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Abstract 

Fuels are the cornerstone of R&D of accelerator-driven systems for transmuting minor 
actinides (MAs). Compared with the fuels for critical reactors, fuels for ADS are generally 
U-free to improve the transmutation performance and contain high volumetric 
concentrations (~50%) of MA and Pu compounds. Their specific fabrication, reprocessing, 
design and safety issues are being currently investigated. This paper provides an overview 
of the current state-of-the-art of the assessment of these innovative fuels. Emphasis has 
been placed on the main outcomes of the work performed within the Sixth FP EU 
EUROTRANS Programme, which provided a decisive step forward in improving knowledge 
on fabrication, properties, and behaviour under irradiation of these challenging fuels. In 
EUROTRANS, for the ADS application, the focus was on Ceramic-Ceramic 
(Pu,MA)O2+MgO and Ceramic-Metallic (Pu,MA)O2+92Mo composite fuels, which were 
recommended for the European Facility for Industrial Transmutation (EFIT). The fuels 
consist of particles of (Pu,MA)O2 phases dispersed in a magnesia or molybdenum matrix. 
Solid nitride (Pu,MA,Zr)O2 fuels have also been considered as a back-up solution. This 
paper presents the main experimental results from out-of-pile and in-pile experiments of 
the Ceramic-Ceramic and Ceramic-Metallic composite fuels as well as related safety 
assessments. Further, the on-going R&D activities on fuels loaded with large amount of 
MA will be presented. 

Introduction 

R&D of fuels for accelerator-driven systems (ADS) for minor actinides (MA) burning has 
been performed worldwide for many years. In Europe, emphasis has been placed on the 
oxide route in line with the wide European experience [1]. At JAEA in Japan, focus has 
been on solid solution nitride fuels with ZrN matrix [2] and in the US metallic fuels are 
under investigation [3]. 

Fuel is one of the most challenging components of ADS. Fuels for ADS are generally 
U-free, to improve transmutation performance, and contain a large volumetric 
concentration of MAs (45 to 70%) and Pu (30 to 55%) compounds. Therefore, these highly 
innovative fuels require specific design and safety assessment compared with those 
employed in critical cores; the high concentration of transuranics (TRU) e.g. results in 
high gamma and neutron emissions at fabrication and handling stages. To examine their 
behaviour under irradiation would be necessary because of: 

• the significant He production and; 

• the deterioration of kinetics and safety parameters (i.e. low Doppler effect 
and effective delayed neutron fraction ,βeff).  
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Finally, it is necessary to study the behaviour of a system as a combination of a fuel 
loaded with large amounts of TRU, an external source-driven system, and a heavy liquid 
metal coolant. Therefore, the “optimal” fuel results from the evaluation of its thermo-
mechanical and chemical properties as well as the neutronics and technological 
constraints related to ADS. 

In Europe, the Sixth EU FP EUROpean Research Programme for the TRANSmutation 
(EUROTRANS) of High-Level Waste in an Accelerator-driven System [4] represented an 
important step forward to improve our knowledge of fuels for ADS. The objective of the 
programme was to improve the design, the development, and the qualification in 
representative conditions of U-free fuel for the 400 MWth European Facility for Industrial 
Transmutation (EFIT) [5]. The Domain DM3 (AFTRA) was responsible for the fuel 
assessment and development for EFIT and the Domain DM1 (DESIGN) aimed to develop 
the conceptual reference design of the whole plant, including core and target. The 
outcomes of AFTRA address recommendations about fuel design and performance of the 
most promising candidate for EFIT, taking into account a number of criteria, ranging from 
fabrication, reprocessing, via economics to safety [6-8]. The primary candidates are 
CERamic-CERamic (CERCER) and CERamic-Metallic (CERMET) inert matrix fuels (IMF) 
consisting of (Pu,MA)O2-x particle dispersed in MgO and Mo inert matrices, respectively, in 
line with the Fifth EU FP FUTURE programme [9]. The CERMET fuel is 92Mo-enriched in 
order to reduce the neutronic penalties due to the high 95Mo capture cross-section and 
prevent the long-lived 99Tc production by 98Mo(n,γ)99Tc reaction [6, 7]. Nitride- and 
zirconia- based fuels have been also considered as back-up solutions. 

