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Abstract

Distributions of volatile fission products and microstructures were studied at different axial positions in or near the
fuel-cladding gap of FBR MOX fuel pins irradiated up to pin average burn-up of 110.6 GWd/t. It was found that most
of the volatile fission products such as Cs, Mo, and Te were released from the fuel matrix into the fuel-cladding gap, and
then they axially migrated up and down to a low temperature region along the temperature gradient. As a result,
agglomerates of fission products, known as JOG (Joint Oxyde Gaine), were dispersed in the high temperature axial
gap region and were densely precipitated in the low temperature axial gap region. The microstructures of MOX fuel
near the gap were restructured by the irradiation as follows. In the low temperature rim region, a re-crystallized
sub-micron grain structure was observed just like in irradiated LWR fuel. In the high temperature rim region, a white
ring region developed which was free from voids and had large sized grains.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

In order to realize the burn-up extension which is of
vital importance to FBR MOX fuel, it is necessary to
know the fuel pin performance parameters in detail.
Large amounts of volatile fission products migrate from
the fuel matrix to the fuel-cladding gap in fuel pins
under irradiation, and then accumulate and react there
with each other and with fuel constituents. Therefore,
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chemical behaviors of volatile fission products in or near
the fuel gap are among the most important phenomena
affecting the integrity and lifetime of fuel pins, since they
have significant effects on heat transfer across the gap
and the FCCI (fuel-cladding chemical interaction).

A number of papers on the chemical behaviors of fis-
sion products have been published. The chemical forms
of fission products mainly from thermodynamic data
have been theoretically investigated by many authors
[1-8]. Kleykamp [9] has carried out a comprehensive re-
view on chemical forms of all kinds of fission products.
Tourasse et al. [10] have reported the chemical forms
and distributions of fission products in the Phenix fuel
irradiated to high burn-up.
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2. Experimental

Fuel specifications and irradiation data of the fuel
pins are follows. PuO, content in an MOX (mixed
oxide) fuel pellet of 85% TD was 30 wt% and its O/M
is 1.96. The cladding tube of 20% cold worked PNC-
316 stainless steel is 6.5 mm in diameter and 0.47 mm
thick, and the diametrical fuel-cladding gap was
0.16 mm. The fissile column extended 550 mm in accor-
dance with the core length. The fuel pins were irradiated
in a subassembly in JOYO up to the fuel pin peak burn-
ups of 128 GWd/t. Maximum linear heat rating of fuel
pins was 33.0 kW/m.

Both non-destructive and destructive post irradiation
examinations were carried out. The gross y-ray activity
was measured along the axial direction of the fuel pin,
together with the activities of individual nuclides such
as '¥7Cs, 1%°Rh, and '®*Ru, in order to determine the dis-
tributions of burn-up and the elements noted above.
After the pin puncture test, fuel pins were sectioned at
different axial positions for metallographical observa-
tion and electron probe microanalysis (EPMA). The
ceramographs were obtained on the fuel cross section
by optical microscopy and scanning electron microscopy
(SEM).

3. Results and discussion

Results of post irradiation examinations are pre-
sented here, focusing on typical fuel pins, which express
overall results in the best way.

Axial distributions of '3’Cs in the fuel pin are plotted
in Fig. 1 as a function of the distance from the bottom of
the fissile column (dfb). The thick line shows the distri-
bution of *’Cs generated by fission, which was calcu-
lated by the ORIGEN-2 code [11], and the thin line
shows the one observed in the irradiated fuel pin. The
137Cs generated in the middle of the high temperature re-
gion migrates down along the temperature gradient to
both upper and lower regions of low temperature, result-
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Fig. 1. Axial distribution of '*’Cs intensity along the fissile
column of the fuel pin (pin averaged burn-up 110.6 GWd/T).

ing in the formation of '*’Cs peaks. No '*’Cs migration
can be seen just below the largest '*’Cs peak (48.4 mm
dfb) in the lower column region of the fuel pin.

