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It is important to understand the behavior of fission products and actinides under irradiation. In the present study,
the chemical states of fission products and actinides in irradiated oxide fuels were evaluated by both thermodynamic

equilibrium calculation and post-irradiation examination.
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I. Introduction

In irradiated oxide fuels, a number of fission products
(FPs) and actinides are produced. They take various chemi-
cal states depending on the conditions of the fuel, e.g.
temperature and oxygen potential.*? The compounds com-
posed of FPs and actinides would affect significantly the fuel
characteristics. Therefore, the behavior of FPs and actinides
under irradiation and the properties of their compounds are
very important for evaluation of the fuel performance. It has
been recognized that some FPs such as lanthanides (Ln) are
soluble in the fuel matrix and form solid solutions of
(U,Pu,Ln)O,. On the other hand, some FPs such as alkaline
and alkaline-earth elements, molybdenum, and plati-
num-family metals form oxides or metallic inclusions such
as Mo-Tc-Ru-Rh-Pd alloys, (Ba,Sr)(U,Zr,M0)0Oz;, and
Cs(Mo,U)Q,, etc. However, there exist still many points
that are doubtful and unclear with regard to the behavior of
FPs and actinides under irradiation. In the present study, we
tried to evaluate the chemical states of FPs and actinides in
irradiated oxide fuels by both thermodynamic equilibrium
calculation and post-irradiation examination (PIE). The cal-
culated results were compared with the PIE results.

Il. Thermodynamic Calculation

The thermodynamic equilibrium calculation program,
ChemSage,® was applied to estimate the chemical states of
FPs in an irradiated oxide fuel. The ChemSage program was
utilized to obtain the equilibrium state of the multicompo-
nent and multiphase system finding the minimum of the total
free energy of the system. The stoichiometric (UggPug2)O>
was taken as a loading fuel. The ORIGEN-2 code® was used
to calculate the FP inventories. In the present study, the 20%
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Pu-containing mixed oxide was used as the fuel, in which
natural uranium was loaded. The Pu isotope ratio was pre-
liminary calculated based on a spent fuel of LWR for
55 GWd with 5 years of cooling time. The burnup was
100 GWAd/t, and the calculation was performed under a fast
reactor circumstance for the irradiation conditions.

In order to evaluate the effect of oxygen potential on the
phase equilibria of the fuel, the oxygen potential was varied
from -500 to -200 kJ/mol. Although there exists temperature
gradient in the fuel pellet under irradiation, we performed
the thermodynamic calculation at 1273 K.

In the present study, ten FPs were selected for the repre-
sentative elements of all major FPs, except for the volatile
elements. This classification was referred to the previous
study reported by Lucuta et al.%) In this case, the FP elements
with similar chemical behavior were represented by a single
element. Note that the amounts of the representative ele-
ments are summation of that of each FP of the group.

The gas phase, matrix phase, oxide precipitate, metallic
precipitate, and other solid phase were selected in the present
calculation. The gas phase consists of single elements and
oxides as an ideal gas. The matrix phase (MO,) consists of
UO,, PuO,, ZrO,, Y,0;, La,03, CeO,, and Nd,O; as an ideal
solution. Assuming that the oxide precipitate exists as two
kinds of chemical form, the first one is BaMO; (M: U, Zr,
Mo) type and the other is BaMO, (M: U, Mo) type. The me-
tallic precipitate is also assumed to exist as two kinds of
chemical form, Mo-Me (Me: Ru, Rh, Pd) alloy and UMe;
(Me: Ru, Rh, Pd) type intermetallic compound. Other solid
phases are assumed to exist as single elements, oxides, and
intermetallic compounds.

Summary of the present calculation is shown in Table 1.
It was found that the MO, phase that corresponds to the fuel
matrix phase and Mo-Me alloy were always stable under the
whole conditions. The BaMO; phase which corresponds to



Table 1 Chemical states of FPs calculated in the present study

Oxygen potentials (kJ/mol)

Elements

-200 -300 -400 -500
MO, MO,
] BaMO; BaMO;
UMes UMes
7r MO, MO,
MO, MO, BaMO; BaMO;
Y
éz MO, MO,
Nd
Ba BaMQ, BaMQ, BaMO; BaMO;
Mo BaMOQO,, BaMOQO,, Mo-Me Mo-Me
MoO, MoO, alloy alloy
Ru Mo-Me Mo-Me Mo-Me Mo-Me
Rh alloy alloy alloy alloy
Pd UMe; UMe 3
BaMO, phase (-400 kJ/mol) = S:gféi

BaMoO,

2 46%

- EaUO,
BaMoO,

BaMO, phase (-300 kJ/mol)

>

5.10%

94.8%

Fig. 1 Compositions of the BaMO; (M: U, Zr, Mo) phase and
BaMO,4 (M: U, Mo) phase

the gray oxide phase did not exist as a stable phase under
high oxygen potentials, because MoO, and BaMO, phase
were stable chemical species in these conditions. At low
oxygen potentials, the UMe; type intermetallic compound
was stable in addition to the Mo-Me alloy as the metallic
precipitate.

