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Abstract

Fission gas release in FBR MOX fuel pins irradiated to high burnup was studied as a function of burnup. Fuel pel-
lets of different microstructures were fabricated by three methods. The pin averaged burnup of fuel pins ranged from 5.8
to 144 MWd/kgM. The fission gas release mechanism was investigated from results of the puncture test, microstructure
observations and EPMA analyses. The fission gas release increased with the increase of burnup. But it depended on the
microstructure of as-fabricated fuel below a burnup of 70 MWd/kgM. The difference in fission gas release among fuel
pellets of different microstructures, could be attributed to fission gas which was retained in the large size pores of the
as-fabricated fuel. In the fuel pin irradiated beyond burnup of 100 MWd/kgM, the fission gas release fraction was
significantly large (nearly 80%), and independent of the burnup, the kinds of pellets and LHR. This indicated that little
capacity for retention of fission gas is expected in the fuel irradiated to the burnup beyond 100 MWd/kgM and this
should be considered in the FBR fuel pin design.
� 2005 Elsevier B.V. All rights reserved.

PACS: 28.41.Bm
1. Introduction

Fission gas release is of importance to fuel behavior
for several reasons. The fission gases released from the
fuel to the fuel-cladding gap increase the internal pres-
sure and fuel temperature by degrading the thermal con-
ductivity of the filled gas due to the mixing of heavy gas
atoms in the gap. The fission gases which remain in the
fuel form fission gas bubbles on both intra-granular and
inter-granular regions, resulting in fuel swelling.
The basic mechanism of fission gas release is as fol-

lows [1,2]. A part of the fission gas generated in a fuel
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grain migrates to the grain boundary, and accumulates
and forms fission gas bubbles there. With the increase
of burnup, the bubbles grow by the continuous accumu-
lation of fission gases from the intra-granular region by
their coalescence with other bubbles. As a result, fission
gas bubble tunnels, which interlink to the fuel surfaces,
form on the grain-boundary and fission gas is released
through them.
Recently, studies on fission gas release in LWR fuels

have made great progress. In particular, fission gas re-
lease in fuel irradiated to high burnup has been investi-
gated to extend the burnup [3]. It has been learned that
the fission gas release increased with the increase of
burnup and a restructuring to fine grains occurred on
the pellet rim [4–6]. There are, however, few studies on
fission gas release in FBR MOX fuel [7].
ed.
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In this study, the fission gas releases were measured
in 98 FBR MOX fuel pins taken from 18 fuel assemblies
irradiated to 5–144 MWd/kgM in the experimental fast
reactor, �JOYO�. For some fuel pins, the concentration
of Xe which remained in the fuel matrix was evaluated
with EPMA (electron probe micro analyzer), and micro-
structural observations were made with an optical
microscope and SEM (scanning electron microscope).
The results were discussed, focusing on the burnup
dependency.
2. Experimental method

2.1. Specimens and irradiation conditions

Three kinds of fuel pellets, pellet-1, pellet-2 and pel-
let-3, were fabricated from combinations of two types
of powders and a pore former by conventional powder
technology. The first powder was prepared by mixing
UO2 (ADU) powder and PuO2 powder which were ob-
 81
 E9

 A

 98  91
  C8

 C7

A0

 7

 F5
 G3

 86

 C0
 G9  F

 F1

 C

 J0 C

Reflector region

Fuel assembly C

Fig. 1. Fuel assemblies and reflec
tained by calcinating the oxalate. The second powder
was a mixture of UO2 (ADU) powder and MOX (mixed
oxide) powder which was prepared by co-converting the
mixed nitrate (Pu:U = 20:1) by microwave heating
(MH) [8,9].
Pellet-1 was fabricated from the first powder without

adding pore former. Whereas pellet-2 was fabricated
from the second powder by adding pore former, because
the second powder was highly sinterable. Pellet-3 was
fabricated from the first powder by adding a significant
amount of pore former.
The O/M ratio of fuel pellets was 1.98. The fissile