Fig. 2 shows ceramographs at several axial positions
of the fuel pin shown in Fig. 1. In the axial regions below
the '3’Cs peak (48.4 mm dfb), the fuel-cladding gap is
closed and a porous fuel microstructure is evolved. In
the axial region beyond the '*’Cs peak, an agglomerate
of volatile fission products JOG (Joint Oxyde Gaine)
[10] develops in the fuel-cladding gap and a fuel micro-
structure which is free from voids develops in the periph-
ery. Fig. 3 shows SEM fractograph obtained adjacent to
position A at 40.7 mm dfb in Fig. 2. A microstructure
similar to the rim structure [12] seen in irradiated
LWR fuel is observed. This means the sub-micron grain
structure evolves from the as-fabricated grain structure,
together with small sized pores. Fig. 4 shows EPMA
mappings of position B in Fig. 2 presenting the elemen-
tal distributions in and near the fuel-cladding gap at the
137Cs peak position (48.4 mm dfb). A layer of fuel ma-
trix highly enriched in U, Pu and O is attached to the
cladding inner wall. A dense precipitate of volatile fis-
sion products, which is highly enriched in Cs, Mo and
O and slightly enriched in Te and Ba, is present in the
region between this layer and the fuel matrix. It is most
likely that large numbers of fission products, which mi-
grate down and accumulate in this region, split the fuel
matrix near the cladding along the axial direction and
insert themselves into the matrix-cladding interface. In
a small part of the gap region of position C at
278.3 mm dfb in Fig. 2, a dense agglomerate of fission
products JOG was deposited. In the rest of the fuel-clad-
ding gap region, however, small sized fission products
agglomerates were loosely dispersed. The EPMA map-
ping of the dense JOG is shown in Fig. 5. There are high
concentrations of Cs, Mo and O and low concentrations
of Te and Ba throughout the gap, but Pd only deposits
on the inner wall. And Fig. 6 shows SEM micrograph of
the fuel microstructure in the rim region. Of note is a
layer of the fuel microstructure which is nearly free from
voids that develops throughout the rim region. This
layer is called a white ring layer in this paper.

The reason for formation of this white ring layer is
not fully understood yet, but the following is suggested
as a formation process. In the first stage of irradiation,
the temperature of the fuel surface is 800-900 °C, based
on a calculation by the ESPRIT-J code [13]. Some vola-
tile fission products are released from the high tempera-
ture fuel matrix. As the irradiation continues to
60 GWd/T, the gap width becomes small [14] and addi-
tionally the JOG of larger thermal conductivity accumu-
lates in the fuel-cladding gap. The temperature of fuel
surface decreases below 600 °C and then the rim struc-
ture appears as the fission gas accumulates in the rim re-
gion of the fuel. That is, fine grains of less than 1 pm in
diameter evolve in the porous re-crystallized structure.
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Rim structure

Position A 40.7 mm dfb
(97.8 GWd/T, 25.1 kW/m)

Position B 48.4 mm dfb
(99.5 GWAd/T, 25.6 kW/m)

White ring layer

Position D 527.5 mm dfb
(78.4 GWA/T, 19.9 KW/m)

Position C 278.3 mm dfb
(127 GWd/T, 33.8 kW/m)

Fig. 2. Ceramographs of transverse sections in a typical fuel pin (pin averaged burn-up 110.6 GWd/T).

Fig. 3. SEM fractograph of the porous rim structure at fuel
periphery (local burn-up 97.3 GWd/T, LHR 25.1 kW/m).

With further irradiation, the volatile fission products in
the gap axially migrate to the low temperature regions
along the axial temperature gradient. As a result, the
gap is widened and heat conduction across the gap de-
creases, leading to the increase of fuel temperature.

