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The redistributions of neptunium, plutonium and americium during two kinds of short-term irradiation
tests for 10 min and 24 h at high linear heating rate around 430 W cm�1 were studied in the uranium and
plutonium mixed oxide fuel containing Am and/or Np. It was found in the irradiation test for 24 h that the
concentrations of Pu and Am increased toward the central void, but there was no change in the concen-
tration of Np. The obtained experimental redistributions of Am and Pu were analyzed, based on both pore
migration and thermal diffusion models. As a result, the calculated redistributions of Pu and Am showed
good agreements with the experimentally obtained ones.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

A uranium (U) and plutonium (Pu) mixed oxide (MOX) fuel con-
taining minor actinides (MA-MOX) is a promising candidate fuel
not only to transmute long life MAs in fast breeder reactors
(FBR), but to establish a FBR cycle with high potential of non-pro-
liferation. Several studies were carried out on the thermal proper-
ties of these fuels, but the irradiation performance of the
homogeneous MA-MOX fuel containing small amounts of MAs
has been studied only in the SUPERFACT experiment [1]. Therefore,
there are still only limited data regarding the irradiation behavior
of the MA-MOX fuel.

Recently, the studies on the MA-MOX fuels containing ameri-
cium (Am) up to 5 wt% and/or neptunium (Np) up to 12 wt% have
been proceeding in Japan. These fuels have been fabricated by the
conventional fuel fabrication method so as not to modify the pres-
ent fuel cycle [2,3], and their thermal properties have been re-
ported in several papers and proceedings. However, only a few of
investigations on the irradiation performance have been done.

Radial redistribution of actinide nuclides in MA-MOX fuel dur-
ing irradiation has significant effects on the thermal properties
such as melting, thermal conductivity and so on. Thus, the knowl-
edge on this redistribution is very important to the design and
integrity of fuel pins. A number of studies on the Pu redistribution
have been reported until now, but no study on the redistributions
of actinide nuclides has been published.

In this study, two kinds of irradiation experiments were carried
out to investigate the redistributions of actinide nuclides in MA-
MOX fuels, which were fabricated by the conventional fabrication
ll rights reserved.

: +81 29 267 7130.
method. These results were quantitatively analyzed based on the
pore migration and thermal diffusion models. The results obtained
in two kinds of experiments were discussed and compared with
the experimental results.
2. Experimental

Two kinds of fuel specimens used in this study were MOX fuels
containing Np and Am (Np–Am-MOX) and MOX fuel containing
less than 1% of Am (Am-MOX). The fuel pellets were fabricated
from the powders co-converted by the microwave heating, based
on the conventional method used in Japan. The diameter and den-
sity of pellets were nearly 5.42 mm and 93% of the theoretical den-
sity. In addition, the O/M ratios of both pellets were adjusted to
1.95 and 1.98. Other details of fuel pellets are shown in Table 1, to-
gether with the irradiation conditions described later.

These fuel pellets were inserted into three Joyo MK-III core fuel
pins by substituting some of the conventional pellets in the axially
central region (200 mm in length). The cladding of these fuel pins
was made of PNC-316, and their outer diameter and thickness
were nearly 6.5 and 0.47 mm, respectively.

Two types of irradiation tests, Am1-1 and Am1-2 were carried
out. The kinds of pellets included in both irradiation tests and their
maximum linear heating rate (LHR) and local burn-up are shown in
Table 1. In this table, axial positions of fuel specimens are signified
by x/L. Here, L equals the total length of inserted pellets and is
200 mm. x is the distance from the bottom of inserted pellets to
the position. Axial positions of maximum linear heating rate and
fuel temperature correspond to x/L = 0.5 (the rector core mid-
plane) and 0.54, respectively.

The irradiation, Am1-2 followed the Am1-1 irradiation; irradia-
tion histories are shown in Fig. 1. The maximum reactor power
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Fig. 1. The reactor power histories in two short-term irradiation tests.
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Fig. 2. Ceramographs of specimens sectioned from the fuel pin irradiated in the
Am-1-1 experiment.

Table 1
Fuel specifications and irradiation conditions.

