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ABSTRACT

Nitration reaction of a spent nuclear oxide fuel through a carbothermic reduction and the change in ther-
mal conductivity of the resultant nitride specimens were investigated by a simulated fuel technique for
use in nitride fuel re-fabrication from spent oxide fuel. The simulated spent oxide fuel was formed by
compacting and sintering a powder mixture of UO, and stable oxide fission product impurities. It was
pulverized by a 3-cycle successive oxidation-reduction treatment and converted into nitride pellet spec-
imens through the carbothermic reduction. The rate of the nitration reaction of the simulated spent oxide
fuel was decreased due to the fission product impurities when compared with pure uranium dioxide. The
amount of Ba and Sr in the simulated spent oxide fuel was considerably reduced after the nitride fuel re-
fabrication. The thermal conductivity of the nitride pellet specimen in the range 295-373 K was lower
than that of the pure uranium nitride but higher than the simulated spent oxide fuel containing fission

product impurities.

© 2009 Published by Elsevier B.V.

1. Introduction

Worldwide R&D activities in nuclear energy are currently
focused on reduction and utilization of spent nuclear fuels for both
a high level radioactive waste reduction and the production of
energy. This is coordinated through joint international efforts such
as the Generation IV International Forum (GIF) and the Global
Nuclear Energy Partnership (GNEP). Technical issues concerning
these joint efforts include a separation of the Minor Actinides
(MAs: Am, Cm and Np) and their transmutation. These elements
can be transmuted, preferably in a fast neutron system, for which
non-oxide fuel materials are more advantageous than oxide in
respect of their mutual miscibility and in-reactor fuel material
performance. Currently, investigations for these innovative nuclear
fuel materials are underway in several countries [1,2].

Generally, a nitride fuel demonstrates, as summarized and com-
pared to other nuclear fuel materials in Table 1 [3], a high fuel
material density, high melting point and high thermal conductiv-
ity, and good compatibility with Na coolant and stainless steel
cladding. In addition, uranium and plutonium nitride fuels can
form solid solutions with nitrides containing MAs. The nitride com-
pounds of these elements are expected to be effectively utilized for
the transmutation strategy in Liquid Metal Fast Breeder reactors as
well as for Accelerator-Driven System fuel target materials [4,5].
One of the issues for these nitrides as fuel materials is the forma-
tion of radio-toxic C-14 by a (n, p) reaction and B-11 by a (n, «)
reaction of N-14. B-11 has a high neutron absorption cross-section,
and hence decreases the neutron economy of the reactor. This can
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be overcome by the use of N, gas enriched in N-15 isotope during
the nitride fuel fabrication process. The enrichment of this isotope
is currently being investigated [6,7]. Another technical solution can
be the use of a pyrochemical process for the treatment of the spent
fuel, in which N-15 can be readily recovered and recycled [8].

Review of work on nitride fuel materials and other fast reactor
fuels has been well documented in papers by Matke [9] in the
1980s and Blank [10] in the 1990s, and later by international orga-
nizations, including the IAEA [11] and OECD/NEA [12] in the 2000s.
However, compared with oxide fuels, the irradiation experience for
nitride fuels has not achieved the level of a database for verifica-
tion and validation of their in-reactor performance. Current inter-
est in nitride fuel is focused on the fabrication and material
properties of nitride fuel containing MAs as well as on the irradia-
tion performance. This will require rather comprehensive irradia-
tion tests in a dedicated nuclear system.

The fabrication process for nitride fuel established from earlier
works has been applied for fabricating nitride fuel containing MAs
[4]. The material properties are currently being investigated for in-
reactor performance, including changes during irradiation [12].
One of the important issues is the selection of a fuel system, which
must be based on the consideration of a fuel recycling mode with
regard to the actinide inventory for a facility, the fabrication tech-
nology and the fuel design and its performance [13]. In this regard,
one of the options for a fuel in a fast reactor system can be a ‘dirty
nitride fuel’, containing not only MAs but also solid fission product
elements, this fuel being converted from spent oxide fuels.

This work is part of a feasibility study for re-fabrication of
nitride fuel by the use of the DUPIC fuel cycle technology con-
cept [14]. This process is a dry processing technology concept for
re-fabrication of spent oxide fuel. The nitration of spent oxide fuel
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Table 1

Comparison of material properties among oxide, carbide, nitride and metallic nuclear fuels [3].
Oxide

Material (UosPuo2)01.97-1.98

Theoretical density (g/cm?) 11.1

Heavy metal density (g/cm?) 9.8

Thermal conductivity (W/mK) (773-1273 K) 2.5-5

Melting point (K) 3023

material containing fission products through a carbothermic
reduction was attempted and analyzed, from the material aspects,
using a simulated fuel technique (SFT) with uranium oxide mixed
with stable surrogate solid fission product oxides.

