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Abstract

Research and development on nitride fuels for minor actinide burning in accelerator driven

systems is performed in Europe in context of the CONFIRM project. Dry and wet methods for

fabrication of uranium free nitride fuels have been developed with the assistance of thermo-chemical

modeling. Four (Pu,Zr) pins have been fabricated by PSI and will be irradiated in Studsvik at a rating of

40-50 kW/m. The thermal conductivity of (Pu,Zr)N has been measured and was found to be in

agreement with earlier theoretical assessments. Safety modeling indicates that americium bearing nitride

fuels, in spite of their relatively poor high temperature stability under atmospheric pressure, can survive

power transients as long as the fuel cladding remains intact.

1. Introduction

Comparing with alternative fuels for fast reactor application, nitride fuel offers some potential

advantages, such as a high power to melt and good solubility in nitric acid. The relative complexity of

the fabrication process however makes nitride fuels less competitive in the context of commercial

electricity production. Therefore, nitrides presently are under consideration in Europe for the purpose of

minor actinide transmutation in accelerator driven systems (ADS) and gas cooled fast reactors (GCFR).

These are systems where high performance of the fuel is required, whereas the cost penalty imposed by

the selection of nitride fuel itself would be of relatively small significance. In the case of the GCFR, the

addition of 2-3 percent minor actinides to standard (U,Pu)N is foreseen to have comparatively small

impact on the fuel properties as well as performance in pile. The ADS fuel on the other hand would be

uranium free, supported by an inert matrix and feature about 60% minor actinides1>2) The practical

experience of such fuels is fairly limited, although some progress has been made in recent years. Hence

there is a need for basic research on nitride fuels for application in ADS, including development of

fabrication processes, properties measurements and safety modeling. Further, irradiation testing under

prototypic conditions is a mandatory step before large scale application can be considered. In Europe,
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such work has been performed within the CONFIRM project. In what follows, the major results of the

CONFIRM project and related activities will be reviewed.

2. Development of fabrication processes

Several fabrication paths have been under investigation. When handling americium, and

especially curium, processes generating dust are to be avoided. One possible route is to use the Sol-Gel

method for fabrication of micro-spheres followed by Direct Coagulation Casting of pellets. Initial

attempts to implement this route at PSI for fabrication of (Pu,Zr)N did not provide pellets of sufficiently

good quality for irradiation purposes. Hence it was decided to use traditional powder pressing methods

for the main fabrication campaign. Mixing powders of plutonium oxide and zirconia with carbon black,

carbo-thermic nitridation was performed by step-wise raising the temperature from 1500 to 1870 Kelvin.

In the final step, nitrogen gas was exchanged for N2-H2 in order to remove residual carbon according to

the reaction3)

2C + H2 + N2-> 2HCN. (1)

Performing the de-carburization step in an atmosphere of Ar-H2, as is customary during UN fabrication

leads to formation of highly stable ZrC according to

4C + H2 + 2ZrN -> 2HCN + 2ZrC, (2)

which in the present context must be avoided. Since the use of inert gas in the standard process

apparently is motivated by need for control of UN stoichiometry, it should be of no relevance for

uranium free fuel fabrication.

After pressing and sintering in N2 at T = 2020 K for seven hours, pellets with a golden color (see

Figure 1) and oxygen impurity levels below 0.2 weight percent were obtained. The residual carbon

concentration ranged from 0.6 to 1.1 weight percent. The density of the pellets could not be increased

above 82 percent, indicating that higher densities obtained in earlier tests with impure materials could

be due to oxygen acting as a sintering aid.

Jtjll

Fig.l: (Pu,Zr)N pellets fabricated by PSI using the powder pressing route.
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Doring autumn 2003, four (Pu,Zr)N fuel pins were fabricated for irradiation testing in Studsvik.

Two of the pins contained pellets with 30 percent molar fraction of plutonium, the two other 20 percent.