content in the fuel was adjusted to nearly 31% by chang-
ing the content of 235U, because the fissile content in
PuO2 depends on the raw powder supplied for the mix-
ing. The fuel pellets were inserted into the cladding tubes
of 20% cold worked PNC-316 along with insulator
pellets, spring, etc. The length of the fissile column was
550 mm. After spacer wires were spirally wrapped
around the fuel pins, they were assembled and inserted
into a wrapper tube.
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The configuration of the JOYO MK-II core is shown
in Fig. 1. The core is comprised of fuel assemblies, con-
trol rods and surrounding reflectors. The designation of
examined fuel assemblies and their initial loading posi-
tions are also shown in the figure. Fuel assemblies were
shuffled from an inner position to an outer one, depend-
ing on operating requirements. The four kinds of fuel
assemblies have their fuel pins arranged as shown in
Fig. 2. The �Driver� is the core fuel assembly. �A�, �B�
and �C� signify the other fuel assembly types used for
irradiation tests. Table 1 lists typical specifications and
irradiation conditions of fuel assemblies used in this
study.
From each fuel assembly, 5–10 fuel pins were taken

out and subjected to the puncture test. One or two fuel
pins among these ones were sectioned and subjected to
other destructive examinations. The last two columns
show the pin averaged burnup and linear heat rate
(LHR), which were the largest in each fuel assembly.

2.2. Post irradiation examination

The amount of fission gas released from the fuel pel-
let to the free volume of a fuel pin was measured by the
puncture test using a YAG (Yttrium Aluminum Garnet)
laser. The Xe/Kr ratio was also measured by gas
chromatography.
More than three segments were sectioned from one

or two fuel pins in each fuel assembly. These segments
were vacuum impregnated with epoxy resin and cut
transversely into about 5 mm thick specimens. The
Type B
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Fig. 2. Cross-sectional views o
transverse specimens were glued to epoxy stubs, and
then ground and finally mirror polished. The fuel
cross-sections thus obtained were examined by optical
microscopy. In addition, the microstructural change,
which occurred in the rim region of pellet, was observed
with SEM.

2.3. Analysis of Xe by EPMA

The major gaseous fission product xenon is either
present as dissolved atoms in the fuel matrix or as gas
in pores. Quantitative analysis with EPMA was applied
to the determination of the radial distribution of the Xe
concentration in the fuel matrix. The analysis was car-
ried out at an acceleration voltage of 25 kV and beam
current of 1 lA. Under these conditions, the depth of
electron beam penetration from the surface of a speci-
men would be about 0.5 lm and the region of X-ray
excitation would be about 50 lm in diameter [10,11].
Due to the shallow depth of beam penetration, the
amount of xenon measured by EPMA is not truly repre-
sentative of total xenon retained in the fuel pellet. In this
study, xenon retained in the fuel grains and precipitated
in closed pores within a diameter of 0.1 lm is referred to
as xenon retained in the fuel matrix, since EPMA has
less sensitivity to detect xenon precipitated in bubbles
larger than 0.1 lm [10].
Xenon retained in fuel matrix was investigated

for dependence on burnup in terms of the amount of
generated xenon, which was calculated by using the
ORIGEN-2 code [12] after calculating the neutron
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Table 1
Typical specifications and irradiation conditions of fuel assembly

Pellet type PuO2 powder Fuel
assembly
designation

Type of
fuel
assembly

Fuel
density
%TD

Fuel
diameter
mm

Gap
width
lm

Pu spot
size
lm

Pore
former
w/o

Pin averaged

Burnup
MWd/kgM

LHR
kW/m

Pellet-1 Pu oxalate 81 Driver 93 4.63 160 90 – 37.7 26.1
70 Driver 93 4.63 160 60 – 16.9 30.4
03 Driver 93 4.63 160 <30 – 5.8 31.6
86 Driver 93 4.63 160 <30 – 50.7 25.5
91 Driver 93 4.63 160 90 – 56.0 30.9
F4 Driver 93 4.63 160 50 – 39.8 26.4
93 Driver 94 4.63 160 50 – 47.9 24.8
C0 Driver 94 4.63 160 50 – 50.9 21.9
A0 Driver 94 4.63 160 <30 – 59.6 26.1
E3 Driver 94 4.63 160 0 – 69.6 32.0
E2 Driver 94 4.63 160 <30 – 78.0 24.4
E9 Driver 94 4.63 160 55 – 71.1 32.6
F5 Driver 94 4.63 160 55 – 70.2 18.4
M2 C 92 5.42 230 0 – 143.9 31.2