Figure 1 shows the compositions of the BaMO; (M: U, Zr,
Mo) phase and BaMO,4 (M: U, Mo) phase under the oxygen
potentials of -300 and -400 kJ/mol. BaMO; phase was stable
under the low oxygen potentials (-500 and -400 kJ/mol) and
the BaMO, phase was stable under the high oxygen poten-
tials (-300 and -200 kJ/mol). BaMOj; phase was composed of
58.9%-BalU0;, 38.6%-BaZrO;, and ~2.5%-BaMo00;. BaMO,
phase was composed of 94.9%-BaMoO, and 5.1%-BaUO,.

As described before, the metallic precipitate in the irra-
diated oxide fuels consists of Mo, Tc, and the platinum
family metals (Me: Ru, Rh, Pd). The compositions of the
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Fig. 2 Compositions of the Mo-Me (Me: Ru, Rh, Pd) alloy
under various oxygen potentials

Mo-Me alloy under the various oxygen potentials are shown
in Fig. 2. Mo was scarcely contained in the Mo-Me alloy
under the high oxygen potentials because Mo was stable as
MoO, or BaMoQO, under the high oxygen potentials. On the
other hand, under the oxygen potential of -500 kJ/mol, no Pd
existed in the Mo-Me alloy, because Pd was stable as U-Me;
type intermetallic compound at this condition. The compli-
cated behavior of Mo and Me was reconfirmed in the present
calculations.

I11. Post-Irradiation Examination

In order to understand the behavior of FPs and actinides,
we performed post-irradiation examinations (PIE) on the
high-burnup mixed oxide (MOX) fuel. The microstructure
and element distribution of the fuel surface were analyzed by
using the electron probe micro analyzer (EPMA) and the
optical microscope. The fuel contained 0.4% Am and was
irradiated at the experimental fast reactor JOYO. Irradiation
of the fuel spanned 1019.33 effective full power days. The

PROGRESS IN NUCLEAR SCIENCE AND TECHNOLOGY



Chemical States of Fission Products and Actinides in Irradiated Oxide Fuels Analyzed by Thermodynamic Calculation 7

Fig. 3 Ceramograph of the whole surface area of the irradiated
MOX fuel pellet

Fig. 5 EPMA mapping images (Zr, Ba) of the irradiated MOX
fuel pellet

Fig. 4 EPMA mapping images (SEIl, U, Am, and Nd) of the
irradiated MOX fuel pellet

maximum linear heating rate was approximately 38 kW/m,
that was recorded in the first stage of the irradiation period.
The peak burn-up reached around 144 GWd/t.

Figure 3 shows the ceramograph of the whole surface
area of the irradiated MOX fuel pellet. The central void for-
mation was clearly observed.

Figure 4 shows the EPMA images of the fuel, in which
SEI means secondary electron image. It was observed that U
and Am as well as Nd distributed throughout the fuel pellet.
Some FPs, for example rare earth elements and minor acti-
nides (MAs) co-dissolved into the fuel matrix and formed a
solid solution of (U,Pu,MAs,FPs)O.,.

On the other hand, some FPs such as Zr and Ba did not
dissolve into the fuel matrix but precipitated as oxide inclu-
sions known as the gray phase. Figure 5 shows the EPMA
mapping results of Zr and Ba for the same fuel pellet. It was
observed that Zr and Ba coprecipitated in the middle area of
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Fig. 7 EPMA mapping images (SEI, Cs, and Mo) of the irra-
diated MOX fuel pellet (outer region); JOG means joint oxide
gain

the fuel pellet; and perhaps they would form a multiple oxide,
such as BaZrQO;. This result was consistent with the thermo-
dynamic calculation results reported in the previous section,
even though the calculation was performed at 1,273 K (tem-
perature at the middle area of the fuel pellet was around
1,800 K).



Furthermore, some FPs such as Mo and the platinum
group elements did not dissolve into the fuel matrix but
formed metallic inclusions. Figure 6 shows the optical mi-
crographs for the same fuel pellet. The white metallic
inclusions composed of Mo-Tc-Ru-Rh-Pd alloys can be ob-
served. Almost all Mo existed as the white metallic
inclusions, but some of it co-existed with Cs on the outside
region of the fuel, as shown in Fig. 7. Perhaps, Mo and Cs
would form complex oxides (JOG: joint oxide gain) such as
Cs,M00Q,, in this area.

IV. Summary

In order to understand the chemical states of the FPs and
actinides in the irradiated oxide fuels, the thermodynamic
equilibrium calculation as well as the PIE was performed on
the high-burnup mixed oxide (MOX) fuel. In the PIE, the
element distributions on the fuel were analyzed by using the
EPMA and the optical microscope. Although the free energy
of each solution phase was treated by the ideal solution
model, the present calculation results were validity com-
pared with the PIE results.

In addition, the thermodynamic calculation was per-
formed on the fuel with 100 GWd/t, whereas the PIE was
performed on the fuel with 144 GWd/t. This burnup differ-
ence would lead to the difference in the ratio/amount of the
elements in the system. Nevertheless, the calculation results
were consistent with the PIE results. It was found that the
multi-component and -phase thermodynamic equilibrium
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calculation between the fuel and FPs system would be an
effective tool for understanding the phase equilibria of the
irradiated oxide fuels.
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