2. Experimental

A conventional powder-pellet route was adopted for the prepa-
ration of a simulated spent PWR oxide fuel, in which UO, powder
was admixed and milled with selected stable fission product oxides,
and compacted and sintered to a cylindrical pellet [15] to simulate
burnup in a PWR. This simulation technique, which is sometimes
used for estimating the properties and behavior of spent nuclear
fuel materials [16], was used in this work for easy handling of
experimental materials instead of using hot cells for the delicate
and complicated handling of spent nuclear fuel materials.

Fig. 1 shows a schematic flow diagram for the spent nitride fuel
sample preparation. Simulated spent oxide fuel powder with com-
position of its major fission products corresponding to a spent LWR
fuel with a discharge burnup of 27,300 MWd/MtU and then 10-
year storage was obtained by mixing UO, powder with fission
product oxide additives. Eleven major oxides were selected as
additives for simulating the fission products based on a calculation
result by the ORIGEN-2 code [17], as shown in Table 2. In order to
obtain sintered simulated spent oxide pellet specimens, the natural
UO, powder was mixed with the stable fission product oxide pow-
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Fig. 1. Schematic flow diagram for simulated nitride specimen re-fabrication.

Carbide Nitride Metallic alloy

(Uo.8Puo2)C1.02-1.05 (Uo.gPug2)N1.0 U-20Pu-10Zr

13.6 14.3 15.6

129 13.5 141

15-21 14-22 18-25

2709 3050 1428
Table 2
Chemical composition of simulated spent fuel.
Element Stable oxide fission product surrogate wt.%
Sr SrO 0.053
Y Y205 0.035
Zr Zr0, 0.284
Mo MoOs 0.253
Tc RuO, 0.059
Ru RuO, 0.166
Rh Rh,03 0.032
Pd PdO 0.109
Ba BaCO5 0.146
La Lay03 0.094
Ce CeO, 0.183
Pr Nd,03 0.086
Nd Nd»03 0310
Sm Nd,03 0.068
u uo, 97.255
Np CeO, 0.035
Pu CeO, 0.722
Am La,03 0.071

ders with the weight fractions shown in Table 2. Wet attrition mill-
ing used methanol and alumina balls as milling media for 2 h at
200 rpm. The wet milled powder mixture was dried for 5 days at
313 K in a drying oven. The dried powder was mixed again with
0.2 wt% zinc stearate in a turbular mixer for 30 min. Then the pow-
der was compacted with a pressure of 100 MPa to obtain compact
specimens with a diameter of 10 mm, and subsequently sintered at
2023 K for 4 h in a H, atmosphere. This preparation method re-
sulted in simulated spent oxide specimens with a solid solution
of the stable oxides [15].

In order to fabricate the simulated nitride pellets specimens, the
prepared simulated spent oxide fuel pellet specimens were first
pulverized by means of the 3-cycle repetitive oxidation and reduc-
tion, at 723 K for 2 h in air for oxidation and 973 K for 7 h in an
Ar-4 vol%H; gas mixture for reduction. This produced a sinterable
solid solution powder (SSP). This SSP was then mixed with graphite
powder in a turbular mixer to a ratio of C/(U+FP elements) of 2.2—
2.5, compacted with a pressure of 100 MPa to prepare compact
specimens with an average diameter of 13.2 mm and a height of
about 3-4 mm, which were then heat-treated by two successive
steps, at 1973 K in N, for 3 h and at 1923 K in N, and Ar-4 vol%H,
gas mixture for 3 h, as shown in Fig. 2. The first step was a carbo-
thermic reduction where the uranium oxide was reduced by the
mixed graphite powder and reacted with N, gas to be converted
to uranium nitride. For this reaction, flowing N, gas at 1000 cm?/
min was used at the reaction temperature of 1973 K for 3 h. The
second step was the residual carbon removal step, where the N,
reaction gas mixed with an Ar-4 vol%H, gas mixture was used
and the specimens were heat-treated at 1923 K for 3 h. The overall
general reaction equation for the nitride formation from uranium
dioxide can be written as follows:

U0, + (2 +n)C+ 1/2N;, + 2nH; — UN + 2CO + nCH4 (1)
The steps in the nitride pellet preparation included crushing of the

nitride pellets by use of a mortar, compacting the crushed powder
at pressure of 300 MPa, and then sintering at 1973 K for 10 h in
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Fig. 2. Temperature profiles and atmosphere gases used during nitration through
carbothermic reduction.

an Ar-4vol%H, gas mixture to obtain re-fabricated nitride pellet
specimens. The microstructure of the re-fabricated nitride pellet
specimens was analyzed using an optical microscope. The nitride
phase was analyzed by X-ray diffraction, and the density and ther-
mal diffusivity of the nitride pellet specimens were measured by
the water immersion method and a laser flash technique, respec-
tively. Chemical analysis was also performed on the specimens be-
fore and after the nitration reaction to determine change in
chemical composition of the re-fabricated nitride pellet specimens.