Before the start of the EUROTRANS project, the experience of the fabrication and 
irradiation of these innovative fuels was limited and little was known about thermo-
physical properties. Therefore, a large fuel data base was created by performing in-pile 
and out-of-pile experiments on CERCER and CERMET fuels. Further, analyses of the 
performance of TRU-oxide fuel elements and safety analyses of CERCER and CERMET 
EFIT cores were carried out. Investigations relating to the fabrication of such fuels were 
conducted at the Institute for Transuranium Elements (ITU) and at CEA-ATALANTE [10-
12]. In particular, the fabrication of Am-bearing fuels was demonstrated at lab-scale [13]. 
In addition, solid solution nitride fuels with ZrN matrix were fabricated at JAEA [2]. 

This paper provides an overview of the state-of-the-art of R&D on fuels for ADS in 
Europe. The major outcomes of the AFTRA programme are described concerning 
irradiation tests, out-of-pile experiments, and fuel safety assessments [14, 15]. The 
current European programmes on R&D of fuel for ADS will be described and 
requirements for further investigations will be addressed. 

Irradiation tests 

Prior to the start of the EUROTRANS project, the irradiation behaviour of TRU-fuels was 
quite limited because very few irradiation tests of samples containing large amounts of 
MA were performed in Europe. Nevertheless, Post-Irradiation Examination (PIE) on 
irradiated targets containing a few per cent of Am showed the significant role played by 
irradiation conditions, temperature, He production and accumulation, and the material 
swelling due to structure modifications [16]. Irradiation programmes have been 
performed to further investigate the irradiation effects on IMF in EFIT representative 
conditions in the FUTURIX-FTA test (CEA, US-DOE, JRC-ITU) [17] at the Phénix reactor, the 
He behaviour versus temperature and microstructure in IMF in the HELIOS test [18] at the 
High Flux Reactor (HFR, Petten) and the He build-up and release mechanisms versus 
temperature in 10B-doped inert matrices in the BODEX test [19] at HFR. Further, PIE of 
nitride fuels (Pu0.3Zr0.7N) irradiated at HFR within the Fifth EU FP CONFIRM project [20] has 
been performed. 

Table 1 presents the composition and the employed fabrication route of the samples 
for the FUTURIX-FTA and HELIOS tests. The Am content ranges from 0.2 g/cm3 to  
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1.9 g/cm3 in FUTURIX-FTA pellets and it is about 0.7 g/cm3 in the HELIOS samples, namely 
from ADS type fuels to transmutation targets to benefit from the experience gained in the 
EFFTRA-T4 and EFFTRA-T4bis tests [21, 22]. The samples have been fabricated at ITU and 
CEA at laboratory scale by using two processes [23]: an oxalic co-precipitation route [11] 
for CEA, and a combination of external gelation and infiltration methods [12] for ITU. The 
composite materials have been prepared with conventional powder metallurgy  
methods [24] and are similar for all the samples, except for the HELIOS CERCER fuel, 
whose porosity has been tailored to remain open to allow He to escape [1]. 

Table 1. Composition and fabrication process of the FUTURIX-FTA and HELIOS pellets [1] [7] 

FUTURIX-FTA HELIOS 

Composition Fabrication Composition Fabrication 

Pu
0.8

Am
0.2

O
2-x

+86 vol% Mo ITU route Am
2
Zr

2
O

7
+80 vol% MgO CEA route 

Pu
0.23

Am
0.25

Zr
0.53

O
2-x

+60 vol% Mo ITU route Zr0.8Y0.13Am0.07O2-x
 ITU route 

Pu
0.5

Am
0.5

O
1.88

+80 vol% MgO CEA route Pu0.04Am0.07Zr0.76Y0.13O2-x
 ITU route 

Pu
0.2

Am
0.8

O
1.73

+75 vol% MgO CEA route Am0.22Zr0.67Y0.11O2-x
+71 vol% Mo ITU route 

  Pu0.8Am0.2O2-x
+84 vol% Mo ITU route 

 

