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Abstract – The FUTURE and CONFIRM projects address the issue of the design and fabrication of 
respectively oxide and nitride fuels for the transmutation in accelerator driven system. This paper 
compares advantages and drawbacks of TRU oxides and nitrides in terms of performance and fabricability. 

 
 

INTRODUCTION 
 
For the fuel cycle of accelerator-driven system 
(ADS) implemented in a second stratum 
dedicated to the high-level radioactive waste 
management [1], advanced fuels are envisaged. 
They are characterized by a high content of 
plutonium and minor actinides (TRU: Pu, Am, 
Cm, Np), are free of uranium and will be 
irradiated to relatively high burnup to achieve a 
high extent of transmutation. In 2001, an 
European working group of fuel experts has 
reviewed all the different actinide compounds 
which could be promising candidates as fissile 
support for the ADS fuel. Taking into account 
the current developments in Europe, Japan and 
USA, they pointed out the interest of 
concentrating the effort on actinide oxide and 
nitride compounds [2]. Oxides have the 
undisputable advantage of benefiting from the 
significant progress already observed on 
americium oxide targets and inert matrix oxide 
fuel technologies. However Pu and Am oxides 
present some disadvantages such as lower 
thermal conductivity and melting point 
compared to those of UOX or MOX fuels, 
yielding some design constraints and 
performance restriction to keep sufficient 
margins as regards the fuel melting event. On the 
contrary, the high thermal conductivity of 
actinide nitrides allows to relax the design 
constraints but considerable uncertainties exist as 
regards their fabricability and their high 
temperature stability. 
 
The CONFIRM and FUTURE programmes [3] 
were launched respectively in 2000 and 2001 in 
the frame of 5th European framework programme 
(FP5) to provide the necessary material database 
missing to model accurately their in-pile and fuel 

cycle performance and give consistent 
information for a further selection. 
 
ADS FUEL AND CYCLE SPECIFICITIES 
 
Because of the high content of Am and 
especially Cm, the high neutron source and 
moreover the high heat decay of the virgin fuel 
material are much higher than those of UOX or 
MOX fuel and will lead to special and restricting 
requirements for the remote fabrication processes 
[4]. Fabrication possibilities are therefore 
considerably limited. Apart from the shielding 
requirements, various fabrication processes 
would require additional engineering innovation 
for simplification and automation to reduce 
maintenance, waste management, operator 
intervention, and to provide extra protection for 
electronic equipment. In contrast to UOX or 
MOX fuel, fuel design sophistication to increase 
performance in pile is thought as a secondary 
priority if that makes much more complex the 
manufacturing processes. The main objective is 
the design of simple, robust and compact 
fabrication routes to limit fuel controls and 
scraps. 
 
To minimize the quantities of actinides present 
in the secondary waste stream and the fraction of 
cores dedicated to the americium and curium 
transmutation in the nuclear park, ADS fuel 
should provide respectively excellent 
performance of burnup and accommodate a high 
content of TRU. These performances are largely 
impacted by the thermal properties of the fuel 
(driving the linear rating), its swelling under 
irradiation (yielding mechanical interaction with 
clad) and its chemical compatibility with its 
environment (clad, bond, coolant). Additional 
phenomenon, inherent to the americium 
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transmutation and impacting significantly fuel 
design and performance is the large helium 
production due to the 242Cm decay. To avoid 
significant fuel swelling and fuel-clad 
mechanical interaction, as shown in the T4 
experiment [5], the helium release from the fuel 
to the pin plenum is recommended either by 
increasing the fuel operation temperature or by 
introducing stable and open porosity in the fuel 
to offer release path. 
 
ADS NITRIDE FUELS 
 
Fuel specificities 
The advantage of nitrides are the high actinide 
density hardening the neutron flux and the good 
thermal conductivity and high melting point 
enhancing the safety margins. This results in a 
lower central fuel temperature or, alternatively, 
allows a higher actinide content in the fuel. 
Furthermore, actinide nitrides show a mutual 
miscibility in a wide range of compositions 
allowing great flexibility. A major drawback is 
however the production of 14C through (n,p) 
reactions on 14N imposing the use of nitrogen 
enriched in the isotope 15N, even if it was shown 
that a relatively low enrichment level was needed 
in the second stratum not to exceed what is 
produced in the first stratum [6]. 