Irradiation test Fuel
pin ID

Fuel type x/L Fuel specification Irradiation conditions

Am content
(wt%)

Np content
(wt%)

Fuel density
(%TD)

O/M Pu content
(wt%)

Diameter
(mm)

Linear heat
rating (W/cm)

Local burnup
(at%)

Am1-1 (10 min test) Am1-1-1 Am-MOX 0.68 0.5 – 93 1.98 27.00 5.42 416 0.0072
Np–Am-MOX 0.50 2.0 28.80 427 0.0082

Am1-2 (24 h test) Am1-2-1 Am-MOX 0.26 0.5 – 93 1.98 27.00 5.42 424 0.0356
Am-MOX 0.74 420 0.0361
Np–Am-MOX 0.50 2.0 2.0 28.80 432 0.0369
Np–Am-MOX 0.54 432 0.0370

Am1-2-2 Am-MOX 0.26 0.5 – 93 1.98 27.00 5.42 421 0.0243
Am-MOX 0.74 417 0.0247
Np–Am-MOX 0.50 2.0 2.0 28.80 429 0.0256
Np–Am-MOX 0.54 429 0.0256
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level corresponds approximately to 430 W cm�1 of linear heating
rate [4]. The fuel pellets were irradiated at the maximum LHR for
only 10 min in Am1-1 and for 24 h in Am1-2. Further, Am1-2
was divided into two groups, Am1-2-1 and Am1-2-2, depending
on the O/M ratios of fuel pellets.

After the irradiations, non-destructive post irradiation examin-
ations (PIEs) of these irradiated fuel pins were carried by the same
method as done in the conventional fuel pins. After confirming the
integrities, these irradiated fuel pins were sectioned for the
destructive PIEs. The fuel pin irradiated in Am1-1 was sectioned
at two axial positions, while two fuel pins irradiated in Am1-2
were sectioned at 4 axial positions.

The obtained transverse sections were mirror-polished and
were subjected to the destructive PIEs. The microstructures were
observed by an optical microscope. The radial distributions of U,
Np, Pu and Am were quantitatively measured with a shield elec-
tron probe micro analyzer (EPMA).

The following parameters were selected for the analysis: accel-
eration voltage, 20 kV; beam current for point analysis, 50 nA;
using a PET diffracting crystal. U, Np and Am were analyzed with
Ma characteristic X-ray line. Pu was analyzed with the line Mb line,
and the intensity of the Pu Mb line was corrected by taking into
consideration the overlap with the U Mb line. The concentration
measured in non-irradiated MOX pellet containing 1% Am was
used as the standard for the analyses of Am and Pu in the irradiated
pellets. The concentration of Np in non-irradiated 2%Np-2%Am-
MOX pellet was used as the standard for the analysis of Np in
the irradiated Np-Am-MOX pellets.

3. Results

3.1. Microstructural observations

The microstructures of two kinds of fuel pellets irradiated in
Am1-1 are shown in Fig. 2. No central void can be seen in either
kind of fuel pellets. It is understood that the duration of irradiation
at maximum LHR is too short to form the central void.

The microstructures of fuel pellets irradiated in Am1-2 are
shown in Figs. 3a and b. The central voids can be seen in both
groups of Am1-2 fuel pellets, but there is little difference among
the void sizes in them. It has been reported in many papers that
the decrease of O/M ratio decreases the thermal conductivity, but
this effect of O/M ratio on fuel microstructure between both groups
of fuel pellets is not observed. Comparison with specimens with O/
M ratio = 1.98 at the reactor core mid-plane position shows fuel
restructuring of Np–Am-MOX fuel began even in the Am1-1 test,
and subsequently marked fuel restructuring accompanied by large
central void formation is observed after the Am1-2 test.

3.2. Radial redistributions of Np, Pu and Am

All the ceramography specimens shown in Figs. 2 and 3
were also used for EPMA measurements for radial profiles of



(a) x/L=0.26
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Fig. 3a. Ceramographs of specimens sectioned from the fuel pin of O/M ratio 1.98 irradiated in the Am1-2 experiment.
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Fig. 3b. Ceramographs of specimens sectioned from the fuel pin of O/M ratio 1.95 irradiated in the Am1-2 experiment.
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actinides. Quantitative data for all specimens are summarized in
Table 2.

The radial distributions of Np, Pu and Am in the fuel pellets irra-
diated in Am1-1 are shown in Figs. 4a and b, but no significant
change in the distributions is observed, because of too short dura-
tion of irradiation at the maximum LHR.