Meanwhile, measures to improve the wet fabrication route were pursued at ITU. By adding

carbon directly to the aqueous sol gel solution, beads of zirconia with a homogeneous distribution of

carbon could be obtained. Uranium nitrate was infiltrated into the porosity of the beads, which then

were calcined. After carbo-thermic nitridation the beads were pressed into pellets and sintered. Using

this so called "Carbon Integration Method", the produced (U,Zr)N pellets were mechanically stable,

having a density of 80% and a golden color indicating a low oxygen content.

3. Property measurements

Thermo-physical properties of ZrN and (Pu,Zr)N were measured at Cadarache. The thermal

conductivity was obtained as the product of the experimentally measured thermal diffusivity, density,

and heat capacity. The thermal diffusivity was measured by a laser flash technique over the range 700 -

2000 K. Drop calorimetry was used to obtain the heat capacity.

The pellets used for the measurement derived from an earlier stage of the fabrication tests at PSI,

featuring 25 molar percent plutonium, oxygen impurities of about one weight percent and a density of

89% TD. The thermal conductivity of these pellets, normalized to 100% density, is shown in Figure 2.

Thermal conductivity [W/(m*K)l
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Fig.2: Thermal conductivity of (Puo.25,Zro 7s)N, normalized to 100% TD. Blue dots represent

measured data, black line the Harwell assessment.

It is seen that the normalized experimental data are systematically about 20% higher than the

values of the Harwell recommendation4) using the present data for thermal conductivity of ZrN and PuN

data from Arai et al }.
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4. Safety and performance modeling

A major concern raised in connection with use of nitride fuels is the dissociation of actinide

nitrides, which occurs at temperatures below the melting point.

UN is stabilized by forming a solid solution with ZrN. Solidus and liquidus temperatures of

(Uo.2,Zro.g)N have been measured in a high pressure test4). Unfortunately a similar effect is not observed

for (Am,Zr)N, where significant amounts of americium were vaporized during sintering tests in inert

atmosphere . On the other hand, thermo-chemical modeling has indicated that sintering under nitrogen

atmosphere should improve the stability of AmN3). Tests made by JAERI indeed showed that losses of

Am while sintering (Am,Zr)N at T = 1800 K in nitrogen were decreased by one order of magnitude, as

compared to sintering in argon . Recent modeling efforts have further shown that the in-pile stability of

(Pu,Am,Zr)N should be considerably better than in glove-box environments^. In a small, closed volume

like a fuel pin, the equilibrium of the reaction

2AmN <-> 2Am + N2 (3)

is shifted to the left, leading to a very low equilibrium pressure of Am in the gas phase. Figure 3 shows

the calculated Am pressure in the bonding gas of a (Pu0.2,Am0.3,Zro.5)N pin with a plenum volume equal

to 1.5 times the fuel stack volume. The pressure remains negligible up to at least 2400 K. As long as

the fuel clad remains intact, there should thus not be any serious concern about pressure buildup due to

dissociation of AmN.

Am pressure [barj
10'- i

10'-2

10-4

100% He

99% He, 1 % N2

Fuel Temperature IK]

1900 2000 2100 2200 2300 2400

Fig. 3: Americium vapor pressure in a (Puo.2,Amo 3,Zr0 s)N fuel pin, as function of temperature.

Adding 1% N2 to the bonding gas decreases Am pressure by a factor of two.
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The neutronic performance of the fuel was assessed by doing Monte Carlo calculations for 800

MWth lead-bismuth cooled cores with different geometry, assuming an average linear rating of 36

kW/m ]). The fraction of plutonium in the fresh fuel was fixed to 40%, in order to minimize the

reactivity swing over a large number of bum-up cycles 2). The remainder of the fuel consists of

americium and curium in proportions arising from a mixture of spent UOX and MOX fuel from LWRs

(5/1). The inert matrix fraction was adjusted in order to achieve a k-eigenvalue of 0.97 and a radial

power peaking factor less than 1.3. For the latter requirement to be fulfilled it was found sufficient to

divide the core into three fuel zones with different inert matrix content.

In order to ensure sufficient cooling of the clad, transient calculations of unprotected loss of flow

(ULOF) accidents were made. By "unprotected" accident, we here mean that the proton beam is not

shut down. Assuming only natural circulation of lead-bismuth, it was shown that by increasing the

distance between the pins up to P/D = 1.75 the hot spot temperature could be maintained below the

rapid burst limit of austenitic steels (~ 1300 K).