The FUTURIX-FTA tests were completed in March 2009 after 235 efpd of irradiation 
and cumulated neutron fluence for CERMET and CERCER samples of 1.4x1023 n/cm2 and 
1.0x1023 n/cm2, respectively [1] [8]. Several non-destructive examinations have been 
performed at CEI-Phénix Facility [8] and PIE analyses have been performed within the 
Seventh EU FP FAbrication, Irradiation and Reprocessing of FUELS and targets for 
transmutation (FAIRFUELS) (CEA, JRC, NRG, Chalmers, KTH, SCK•CEN, CIEMAT, LGi, 
Imperial College, SERCO) Programme [25] at ITU and LECA-STAR Facility  
(CEA, Cadarache) [28]. The HELIOS tests were completed in March 2010 after 241 efpd of 
irradiation. Non-destructive examinations have been performed at NRG [26] and PIE is 
currently under investigation within the FAIRFUELS project [27] at ITU and NRG. 

The He-induced swelling behaviour of 10B-doped (1 wt%) MgO and Mo inert matrices 
was investigated in the BODEX experiment [19] at HFR at 800°C and 1100°C, 10B being used 
as Am surrogate. A detailed description of the samples and of the investigations 
performed is given in [7, 19]. 10B-MgO sample at 1100°C is significantly embrittlened and 
shows 2-3% swelling, about 30% of He release, and no cracks. 10B-Mo sample at 800°C and 
1100°C shows cracks, swelling (1.5% and 6%, respectively) and low He-release (6% at 
1100°C). Finally, the un-doped Mo sample shows neither cracks nor swelling (<1%). 

Out-of-pile experiments 

The work of AFTRA allowed creating a large database of thermo-physical properties of 
IMF and nitride fuels [1] [2] [29-31] as well as of the FUTURIX-FTA and HELIOS samples [30] 
[31]. Chemical compatibility tests of Pb coolant, T91 clad, and inclusions 
PuO2,AmO2,(Pu,Am)O2 as powders with several fuels and inert matrices MgO and Mo, 
have been performed [32] [33].  

Figure 1 shows the thermal conductivity results of the Pu0.5Am0.5O1.83+70 vol% MgO 
CERCER fuel and of the HELIOS samples. CERCER fuel shows a significant drop at  
T>1500 K which is not predicted by calculations based on phase mixing models. The 
thermal conductivity of CERMET fuels is larger and it is about 30 times higher than that of 
(Zr,Pu,Am)O2-x fuels, as observed for the FUTURIX-FTA CERMET samples. 
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Figure 1. Thermal conductivity of CERCER [1, 29] and of the HELIOS CERMET fuels [31] 

 

Vapourisation and melting temperature of CERMET and CERCER fuels have been 
measured at CEA and ITU under vacuum and neutral atmosphere, for closed and open 
systems [1] [7]. Results are shown in Figure 2. Molybdenum is still detected at T>2300 K 
(not shown in Figure 2) and shows a higher stability than MgO, whose vapourisation 
begins at 1750-1800 K and significantly increases at 1800-1900 K. Concerning TRU species, 
Am is detected as Am and AmO in CERMET (Am signal being larger than AmO) while 
gaseous Am species are already detected at 1800 K in CERCER, the AmO2 being the main 
species up to 2200 K. Detailed analyses can be found in [1] [7]. 

Concerning chemical compatibility tests, Figure 3 shows the results of the Electron 
Dispersive X-ray spectroscopy (EDX) analysis at 550°C and 950°C of the T91/MgO contact 
area [1, 7]. Results show that MgO is compatible with T91 up to 550°C while a slight 
diffusion of Mg appears at 950°C [1] [7]. No interaction has been observed between T91 
and FUTURIX-FTA CERMETs and Mo samples [1] [7]. Detailed analyses of compatibility 
tests can be found in [1] [7] [32] [33]. 