Figs. 5 and 6 show the radial distributions of Np, Pu and Am in
both groups of fuel pellets irradiated in Am1-2. The concentrations
of Pu and Am increase toward the central void, but the concentra-
tion of Np does not change with redial distance. It should be addi-
tionally noted that the degrees of increases of Pu and Am are larger
in the fuel pellets having higher O/M ratio (=1.98) than in the ones
having lower O/M ratio (=1.95). It can be understood that the basis
of evaporation–condensation mechanism in migrating pores dur-
ing fuel restructuring. Since the total vapor pressure over the solid
is reduced as the O to M ratio decreases. The concentrations of
three actinide elements decrease at the region around 0.8 mm
from fuel surface. This is explained from the fact that this region
corresponds to the boundary between the equiaxed and columnar
grain structures and is rich in the voids.

Pu and Am concentrations near the central void of the fuels as a
function of linear heating rate are shown in Fig. 7a. A comparison
of the amount of Pu increase near the central void with the amount
of Am increase is shown in Fig. 7b. Here, the amount of increase is
defined as the difference before and after the irradiation. The radial
profiles of Am and Pu are similar in specimens; however, the mag-
nitude of Am increase near the central void is dependent on initial
Am content.
4. Discussion

The redistributions of actinide elements in the MOX fuel under
a steep temperature gradient have been studied by a number of
researchers, and considered to be caused by the following two
transport processes [5–12]: pore migration by evaporation and
condensation, and thermal diffusion.

Assuming that the concentration, c for the expression of the
redistribution is Pu/M or Am/M, the transport equation is generally
given by the following equation.

@c
@t
¼ �1

r
@
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;
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 !" #
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Clement and Finnis [12] applied this equation to numerical analyses
of Pu redistribution in MOX fuel in both cases of pore migration and
thermal diffusion, and gave two solutions,

(1) Redistribution by pore migration:

c � c0

c
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d
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where T is temperature in K, and c0 is initial concentration before
irradiation. l and d are the pore diameter (80 lm) and thickness
(8 lm), respectively, P0 is the initial porosity, and D and E* are a
mean value for the Pu/U and Am/U diffusivity in the enhanced
layer and the activation energy for the Pu–U, Am–U diffusivity,



Table 2
Summary of radial redistribution data of actinide obtained in the Am1-1 amd Am1-2 experiments.
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respectively. v is pore migration velocity and is given by Eq. (3)
[13].

v ¼ kp0 expð�H=RTÞ
PT3=2 jdT=drj ð3Þ

ln½p0 expð�H=RTÞ� ¼ �212:275þ 65:842ðO=MÞ

þ 8:9453� 10�2T
� 2:55399� 10�2ðO=MÞT þ 2:9560ðO=MÞ2

� 5:6541� 10�6T2 ð4Þ

In addition, D is expressed as follow,
D
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(2) Redistribution by thermal diffusion:

c � c0

c
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where, with R as the gas constant,
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Fig. 4a. The radial profiles of Am, Np and Pu for the Np–Am-MOX fuel used in Am1-
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Fig. 6a. The radial profiles of Am, Np and Pu for the Np–Am-MOX fuel used in the
Am1-2 test.
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Fig. 6b. The radial profiles of Am, Np and Pu for the Np–Am-MOX fuel used in the
Am1-2 test.
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There have been a number of studies so far on the diffusion of U
and Pu in UO2 and MOX fuels. As the activation energy of diffusion,
Bober and Schumacher used the values for Q � = �35 kcal/mol,
E� = 97.3 kcal/mol and D0 = 0.34 cm2/s in their calculation of Pu
redistribution [5], and Clement and Finnis applied E� = 105 kcal/
mol to their calculation [12]. In this study, the Pu redistributions
were calculated by both values. As described later, a good result



ba

Am

Pu

2%Am

0.5%Am

2%Am

0.5%Am

Fig. 7. (a) Pu and Am concentration near the central void as a function of linear heating rate and (b) comparison of the amounts of Pu and Am increase near the central void.

K. Maeda et al. / Journal of Nuclear Materials 389 (2009) 78–84 83
could be obtained by using E� = 107 kcal/mol for fuel with O/
M = 1.98. There has been only one paper on the diffusion of Am in
UO2 fuel, and the diffusion functions shown in that paper was used
D0 = 0.02 cm2/sec and E� = 92 kcal/mol for fuel with O/M = 1.98 in
this study [14].