In addition to the nitride specimen preparation described
above, the nitration behaviors of pure UO, and the simulated spent
oxide were analyzed by TG/DTA (Thermo-Gravimetry/Differential
Thermal Analysis) and compared. For these experiments, pure
UO, powder and the SSP were, respectively, mixed with graphite
powder in a turbular mixer to a ratio of C/(U+FP elements) of 2.2
and compacted with a pressure of 100 MPa. The atmosphere em-
ployed for the nitration behavior analysis by TG/DTA was N, gas;
an Ar-4 vol%H, gas mixture was not included. This evaluated the
nitration behavior of pure UO, and the simulated spent oxide spec-
imens. The temperature of the reaction was fixed at 1773 K, which
is lower than the temperature of the actual nitration reaction for
the preparation of the re-fabricated nitride pellet specimens
(1923 K), to examine the nitration reaction behavior.

3. Results and discussion
3.1. Nitration behavior analyzed by TGA

In order to prepare re-fabricated nitride pellet specimens, a TG
experiment of the nitration reaction was attempted with pure UO,
and the simulated spent oxide powders. Fig. 3 shows the TG anal-
ysis results of the carbothermic reduction, together with that of
pure UO,, for comparison. It can be noted in Fig. 3(a) that, for both
specimens, the weight change during the carbothermic reaction is
quite similar, with the only difference being in the time required
for completion of the reaction. For the UO, specimen, the reaction
required about 7 h whereas the simulated spent oxide specimen
took about 9 h for completion of the nitration. This reveals that
the fission product elements hinder the carbothermic reaction.
Nitration of a simulated spent oxide by carbothermic reduction re-
sulted in 18% radial shrinkage, 17% weight decrease and 52.5% TD
(Theoretical Density). A weight decrease of 17% is similar to the
theoretically calculated weight decrease of 15% when UO, is con-
verted to UN. Fig. 3(b) shows the fraction of weight change during
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Fig. 3. Thermogravimetry results of carbothermic reductions of UO, and simulated
spent oxide fuel. (a) Weight change and (b) weight change fraction during nitration
reaction.

the nitration reaction of UO, and the simulated spent oxide speci-
mens. The slope of the weight change fraction versus the reaction
time of the simulated spent oxide specimen is lower than that of
the pure UO, specimen, also indicating that the fission products
hinder the nitration reaction. It is known [18] that the oxidation
rate of spent oxide fuel decreases with increasing burn-up and
hence, it can be expected that a higher burn-up spent oxide fuel re-
quires a longer time for nitration. The weight increase at the end of
a cooling in Fig. 3(a) indicates the formation of U,Nj3, a sesquinit-
ride phase due to the N, gas atmosphere, which was confirmed
by X-ray diffraction.

3.2. Characterization of the re-fabricated nitride specimen

The nitride fuel specimens re-fabricated from the simulated
spent oxide fuel by using the process in Fig. 1 were characterized
in terms of their phase identification by X-ray diffraction, density,
thermal conductivity up to 373 K and compositional change by
chemical analysis. Fig. 4 shows X-ray diffraction patterns of the ni-
tride specimens. Fig. 4(a) is for the nitride specimen by nitration
with a cooling step in Ar below 1673 K, which results in a UN-
structured nitride formation, whereas Fig. 4(b) shows an X-ray dif-
fraction pattern for U,N3-structured nitride formation caused by a
cooling step in N, gas below 1673 K.