Figure 2. Vapourisation rate vs. T of the components of the FUTURIX-FTA (Pu0.8Am0.2O2-x+ 86 vol% 
Mo) CERMET (left) (Pu0.5Am0.5O2-x+ 80 vol% MgO) CERCER fuels (right) [1] [7] 
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Figure 3. EDX analyses of T91 interface in contact with MgO at 550 °C and 950 °C [1] [7] [33] 

 

Figure 4. TRAFIC results for fuel temperature and pellet-clad gap size in the CERCER (left)  
and CERMET (right) fuels [7] 

 

Experimental data have been used to improve the models employed in the simulation 
tools. As an example, the thermo-mechanical performance of CERCER and CERMET fuels 
under EFIT conditions (peak linear power ~200 W/cm) have been simulated by means of 
the MACROS (SCK•CEN) and TRAFIC (SERCO) codes. The maximum CERCER fuel 
temperature is 1800 K at BOL (300 K below Category 4 [14, 34]), and decreases as the gap 
closes. Concerning CERMET, the fuel temperature remains more than 1100 K below the 
failure limits and the gap remains open during the irradiation. Therefore, both CERCER 
and CERMET fuels fulfill the EFIT design criteria. Nevertheless, results are affected by 
large uncertainties due to the lack of data on properties of fuel, matrix, and cladding 
materials under representative conditions. Keeping this in mind, PIE of FUTURIX-FTA and 
HELIOS samples will provide important information.  

Fuel safety assessment in the EFIT CERCER and CERMET cores 

A large amount of work has been performed within EUROTRANS to analyse the safety 
behaviour of the 400 MWth EFIT MgO-CERCER and Mo-CERMET three-zone lead-cooled 
cores [14, 15, 34]. The detailed description of the systems is given in [5, 34]. The main 
safety parameters have been evaluated for both EFIT cores by means of deterministic and 
stochastic codes [35], namely the Doppler constant (KD) and the coolant void worth. KD is 
equal to -31 pcm (CERCER) and -68 pcm (CERMET). The coolant void worth is ~6600 pcm 
(CERCER) and ~7300 pcm (CERMET), if the entire EFIT cores are voided. The clad worth 
potentials are ~2000 pcm. The total reactivity potentials are larger than the assumed 
subcriticality margin of 3000 pcm. The general impact of U-free fuels on global core 
dynamics and safety (especially in DEC) is therefore characterised by the lack of a prompt 
fuel feedback effect and significant positive (delayed) reactivity feedback potentials. As 
described above, the coolant void worth is high, which is, however, acceptable because of 
the very low boiling probability of Pb. Nevertheless, even in cases of no-coolant boiling, 
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local voiding may be triggered by clad failure, e.g. He release, or steam ingress in cases of 
steam generator tube rupture (SGTR) [14].  

The safety objectives indicated in AFTRA are that all reasonably practicable measures 
are taken to prevent accidents, and to mitigate their consequences [34]. This is achieved 
based on the defense-in-depth concept. The demonstration of the safety adequacy of 
design is structured along three different accidental categories; the design basis 
conditions (DBC–structured in four categories), design extension conditions (DEC–limiting 
events, complex sequences and severe accidents), and residual risk situations [36]. For 
innovative reactors such as the ADS, cliff-edge effects should be also identified and 
excluded. Due to the lack of detailed experimental data on transient fuel and clad 
conditions and the phenomenological uncertainties in the high-temperature range, both 
CERCER and CERMET fuels and clad limiting temperature maps are defined for the 
different defense in-depth categories [14, 34]. To evaluate the results of calculations of 
severe transients, for CERCER, the Category IV fuel temperature is 1677°C and DEC 
temperature is 1857°C [14, 34]. For the CERMET, the Category IV temperature is 2127°C 
and DEC is 2177°C [1, 34]. Besides the fuel limits, clad limits of EFIT are of major interest. 
Clad creep induced fuel pin failures for unirradiated T91 must be expected at ~1000°C at  
5 MPa. The choice of GESA (FeCrAlY coating) treated clad [37] for the EFIT has high 
relevance for normal operation (no deterioration of clad/coolant heat transfer by oxide 
layers) and safety, ranging from beam trip (clad surface layer stability) to assumed 
unprotected transients like e.g. the blockage accident (local corrosion product build-up). 
Safety analyses have been performed by means of SIMMER-III (KIT), SAS4A (KTH), and 
SITHER (SCK•CEN). Here, the investigations with the SIMMER-III code [38] are discussed. 
Several transients have been investigated such as Protected and Unprotected LOss of 
Flow (P/ULOF), Beam Trip/Interruption (BT/I), Protected and Unprotected Transient Over 
Power (P/UTOP), Unprotected Transient Over Current (UTOC), Protected and Unprotected 
Blockage Accident (P/UBA), and STGR accident [14-15, 34].  