For P/D=1.75, a pin outer diameter of 5.7 mm, a clad thickness of 0.35 mm a radial fuel clad gap

of 50 microns and a fuel porosity of 15 percent, inert matrix fractions yielding k = 0.97 and a radial

power peaking factor less than 1.3 were calculated to 50 volume percent in the outer fuel zone, 60

percent in the middle, and 66 percent in the inner zone. The resulting power profile is exemplified over

a radial cut of the core in Figure 4.
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Fig. 4: Radial power profile in the nitride fuelled ADS here investigated.
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In Table 1, neutronic safety parameters of this core configuration are displayed. Note the very

small effective delayed neutron fraction, which in combination with a vanishing Doppler feedback and a

positive void coefficient makes sub-critical operation of the core mandatory. The coolant void worth is

large and positive, which requires careful consideration of possible voiding mechanisms, like

introduction of gas bubbles into the core.

Table 1: Safety parameters of the nitride fuelled ADS.

Delayed neutron fraction (P)

Effective delayed neutron fraction ((3eff)

Neutron generation time (A)

Coolant temperature coefficient

Fuel axial expansion coefficient

Grid radial expansion coefficient

Coolant void worth (core only)

Coolant void worth (core + upper plenum)

240 pern

180 pem

0.71 ^

+0.50 pcm/K

-0.24 pcm/K

-1.11 pcm/K

+4150 pem

+ 880 pem

Using these temperature coefficients, the fuel temperatures during a transient over-current

accident were calculated. Assuming that a proton beam power increase of 45% is necessary to

compensate for reactivity losses during burn-up, the full current could in principle be inserted by

accident at beginning of life. Even for such a large over power, the calculated fuel temperature in the

hottest fuel pin stays below 1900 K. Considering that the calculated americium pressure at 1900 K is

less than one millibar, this type of accident should have no severe consequence for the nitride core, as

long as clad integrity is maintained.

5. Irradiation testing

Several irradiations of uranium free nitride fuel are under way in the world today. As part of a

CEA-MINATOM collaboration two helium bonded (Puo 4,Zro.6)N pins are irradiated in BOR-60 at

moderate linear power (~ 25 kW/m). In early 2004, the pins had reached 11% actinide burnup without

any sign of clad failure. Within the CONFIRM project, irradiation of four (Pu,Zr)N pins with 20 and 30

atomic percent plutonium will take place in Studsvik. The pins were delivered from PSI to Studsvik in

December 2003. The CONFIRM irradiation will be made in a hafnium shielded NaK capsule, enabling

to test the performance at higher linear power, tentatively 40-50 kW/m. As there is some concern that

fission gas bubble leakage may lead to loss of conductance, the experimental rig is presently redesigned

to pressurise the NaK, so that any clad failure would cause the pins to be filled by the coolant. After the
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experimental set-up has been approved by the authorities the pins will be irradiated for 14 cycles, with

an expected burn-up of 12 percent actinides. Post-irradiation examination will then be made as part of

the EC 6th Framework Programme project EUROTRANS.

In the FUTURIX project, sodium bonded (Pu,Am,Zr)N pins are to be irradiated in Phenix. The

fuel pellets will be fabricated by Los Alamos and then transported to ITU, where the pins are filled with

sodium before insertion into Phenix in late 2006.

6. Conclusions

As described in the present review, progress has been made in Europe concerning the

development of fabrication processes for uranium free nitride fuels. With assistance of thermo-chemical

modeling it was shown that the quality of the produced material could be improved by performing

decarburization and sintering under nitrogen atmosphere. The thermal conductivity of (Pu,Zr)N has

been measured, and four (Pu,Zr)N fuel pins have been fabricated by PSI for irradiation in Studsvik at

high linear power. Safety analysis has shown that the suggested nitride fuel ADS core would survive the

standard set of design extension conditions, with a remaining question mark for the consequences of

clad breach.
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