 
The main concern is the limited thermal stability 
of AmN and the high vapor pressure of Am. Am 
redistribution in the fuel can be expected during 
irradiation, especially in case of high linear 
power and high radial or axial thermal gradient. 
ZrN was early suggested as the best adjuvant to 
improve the nitride stability, considering 
neutronic and thermophysical properties. The 
thermal conductivity of (Pu0.25,Zr0.75)N was 
recently measured to be in the range of 15-20 
kW/m [7] and confirmed to be high. In addition 
it crystallizes in a cubic lattice, which 
corresponds with the lattice of plutonium nitride 
so that solid solution is formed with MA nitrides. 
Heating AmN and (Am,Zr)N in He atmosphere 
revealed that the dissociation of AmN starts 
around 1300°C and selective vaporization of Am 
in (Am,Zr)N occurred at higher temperatures [8]. 

 
The use of liquid metal as bond in the pin could 
be an interesting design solution to limit the 
volatilization and redistribution risk by 
decreasing the fuel operation temperature and 
temperature gradient between the fuel center and 
the fuel periphery but this solution makes more 
complex the fabrication and reprocessing 

processes. Anyway, fuel behaviour at high 
temperature, during power transient conditions, 
remains an issue to be addressed in-depth. 
 
The fabrication process is also significantly 
impacted by the Am and AmN vaporization. 
Difficulties may arise because of the necessary 
temperature limitation of the heat treatments 
during nitride synthesis or sintering under the 
vaporization temperature to avoid Am losses, as 
explained further. 
 
Core performance 
As the core physics of an ADS with minor 
actinide based fuel is different from that of 
traditional fast reactors, different performance 
and safety criteria will apply. With americium in 
the fuel, sodium void worths becomes excessive 
[9]. Hence, lead bismuth eutectic (LBE) has been 
selected as reference coolant in the European 
ADS program. LBE has a much higher melting 
point than sodium, but also features higher rates 
of corrosion. Measured corrosion rates range 
from 20-40 microns per year for several steels 
developed in the fast reactor program [10]. Since 
corrosion damage should not exceed 20% of the 
cladding thickness, the residence time of the fuel 
in an LBE cooled ADS is limited to about three 
years, unless development of protective coating 
materials is successful. In order to reach a high 
burnup, a high linear rating of the fuel is 
therefore necessary. 

 
Of special concern when designing an ADS is 
that a source transient will lead to a similar 
increase in core power. Since temperature 
feedbacks have very small effect in deeply sub-
critical systems [11], the fuel must be able to 
cope with larger overpower insertions than is the 
case for critical reactors. In the design studies 
made in CONFIRM and FUTURE it was 
required that the fuel should be able to survive a 
50% transient overpower at BOL, roughly 
corresponding to a ratio between operational and 
maximum allowable linear power equal to 2/3. 

 
Note that in a closed fuel pin, possible 
dissociation of AmN is suppressed by the 
buildup of nitrogen pressure. The pressure of 
americium vapour in an intact pin should be 
negligible up to temperatures of 2200 K [8,12]. 
This allows to design the ADS core with an 
average linear power of 35 kW/km. The 
maximum temperature in the hottest pellet 
during normal operation does then not exceed 
1600 K. 
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In the CONFIRM and FUTURE projects, 800 
MWth cores have been studied, the total power 
being limited by the heat possible to deposit in 
the spallation target at the minimum reactivity 
level (k~ 0.95). The nitride core hence contains 
about 22 000 fuel pins. Simulations of 
unprotected loss of flow accidents show that the 
pin pitch to diameter ratio needs to be increased 
to about 1.7 to guarantee integrity of the clad in 
the hottest pin. The core hence features a large 
radial leakage, yielding a comparatively low 
coolant void worth. 

 
The relative fraction of plutonium and higher 
actinides was adjusted to minimize the reactivity 
swing. For start-up cores, reactivity loss less than 
1800 pcm for 20% burnup was achieved with 
BOL actinide fractions Pu/Am/Cm = 40/50/10. 
A target k-eigenvalue of 0.97 was then found to 
be compatible with a fuel matrix fraction above 
50 volume percent in the entire core, thanks to 
the good neutron economy provided by the 
nitride fuel [13]. 

 
Given a fixed linear rating, burnup rates may be 
increased by decreasing the pellet diameter. With 
a pellet diameter of 4.9 mm and a core averaged 
matrix volume fraction equal to 60%, the burnup 
rate becomes roughly 10% per full power year, 
which enables to reach the limit set by damage 
dose to the clad (180 DPA at 25% FIHMA) 
within 2.5 years. 