The SIMMER-III results of the ULOF accident for MgO-CERCER EFIT core are shown in 
Figure 5. The ULOF is one transient of interest to show the safety potential of the design. 
The liquid lead has good natural convection properties. After a short undershooting of 
the coolant mass flow rate in the core and a 30% reversed flow after the pump stop, the 
coolant mass flow rate in the core is finally stabilised at 30% due to the natural 
convection. With the 30% remaining coolant heat removing capacity, the fuel and clad 
peak temperatures are finally at 1500°C and 740°C (Figure 5). For the CERMET, core fuel 
and clad are leveling out at 900°C (more than 1000°C below the failure limits) and 740°C. 
The SIMMER-III analyses showed that both CERCER and CERMET fuels for EFIT had good 
safety performance. The results demonstrate the general high safety potential of EFIT, as 
neither core violates the safety limits in the most severe conditions. Also, analyses 
revealed that the most limiting conditions in design and safety are mainly related to the 
T91 clad and not to the fuels [34]. In order to reduce the uncertainties associated with 
these analyses and to extend the models, further experimental and theoretical 
investigations are needed on materials behaviour under irradiation, transients, and high 
temperature conditions [34].  
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Figure 5. ULOF results for the MgO-CERCER EFIT core: power, reactivity  
and temperatures of fuel, clad, and coolant [14] 

 

Current research programmes in Europe 

Different projects aiming to improve knowledge of TRU fuels are currently on-going in 
Europe. The European network EFFTRA (Experimental Feasibility of Targets for 
Transmutation) (JRC-IE, JRC-ITU, CEA, EdF, KIT, NRG) has been very active for many years. 
Reference experiments have been performed within EFFTRA like the above mentioned 
EFFTRA-T4 [21] and EFFTRA-T4bis [22] on Am transmutation. EFFTRA allows a continuous 
exchange of experimental information among the different partners. In the frame of 
Seventh EU FP the above mentioned FAIRFUELS [25], the Actinide reCycling by SEParation 
and Transmutation (ACSEPT) [39], and the Advanced fuelS for Generation-IV reActors: 
Reprocessing and Dissolution (ASGARD) [40] programmes have been launched. The 
FAIRFUELS project aims to gather experience on fuels containing MAs from both a 
theoretical and an experimental point of view. During the project, the PIE analyses of 
FUTURIX-FTA and HELIOS samples have been performed. The programme, focused on 
the behaviour of He release, has several objectives; the fabrication of dedicated fuels 
containing MAs, performing irradiation tests in the HFR, and modelling development and 
validation against experiments. The ACSEPT collaborative project (34 partners) aims to 
develop chemical separation processes compatible with fuel fabrication techniques, in 
view of their future demonstration at the pilot level [39]. One of the final goals is to study 
the reprocessing aspects of the irradiated actinide targets. The ASGARD project  
(16 institutions from 9 European countries) examines oxide, nitride, and carbide fuels [40]. 
Concerning oxide fuels, the focus is on MgO- and Mo-IMF, whose dissolution and 
separation issues have not been coherently investigated by that time. In fact, it is 
important to assess the fuel complete cycle, taking into account the behaviour of such 
fuels in the dissolution and separation processes and verify their compatibility with the 
future vitrification (impact on the stability of the waste and amount of generated waste). 
The use of Mo as inert matrix poses additional challenges concerning its redox chemistry, 
the need of avoiding precipitation or co-precipitation, and the necessity of Mo recover, 
possibly isotopically to improve the fuel behaviour. Basic studies will be performed on 
the dissolution of MAs containing high Am and Pu content oxides. A final objective is to 
address the conversion of the reprocessed solution to suitable precursors for fuel 
fabrication. Concerning nitride fuels, the project aims to acquire information on the 
impact of carbon and oxygen impurities on the dissolution rate in nitric acid and improve 
the performance of the 15N enrichment, fabrication, and recycling routes. Finally, 
concerning the carbide fuels, the problems of fuel swelling and the issues concerning the 
reprocessing will be addressed.  
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Conclusion 

