of the kernels. 

The thermal behavior of the kernels was 
studied by TG-DSC. Fig. 3 is typical of the 
curves obtained when urea is present in the 
broth. An endothermic mass loss is first observed 
from room temperature to a temperature T1, 
which corresponds to the elimination of water. 
Afterwards, an exothermic mass loss is observed 
up to 400°C, with a maximum at a temperature 
T2. This strong effect is associated with the 
decomposition of organic products issued from 
urea and HMTA and the probable main cause of 
cracks formation. Finally, a smaller exothermic 
effect without associated mass loss is observed at 
a temperature T3. It corresponds to a transition in 
the crystalline state of the material. Detailed 
values are available in Table I. 
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Fig. 3: Thermal analysis of kernels with urea in 

the broth. 
 

On the other hand, the strong exothermic 
effect is not observed for kernels prepared from a 
broth without urea (see Fig. 4). All eliminations 
and decompositions are endothermic instead. 
The remaining exothermic effects are related to 
crystallization changes in the material. It is 
therefore the mixture of urea and HMTA which 
is responsible for the strong exothermic effect 
observed. It is however more than balanced by 

the improving effect of urea on the mechanical 
properties of kernels. More optimizations would 
still be required in order to obtain crack-free 
kernels after thermal treatment. 

 

TABLE I. Results of thermal analysis for the 
different kernels studied. 
a: specific heat of the first exothermic effect;  
b: specific heat of the second exothermic effect 

RU RH T1 
(°C) 

T2 
(°C) 

T3 
(°C) 

Q1
 a 

(J/g) 
Q2

 b 
(J/g) 

0.5 0.6 248 276 434 346 59 
0.75 0.56 251 279 453 988 33 
1.0 0.56 257 311 473 1408 11 
1.5 0.3 247 268 449 511 47 
1.5 0.4 249 288 466 986 46 
2.0 0.3 236 281 458 502 62 
2.0 0.4 247 286 460 921 54 
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Fig. 4: Thermal analysis of kernels without urea 

in the broth. 
 
Characteristics of Pellets 
 

Calcined kernels were pressed into pellets. 
A repressing method was used due to the 
observation of a berry structure on single-pressed 
pellets [7]. It was found that increasing the 
number of pressing steps increased the density of 
the pellet, up to 86% TD (Fig. 5). On the other 
hand, no clear effect of the broth composition on 
density was observed. An exception is the case 
with no urea present, with a lower density 
measured. This is in accordance with the 
improvements brought by urea on the material 
properties. 

The structure of the pellets was studied by 
SEM. An important porosity was observed when 
no urea was present in the broth, explaining the 
low density measured (Fig. 6a). When urea was 
present in the broth, a berry structure appeared 
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after single pressing, along with a high density 
inside the kernels traces (Fig. 6b). Repressing the 
pellet allowed to break this berry structure, but 
hard agglomerates remained, limiting the 
densification (Fig. 6c). If a broth composition 
corresponding to a porous gel structure was used, 
further pressings allowed to break these 
agglomerates, and also increasing the porosity. A 
homogeneous structure was thus observed (Fig. 
6d). 
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Fig. 5: Sintered densities of selected pellets with 

different initial compositions and numbers of 
pressings. 

 

 
Fig. 6: Structure of pellets with different initial 

compositions and numbers of pressings. 
 
CONCLUSIONS 
 

Kernels of yttria-stabilized zirconia doped 
with ceria were prepared by internal gelation. It 
was found that urea had a catalytic role in 
HMTA decomposition, helping the gelation 
process, but was also able to bring porosity to the 
gel and improve its mechanical properties and 
resistance during thermal treatment. On the other 
hand, the mixture of urea and HMTA caused the 
formation of products causing a strong 
exothermic effect during their decomposition. 

This effect was responsible for crack formation. 
Optimizations were attempted, but could not 
totally solve the problem. The phenomena 
occurring during gelation are however now 
better understood. 

An interesting alternative is pellet pressing. 
It was observed that using a repressing method 
was required to prevent the occurrence of a berry 
structure. Densities up to 86% TD were then 
obtained, with a homogeneous structure. 
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