The temperature distribution in the fuel matrix was calculated
by a conventional heat conduction equation of a cylindrical body.
The temperature gradient obtained at the time intermediate be-
tween the beginning and end of irradiations was used in the
analysis.

Based on the above assumptions, the redistributions of Pu and
Am were calculated in the fuel pellets irradiated in Am1-1 by using
both pore migration and thermal diffusion models. But the dura-
tion of irradiation was too short to find any detectable changes.

Next, the redistributions of Pu and Am were calculated in the
fuel pellets irradiated in Am1-2 based on the pore migration mod-
el. Figs. 8a and b show the calculated results on for redistribution
of Am and Pu irradiated in Am1-2, together with experimental re-
sults. The value of E�Pu = 107 and E�Am = 92 kcal/mol were used for
the specimens of Am1-2-1 pin (O/M ratio = 1.98). The experimen-
tally obtained redistributions of Pu and Am showed good agree-
ment with the calculated ones.
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Fig. 8a. The radial profiles of Am and Pu for the Np–Am-MOX fuel used in the Am1-
2 test (Am1-2-1 fuel pin, O/M = 1.98).
Finally, calculations on the redistribution of Pu and Am were at-
tempted in the fuel pellets irradiated in Am1-2 based on the ther-
mal diffusion model. No significant redistribution could be found,
since the duration of irradiation, 24 h was too short to cause any
detectable redistribution by the thermal diffusion. Generally, the
distance detectably affected by the diffusion is nearly 4

ffiffiffiffiffiffi
Dt
p

[15].
Assuming that D ¼ 1:0� 10�10 cm2/s at 2,400 K and t = 86400 s,
then 4

ffiffiffiffiffiffi
Dt
p

was about 0.1 mm. Also from this estimation, little sig-
nificant change was expected in the redistribution.

As already shown in Figs. 5 and 6, the concentrations of Pu and
Am increased with the increase of distance from the fuel surface.
This was explained by considering the partial pressures of gaseous
species in the lenticular pore. The partial pressures and composi-
tions of U-bearing, Pu-bearing and Am-bearing gas species as a
function of O/M ratio at 1800 and 2000 �C are shown in Figs. 9a
and b, respectively, which were calculated from the formation
energies of these oxides in the gaseous states, oxygen potential
and vapor pressures, similarly to the references [16–18]. In Fig. 9,
UO3 is principal vapor species in the Am-MOX fuel when O/M ratio
is over 1.96. Thus, UO3 vapor was transported from the hotter to
cool sides of lenticular pores, resulting in the enrichment of Pu
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and Am in the higher temperature region. On decreasing the O/M
ratio below 1.96, the partial pressure of AmO is higher than that
of UO3, and it was expected that Am would become rich in the
low temperature region, contradicting with the experimental
result.

As a reason for this conflict, it was suggested that the content of
Am was so small that the supply from the solid phase to the gas
phase was too small to establish the equilibrium partial pressure
shown in Fig. 9b. Then, UO3 species was predominant in the gas
phase of the lenticular pore also when O/M ratio was below 1.96.
As already described, the extent of the redistribution was larger
in fuel having initial O/M of 1.98 than in fuel having initial O/M
of 1.95. This difference could be also understood from the above
reason. That is, the partial pressure of UO3 was higher in the fuel
having initial O/M ratio of 1.98 than in the fuel having initial O/
M ratio of 1.95.

5. Conclusions

MA-MOX fuels were prepared by the conventional fabrication
method, and were irradiated in the experimental fast reactor, Joyo
for 10 min and 24 h at high linear hating rate around 430 Wcm-1.
The redistributions of Np, Pu and Am were investigated in these
fuels by the EPMA technique. The concentrations of Pu and Am in-
creased with the increase of radial distance from the fuel surface,
but no change was observed in the concentration of Np. In addi-
tion, the extent of redistribution was larger in the fuel of O/
M = 1.98 than in the one of O/M = 1.95.

The obtained experimental redistributions were quantitatively
analyzed, based on both pore migration and thermal diffusion
models developed by Clement and Finnis. The redistributions ana-
lyzed based on the pore migration model showed good agreements
with the experimental results. The difference in the extents of
redistribution between the fuels of different O/M ratios was ex-
plained by considering the partial pressures of U, Pu and Am oxides
in the gas phase of lenticular pore migrating toward the radial cen-
ter of the fuel pellets.
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