Activities are on-going in Europe, Japan, and the United States to improve our knowledge 
of fuels for ADS. In Europe, the work of the Sixth FP EU EUROTRANS project gave a 
significant impulse in this direction. The DM3 AFTRA was responsible for the fuel 
assessment and development for the 400 MWth EFIT machine. The objective of AFTRA 
work was to rank U-free fuels for EFIT. Emphasis has been placed on enrMo-CERMET and 
MgO-CERCER fuels in line with the previous FUTURE programme. Nitride-based fuels 
were also investigated as a back-up solution and PIE analyses of the samples from 
CONFIRM programme were performed. Prior to EUROTRANS, sparse experimental data of 
such fuels and targets were available and their behaviour under irradiation was quite 
unknown. Therefore, a large experimental campaign was launched. The fabrication of 
Am-bearing fuels with Am content up to 36 wt% (1.9 g/cm3) and TRU-oxide fraction up to 
40 vol% was demonstrated at lab-scale. Mo-CERMET and MgO-CERCER samples have been 
fabricated at CEA and ITU with Am content ranging from targets to ADS type fuels. 
Irradiation tests have been performed and concluded in order to analyse the irradiation 
effects in EFIT representative conditions (FUTURIX-FTA test, Phénix) and the He 
behaviour and microstructure (HELIOS test, HFR). The BODEX test has been performed at 
HFR to study the He build-up and release mechanisms of 10B-doped MgO and Mo inert 
matrices. The PIE analyses are currently on-going within the Seventh FP EU FAIRFUELS 
programme. Out-of-pile measurements have been performed on FUTURIX-FTA and 
HELIOS samples and large amounts of data have been collected on their thermal 
properties. Further, chemical compatibility tests have been performed between fuel 
components, between T91 clad and IMF and Mo and MgO inert matrices, and between Pb 
and CERMET, Mo, and MgO. Simulations have been performed to assess the TRU-oxide 
fuel element for EFIT and to evaluate the safety behaviour of CERCER and CERMET EFIT 
cores. A conservative approach has been employed on the fuel limits and the defence-in-
depth concept has been used. Safety analyses demonstrated that sufficient margins for 
both fuels exist (much larger for CERMET) and that the T91 clad failure limits pose the 
main restriction on safety. Finally, the interest in enrMo-CERMET and MgO-CERCER fuels is 
reinforced. Nevertheless, only PIE results can define the most suitable concept between 
CERCER and CERMET. 

Further investigations are needed on ADS fuels. Reprocessing of the fuels favoured for 
the EFIT has been confirmed within the Fifth FP EU FUTURE and PYROREP  
programmes [41]. Still to be tackled, however, (although several possible solutions are 
existing) is the question how to keep the MgO ceramic or light Mo metal out of fission 
products stream and re-use them at the fuel fabrication stage in order to avoid large 
amounts of high-level waste. Keeping this in mind, the investigations performed within 
the ASGARD project on new process schemes can make progress on this issue. A limited 
experimental and theoretical knowledge on fuel behaviour under irradiation still exists 
and the evaluations of the impact on operational conditions, transients, and accidents 
are affected by large uncertainties, i.e. the microphysics of the fuel should be further 
investigated and modelled into the codes. In order to accomplish these requirements, 
facilities for performing transient tests are needed as well as advanced modelling and 
simulation tools. Finally, the analysis of the impact and of the assessment of the new 
experimental findings on design, safety, and fuel cycle is pending. In this respect, the 
outcomes of the current activities in Europe (EFFTRA, FAIRFUELS, ACSEPT, and ASGARD 
programmes) on fuel R&D for ADS may be very useful.  
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