 
Simulations of unprotected 50% overpower 
transient showed that the nitride fuel temperature 
for the adopted geometry remained below 2000 
K, ensuring that no fuel damage occurs even 
under worst possible conditions [12]. In the case 
of clad rupture, a more detailed study would be 
required, however. 

 
Fuel fabrication 
Nitrides are generally manufactured by 
carbothermic routes from actinide oxides 
according to the reaction: 
 
MOx+u + xC +1/2N2 +uH2 MN + uH2O+ xCO. 
 
This route is generally thought to be adapted to 
an industrial deployment because of the use of 
stable (from the chemical point of view) 
compounds as starting materials on the contrary 
of the nitridation processes from reactive 
actinide metals or hydrides. The proposed 
mechanism of the carbothermic route describes 

the reduction of a possible nonstoichiometric 
metal oxide to the stoichiometric oxide. The 
oxide is reduced by carbon to a carboxide, which 
itself reacts with hydrogen cyanide, arisen from a 
side reaction to a carbonitride. Additionally the 
oxide reacts either with a mixture of carbon and 
nitrogen and with hydrogen cyanide to a 
carbonitride. The carbonitride itself is reduced to 
the nitride in a further step. From this can be 
concluded that an incomplete reaction results in 
oxide, nitride, carboxide and carbonitride phases. 
In addition the carboxide could be further 
reduced to carbide. 
 
At this stage, two major ways were investigated 
at PSI for the synthesis of (Pu,Zr)N, as precursor 
of (TRU,Zr)N [14]: the internal sol-gel method 
which ends up with (Pu,Zr)O2 microspheres 
containing carbon black. Spheres are shaped 
from droplets of nitrate solution of Pu and Zr, 
converted into hydroxides via an internal 
reaction with ammonia. Ammonia is produced 
within the droplets by the thermal decomposition 
of hexamethylenetetramine (HMTA) occurring 
when droplets fall into a hot silicon oil bath or a 
micro-wave furnace. Spheres of metal hydroxide, 
forming a rigid gel, are dried and calcined to 
yield oxide material and then converted into the 
nitride by carbothermic reduction under 
nitrogen/hydrogen atmosphere, as explained 
above. The second route uses directly a mixture 
of PuO2 and ZrO2 powder and carbon black for 
the carbothermic reduction. The nitride powder 
or spheres are then shaped according to a 
standard process of grinding (optionally), 
pelletizing, and sintering. 
 
The first route works a long-time with liquids 
and therefore is dust-less. A second advantage is 
the very easy handling of the liquid and the ideal 
mixture of the yield solid solution. A clear 
disadvantage is the more complex route and the 
destruction of the microspheres during 
carbothermic reduction by the gas production. 
By this route many different fuel types (sphere-
pac, pellets from powder or microspheres) could 
be produced. 
 
The second route is using powders. The 
advantage is an easy handling during 
carbothermic reduction and involves less steps, 
but obtaining a solid solution from two ceramic 
powders demands a time consuming mixing and 
milling of the material, with risk of dust 
dissemination. 
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Main difficulty of both methods concern the 
temperature required for the carbothermic 
reduction. Gibbs energy of formation were 
calculated to evaluate the carbothermal 
nitridation of zirconia solid solutions with Pu 
versus temperature. The results show that all 
examined nitrides are more stable above 1373 K 
under a nitrogen atmosphere in presence of 
carbon and with a CO partial pressure of 0.01 
mbar than the oxides. This stability limit is 
lowered for low CO partial pressures. 
 
It was also experimentally shown that the 
carbothermal nitridation of (Pu,Zr)O2 in N2/H2, 
atmosphere giving the lowest temperature 
reaction, begins at about 1373 K with a 
maximum between 1573 and 1673 K and a 
second reaction producing CO between 1673 and 
1873 K. It’s clear that temperature above 1773-
1873 K will therefore be required to synthesize 
nitrides with a convenient kinetic and of high 
purity (free of O and C) so that AmN 
volatilization is quite likely to occur. By limiting 
the temperature of the heat treatment, oxi-carbo-
nitrides will be fabricated, the behaviour under 
irradiation and reactivity towards clad, bond or 
coolant of which is unknown and would deserve 
to be analysed. 
 