The fission gases accumulated in the re-crystallized
region are released into the gap and induce fuel densifi-
cation. Both the increase of gap due to the fuel densifi-
cation and increase of fission gas in the gap enhance
the decrease of heat conduction. With more irradiation,
the temperature in the fuel rim region exceeds 1000 °C,
and most of the fission gases are released and fine grains
that remain in the rim region begin to sinter.

As shown in Fig. 3, the grain sizes, and consequently
the radius of curvature, are so small that the surface free

energy is large. In addition, a high degree of surface
roughness on the fine grains enhances the increase of
surface free energy. The higher surface free energy leads
to a larger sintering rate, and thus the sintering and
grain growth can take place at a temperature lower than
the conventional one.

Another factor to promote sintering and grain
growth is the increased diffusion coefficient due to the
irradiation. Matzke [15] has pointed out that the irradi-
ation induced diffusion coefficient, D*, is expressed by
the following equation,

D' '=A-F, (1)

where A is a constant and F is fission rate. D* is larger
than the thermal diffusion coefficient at temperatures be-
low 1500 °C. If the effects of both fine grains and the
irradiation-enhanced diffusion coefficient on the sinter-
ing rate are considered, it is apparent that the white ring
layer can be formed even at low temperature in the
peripheral region of the fuel.

Fig. 7 shows the EPMA mapping for the gap region
of position D at 527.5 mm dfb in Fig. 2. The ceramo-
graph and SEM image indicate a dense JOG forms
throughout the whole large fuel-cladding gap and a
white ring layer develops in the rim region. The EPMA
results show strong intensities of Cs, Mo and O and
weak intensities of Te in the JOG. The main constituent
of the cladding, Fe, can be detected on the outer surface
of the fuel at an axial location near the top of the fissile
column, although this element can not be observed at
other axial locations. Other constituents, Cr and Ni
show similar behaviors. It can be suggested from these
results that the cladding components migrate in the
gap toward the fuel region by a likely mechanism of
cladding component chemical transport (CCCT) [3].

Fig. 8(a) and (b) show the radial distributions of Xe,
Cs and Mo in the fuel matrixes at different axial posi-
tions of the fuel pin. The Xe concentration in the periph-
eral region decreases with the increase of relative radius,
rlro, where r is the radius at an arbitrary position and rq
is the radius of the fuel pellet, although the temperature
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Fig. 5. EPMA mapping for the gap region of position C at 278.3 mm dfb.

Fig. 6. SEM micrograph of restructured grain region in the fuel
periphery (position C, local burn-up 127 GWd/T, LHR
33.7kW/m).

and consequently, the release rate of Xe decrease with
increasing r/ro. As already shown in Fig. 3, the rim struc-
ture consisting of fine re-crystallized grains and pores
develops in the fuel matrix near the fuel periphery.
The decrease in the Xe concentration with the r/rg in
the rim structure can be explained by the fact that a sig-
nificant amount of Xe accumulates in fine pores and can
not be detected by EPMA; this has been reported in
studies on the fission gas release in LWR fuels [16,17].
The results in Fig. 8(b) indicate that almost all the Cs
is released from the fuel matrix in the axial fuel regions
irradiated at high linear heat rating (LHR), and there is
little change of Cs concentration with the r/ry. However,
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Fig. 7. EPMA mapping for the gap region of position D at 527.5 mm dfb.
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(b) Position C 278 mm dfb

1.2 50
-0~ Xe - Cs
° - Mo oxide ¢ Mo metal|r 45
2 1.0 40
o =
[} L =
=08 ¥ w
el [0}
c 30 £
© ]
8 06 25 =
2 L20 o
5 0.4 15 S
g o ° 8
B & S L10 W&
o 0.2
* _m@S
0.0+ 0

00 02 04 06 08 1.0
Relative radius(-)

Fig. 8. Distributiion of major fission products as a function of relative radius.