For examination of the influence of graphite addition to the ini-
tial powder mixture on the residual carbon content after the nitra-
tion reaction with the selected experimental conditions, three
different specimens were prepared with C/(U+FP elements) ratios
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Fig. 4. XRD diffraction patterns of nitride powders; (a) UN structure and (b) U;N3
structure.

of 2.2, 2.35 and 2.5 and analyzed for their carbon contents. Table 3
presents the result of the residual carbon content for the three dif-
ferent nitride specimens. The residual carbon content increases by
increasing the graphite amount in the initial powder mixture. Also,
the selected time and temperature of the reaction in this study (3 h
and 1923 K) were not sufficient for complete removal of carbon in
the nitride specimens. Arai et al. [19] reported that in order for car-
bon content to be less than 1000 ppm, residual carbon removal
should use a time longer than 20 h at a temperature of 1823 K in
an Ar+8 vol%H, atmosphere. Elimination of Ba and Sr contents,
which is an important feature of fuel re-fabrication from spent fuel,
was examined by chemical analysis of the elements and the results
are shown in Table 4. After the preparation of the simulated spent
oxide powder, the Ba and Sr contents are 1080 ppm and 418 ppm,
respectively and, after nitration, the contents of both elements
were reduced to less than 5 ppm, indicating that during the nitra-
tion reaction, most of these two elements can be eliminated.

The final sintered density of the nitride pellet obtained after sin-
tering with the experimental conditions described in Section 2 and
shown in Fig. 2 (at 1973 K, for 10 h and in Ar-4 vol%H, gas mix-
ture) was about 80% TD (theoretical density). This is calculated
by assuming the theoretical density of the re-fabricated simulated
nitride containing fission product elements is 99% of the theoreti-
cal density of pure uranium mononitride (14.33 g/cm?), based on
the result that the theoretical density of a spent oxide fuel pellet
is about 98.9% of the theoretical density of pure UO, [20]. Fig. 5

Table 3
Carbon content in nitride pellets after carbothermic reduction.
Initial C/(U+FP elements) 2.20 235 2.50
Residual carbon content (wt%) 0.854 1.661 2.037
Table 4
Chemical analysis for Ba and Sr in nitride fuel.
Specimen Element

Ba (ppm) Sr (ppm)
SIMFUEL 1080 + 40 418 +20
Nitride <5 <5

Fig. 5. Microstructure of re-fabricated nitride pellet using simulated spent oxide
fuel.
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Fig. 6. Comparison of thermal conductivity of a simulated nitride with those for
pure uranium nitride, uranium oxide and simulated spent oxide (SIMFUEL) [20,21].

shows the microstructure of a re-fabricated nitride pellet using
simulated spent oxide fuel, revealing that a larger number of pores
exist in the inner part of the pellet rather than near the surface of
the pellet.

Thermal diffusivity and specific heat were measured with the
re-fabricated nitride specimens of 80% TD sintered density in the
temperature range 295-373 K in an Ar atmosphere. The thermal
conductivity was calculated from the measured values of the ther-
mal diffusivity and specific heat of the specimens using the follow-
ing relationship:
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A=0XCPXP (2)

where 4 is the thermal conductivity, o the thermal diffusivity, cp the
specific heat and p the density. In Fig. 6 the thermal conductivity of
the re-fabricated nitride specimen was compared with other rele-
vant fuel materials. It shows higher values than for UO, and the
simulated spent oxide with densities of about 100%TD but lower
values than for the pure uranium mononitride [20,21]. The differ-
ence in thermal conductivity between pure UO, and simulated
spent oxide containing the fission products leads to the extrapola-
tion that the simulated nitride specimen containing fission products
has lower thermal conductivity than the pure uranium
mononitride.

4. Conclusions

The nitration reaction behavior was investigated by use of a
simulated fuel technique (SFT). Starting with a simulated spent nu-
clear oxide fuel, carbothermic reduction produced powder and,
with the selected process parameters, simulated nitride fuel spec-
imens were re-fabricated. These were characterized in terms of
their phase, microstructure and density, and their compositional
change and thermal conductivity.

In the nitration behavior study, it was observed that the nitra-
tion reaction rate was decreased for the simulated spent oxide
compared with pure UO,, due to the fission products which hin-
dered the reaction rate. By re-fabrication of the simulated nitride
specimens, it was judged that most of the process parameters in
preparing pure uranium mononitride through carbothermic reduc-
tion can be adapted for re-fabricating nitride fuels from spent
oxide fuel. Chemical analysis after the nitration and re-fabrication
of the nitride pellet specimens revealed that the amounts of Ba and
Sr elements were considerably reduced by the heat treatments
during the reaction and sintering of the nitride pellet, implying
that the process might be utilized for separation of certain fission
products during a re-fabrication of nitride fuel for an advanced fuel
cycle. Measurement and comparison of the thermal conductivity
for the re-fabricated nitride specimens with other similar nuclear

fuel materials revealed a higher thermal conductivity than for
oxide fuel but lower than for pure uranium nitride.
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