ADS OXIDE FUELS 
 
Fuel specificities 
Compared to TRU nitrides, significant 
differences are expected for TRU oxides: lower 
actinide density, lower melting point, higher 
oxygen potential due to its lower thermodynamic 
stability (clad corrosion risk), lower thermal 
conductivity. All these characteristics do not 
defend TRU oxides against nitrides. 
Consequently, inert matrix oxide fuels (IMF) 
have early been proposed as interesting 
alternatives to adjust some of them. Spinel, 
zirconia, magnesia, chromium or molybdenum 
were proposed to enhance the thermal 
conductivity and/or the melting point of the fuel 
but with the clear disadvantage of diluting 
actinides even more. In case of composite fuels 
(bi-phased fuels), a minimum volume fraction of 
50% is thus recommended to fabricate fuels of 
good quality. 
 
Core performance 
Because of the relatively low thermal 
conductivity, solid solution oxides, where the 
inert matrix would consist of zirconium oxide or 
thorium oxide would be required to operate at a 

linear rating of about 15 kW/m in average. A 
fuel residence time of less than three years, set 
by clad corrosion rates, would hence not allow 
for appreciable burnups. In addition, the low 
rating results in a larger amount of fuel pins for a 
fixed core power level. As a result, the radial 
neutron leakage decreases, yielding in a void 
worth exceeding the desired sub-criticality 
margin for these cores (3000 pcm). 
 
Composite fuels, where the inert matrix provides 
an increased effective thermal conductivity, are 
therefore of more interest for application in LBE 
cooled accelerator driven systems. 
 
Using the same design criteria as for the nitride 
core, it is found that a Cercer fuel with 
magnesium oxide matrix may be operated at an 
average linear power of 25 kW/m. Simulation of 
50% overpower transients at BOL show that the 
maximum temperature in the hottest pin in an 
ADS core with magnesia based fuel then remains 
below 2200 K [12]. The limiting factor is here 
the eutectic melting temperature of 
(Pu,Am,Cm)O2-x and MgO, which is not known, 
but may be estimated to 2300 K from 
measurements and assessments of eutectic 
melting in PuO2 + MgO and AmO2-x + MgO 
[15,16]. 
 
The composite oxide fuels do not have as good 
neutron economy as the solid solution 
counterparts. In order to retain a matrix volume 
fraction above 50%, under the boundary 
condition that the Pu fraction in the actinide 
vector should not exceed 40%, the pellet 
diameters must be increased. A fuel pellet 
diameter of 5.9 mm has been found to provide a 
sufficient actinide inventory in the 800 MWth 
cores studied in the FUTURE project. The 
corresponding burnup rate is of the order of 7% 
fission in actinides per year, which means that 
limits to corrosion damage might be reached 
before peak radiation damage [17]. 
 
The lower linear rating however makes it 
possible to decrease the pin pitch compared to 
the nitride fuel, resulting in P/D = 1.6 as a 
present best estimate. The larger number of fuel 
pins still yields a coolant void worth for the 
Cercer core that is of the order of 2000 pcm. 
 
Since the effective thermal conductivity of the 
oxide fuels can be greatly improved by the use of 
a metallic matrix, a number of Cermet fuels have 
been investigated. Tungsten, having the highest 
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melting temperature, has a too high absorption 
cross section to be compatible with the actinide 
composition here adopted. Neutronically, Cr 
appeared to yield favorable core design 
parameters in terms of a relatively high matrix 
volume, and a low void worth [9]. Fabricability 
of a pure Cr-matrix may however be difficult. 
Natural molybdenum is a source of technetium, 
but molybdenum enriched in 92Mo may be 
available on an industrial basis. 92Mo has a 
relatively low neutron absorption cross section, 
and the effective thermal conductivity of a Mo 
based Cermet is exceeding 40 W/(m.K). Hence, 
the fuel may be designed with a large pellet-clad 
gap, allowing for swelling of the fuel and matrix. 
 
As a matter of fact, the thermal properties of the 
Cermet fuel are so good, that the margins to fuel 
failure (set by melting of the actinide phase) 
remain at more than 500 degrees in the worst 
case transients studied. The rating of the 92Mo 
fuel is instead determined by the need to increase 
the core size to make a matrix volume fraction of 
50% compatible with the actinide vector adopted 
in the study. Hence it turns out that the average 
linear power becomes about equal to that of the 
MgO based Cercer fuel (25 kW/m), with similar 
effects on the burnup rate. 
 
In summary, composite oxide fuels may provide 
reasonable operational and safety performance. 
However, the burnup of these fuels seem to be 
limited their lower linear rating, leading to 
longer residence times ad thus larger corrosion 
damage to the cladding. 
 