Cs concentration increases in the fuel matrix in the re-
gions irradiated at low LHR with the increase of r/r.
Many studies have reported that Mo is present in the
fuel matrix as metallic inclusions in a high temperature
fuel region, based on the temperature dependence of
standard formation energy of Mo oxide. As shown in
Fig. 8, almost all the Mo is present in metallic Mo pre-
cipitates in the high temperature fuel region where r/
rg < 0.6. In the intermediate region, 0.6 <r/ry<0.75,
some of the metallic Mo is converted into Mo com-
pounds and Mo concentration decreases with the
increase of r/rg, until finally metallic Mo disappears in
the region, r/ro > 0.75. Corresponding to the change in

the concentration of metallic Mo, the concentration of
Mo compounds increases in the region, 0.6 <r/ry<
0.75 at low LHR. On the other hand, at high LHR, its
concentration is low, and shows no significant change,
and the white ring layer is formed in the rim region.
The behavior tendencies of both metallic Mo and Mo
compounds are similar to the results already reported
by other researchers [1,9].

Next, it is important to consider the relative stabili-
ties of Cs—U-O and Cs-Mo-O compounds in the fuel-
cladding gap. Fig. 9 shows the EPMA mapping which
indicates the relative stabilities of Cs—U-O and Cs—
Mo-O compounds in the gap which were obtained for



K. Maeda et al. | Journal of Nuclear Materials 344 (2005) 274-280 279

Fig. 9. EPMA mapping for the gap region at the axially central position (278 mm dfb) of another fuel pin (local burn-up 119.7 GWd/

T, LHR 30.1 kW/w).

another fuel pin. In the EPMA mapping, Cs—-Mo-O
compounds are deposited on the inner cladding wall,
while the Cs—U-O compounds are formed on the surface
of the Cs—Mo-O compounds. Comparison of the Gibbs
free energies of formation between Cs,UO, and
Cs,Mo0Q, at the temperature expected in the fuel clad-
ding shows that the Gibbs energy of formation is lower
in Cs,UQ4 than in Cs,;Mo00,. Then, Cs,UO,4 forms in
the fuel-cladding gap early in the irradiation, and most
likely by the following reaction.

2Cs + (U7 Pu)Oz + 02 e C:Sz(U7 Pu)O4

As the oxygen potential rises with the increase of
burn-up and more Mo is released from the fuel matrix
irradiated at high LHR, Cs, MoQO, forms in the gap
by the following equation.

2Cs + Mo + 20, — Cs;MoO,

Cs,Mo00, is more volatile than Cs,UQy, and thus is
deposited on the cooler surface of the cladding through
the porous Cs,UQy layer. In addition, volatile CsMoQOy4
migrates axially to the cooler region in the fuel-cladding
gap together with other volatile species such as Cs, CsI,
Te, and Pd resulting in a dense JOG formation in the
fuel-cladding gap of low temperature.

4. Conclusions

Distributions of volatile fission products and micro-
structures were studied at different axial positions in or

near the fuel-cladding gap of FBR MOX fuel pins irra-
diated up to 110. 6 GWd/t.

It was found that most of the volatile fission products
such as Cs, Mo, and Te were released from the fuel ma-
trix into the fuel-cladding gap, and then they axially mi-
grated up and down to low temperature regions along
the temperature gradient. As a result, agglomerates of
fission products were loosely dispersed in the high tem-
perature axial gap region and precipitated densely in
low temperature regions.

From the viewpoint of relative stability of Cs—U-O
and Cs—Mo-0O, Cs,Mo00, was deposited on the cooler
surface of the cladding through the porous Cs,UQO,4
layer. In addition, volatile Cs;MoQO, migrated axially
to a cooler region in the fuel-cladding gap together with
other volatile species such as Cs, Csl, Te, and Pd result-
ing in the gap being opened and the heat conduction
being reduced across the gap.

The microstructures of MOX fuel near the gap were
restructured by the irradiation as follows. In the low
temperature rim region, re-crystallized sub-micron grain
structure was observed just like in irradiated LWR fuel.
In the high temperature rim region, the white ring re-
gion, which was free from voids and had large sized
grains, developed.
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