Fuel fabrication 
On the contrary of nitride fuels, oxide-IMF have 
already been successfully fabricated with process 
similar to those developed for MOX fuel, either 
by dry or wet processes as those presented for 
nitrides. The absence of carbothermic step 
obviously simplifies the process schemes. 
Depending of the inert matrix characteristics (in 
particular its solubility in nitric media), further 
process simplification could be considered to fit 
better with the technological constraints due to 
Am and Cm. Wet processes are generally 
preferred in order to synthesize fuel under the 
form of granulates and directly at the required 
composition to avoid dust dissemination and to 
minimize the number of fabrication steps. 
 
The infiltration process, developed by ITU, is 
one of the most interesting fabrication scheme 
[4]. The process requires the inert matrix as a 

porous medium into which the Am + Cm nitrate 
can be infiltrated. For the FUTURE fuels, the 
porous medium is composed of (Zr,Pu)O2 beads 
made by the sol gel external gelation in 
conventional laboratory installations where 
wastes can be handled, treated or recycled easily. 
Infiltration can be made in a batch mode with 
addition of the minor actinide solution to the 
beads until the incipient wetness point is 
reached. Multiple infiltration/calcination cycles 
can be necessary to reach the requested minor 
actinides density. The relatively small size of the 
beads (20-120 µm) yields homogeneous 
products. The main drawback is that the 
concentration of MA that can be infiltrated into a 
porous medium is limited and that the porous 
medium must be insoluble in nitric medium. 
 
Co-precipitation of actinides are also promising 
processes, developed by CEA, as low 
concentration solutions (e.g. 20 g actinides/l) 
with lower heat production are generally used 
with excellent precipitation yields. Nevertheless, 
the main challenge is to produce large cohesive 
particles, which do not produce dust. Final 
thermal treatments need careful control to obtain 
the final product with precise composition (O/M) 
and phase structure. (Pu,Am)O2 is prepared by 
co-precipitation of the oxalate according to the 
reaction : 

The oxalate synthesis is followed by a 
calcination step.  

The sol gel process is particularly adapted to the 
production of microspheres either by internal 
gelation, as developed for nitrides, or by external 
gelation, but not yet tested in the FUTURE 
programme. In the external gelation process, 
droplets containing the actinide and organic 
polymers are collected in an ammonia bath to be 
hydrolyzed by diffusion of ammonia from the 
surface to the center of the droplet. The particle 
size can be selected by the type of liquid 
dispersion device. The choice depends on the 
required fuel form, with the former preferable for 
SPHEREPAC and the latter for pelletization of 
homogeneous fuels. The external gelation 
process has been used successfully for the 
production of (U,Np,Am)O2 pellets for the 
SUPERFACT irradiation experiment [18]. In 
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principle it could be used for the liquid to solid 
conversion of Cm containing solutions, but 
difficulties could arise from 1) organic polymer 
degradation by the alpha particles, 2) the 
concentrated (ca 250 g/l) stock solution and the 
sol gel feed solution (100 g/l) requiring cooling 
to remove excess heat and 3)liquid and solid 
waste treatment, especially abundant in this 
process scheme. 
 
CONCLUSION 
 
At this stage of the work, selection of fuels for 
ADS is clearly driven by the competition 
between fabrication and performance. 
 
For nitride fuels, the good basic physico-
chemical properties of the actinide nitride 
compounds give us to expect high fuel 
performance in normal operation condition, even 
if some uncertainties remain as regards the 
power transient conditions. However the nitride 
fuel fabrication process is complex, requiring an 
additional step of oxide nitridation not yet 
proven, quite difficult to control because of the 
complexity of the reaction mechanisms. Long 
heat treatment time and high temperature are 
needed to obtain nitrides of high purity what is 
incompatible with the high volatility of  
americium and the objective of process 
simplification imposed by the remote handling 
and hot cell implantation. That means that the 
composition of the Am-bearing ADS fuel could 
be much closer of an oxi-carbo-nitrides than a 
pure nitride. Consequences on the fuel 
performance would deserve to be re-evaluated 
according to the behavioral models of such 
complex compounds. 
 
For oxide fuels, general depleted properties have 
to be offset by the addition of inert matrices. 
Performances are therefore limited by the 
actinides dilution and by the design constraints 
required to limit the fuel temperature. However, 
fabrication processes are already well mastered 
thanks to the great synergy with MA-based 
target and IMF programmes (EFTTRA [19], 
Phénix irradiation programme [20], etc.). 
Solutions are available for their manufacturing 
with a high control quality, either by dry or wet 
processes. Process improvement for industrial 
application is still possible even if research and 
development are still required. 
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