Pellet-2 Co-conversion
Pu:U = 20:1

F3 Driver 94 4.63 160 60 0.3–0.8 60.6 32.6
G9 Driver 94 4.63 160 <30 0.3–0.8 51.5 32.6
C8 Driver 94 4.63 160 <30 0.3–0.8 81.3 32.0
F1 Driver 94 4.63 160 <30 0.3–0.8 66.4 41.1
C7 Driver 94 4.63 160 <30 0.3–0.8 70.5 30.5
C2 Driver 94 4.63 160 <30 0.3–0.8 53.4 20.7
J0 Driver 94 4.63 160 <30 0.3–0.8 71.3 20.0
D8 Driver 94 4.63 160 138 0.3–0.8 57.5 20.4
98 A 85 5.40 190 0 1.8 41.1 41.0

Pellet-3 Pu oxalate A1 B 85 5.40 190 <40 1.3–1.5 56.5 30.2
A4 C 85 5.40 190 <60 1.9 64.2 29.0
G3 C 85 5.40 190 <60 1.9 119.2 27.2
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cross-sections in the JOYO reactor core by the fast reac-
tor group constant set, JFS-3-J3.2R [13]. Radial concen-
tration profiles were obtained by point analysis at
intervals of 50 lm. Calibration of xenon measurements
was done using the outermost part of low burnup fuel
specimens (below 20 MWd/kgM). Fission gases in this
region were assumed to be completely retained at their
generated position because of the low temperature.
3. Results and discussion

3.1. Microstructure of as-fabricated pellets

Fig. 3 shows the microstructures of the three kinds of
as-fabricated fuel pellets. A few large pores can be seen
in the microstructure of fuel pellet-1 fabricated from the
first powder without the pore former, but there are a
considerable number of pores in the microstructure of
fuel pellet-2 fabricated from the second powder with
pore former. In addition, a large number of big pores
can be observed in the microstructure of the low-density
pellet-3 (TD = 85%) fabricated from the first powder
with the pore former.
3.2. Fission gas release by the puncture test

Amount of Xe retained in fuel was investigated as a
function of burnup. Fig. 4 shows the amount of fission
gas released from the fuel pellet to the pin free volume
as a function of burnup. The total amount of fission
gas generated in fuel was calculated by the ORIGEN-2
code and is shown as a straight line. The measured data
are identified by pellet type (history of fabrication) and
LHR range in order to clarify the effects of the history
of pellet fabrication and LHR on the fission gas release.
Fraction of fission gas release was derived as the ratio

of fission gas amount measured by puncture test to the
total amount of generated Xe. Fig. 5 was drawn to show
the dependence of fractional release of fission gas on the
burnup. Details of burnup measurements have been re-
ported in another paper [14].
In pellet-1 fabricated using the PuO2 powder pre-

pared from oxalate, a significant fission gas release be-
gins at around 20 MWd/kgM and its amount increases
with the increase of burnup and depends little on the
LHR. On the other hand, in pellet-2 fabricated using
the MOX powder prepared by the MH method, the
fission gas release begins at around 40 MWd/kgM and



Fig. 3. Microstructure of the pellets fabricated by three different methods: (a) pellet-1: mixing of PuO2 and ADU powders, (b) pellet-2:
mixing of MOX powder (Pu:U = 20:1) and ADU powder, and adding pore former, (c) pellet-3: mixing of PuO2 and ADU powders,
and adding pore former.
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Fig. 4. The fission gas release measured by puncture test as a function of pin averaged burnup.
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depends on the LHR. The difference in fission gas
release between pellet-1 and pellet-2 can be explained
as follows.
Generally, the fission gas generated in the fuel matrix

migrates to a grain-boundary by the diffusion-trapping
model [15], and then forms fission gas bubbles. As the
amount of burnup increases, the bubbles coalescence
with each other and subsequently form fission gas tun-
nels interlinked to the pellet surface. Finally the fission
gas is released into the pin free volume. This mechanism
suggests that the fission gas tunnels form at around
20 MWd/kgM in pellet-1.
Comparison of the microstructures between pellet-1

and pellet-2 shows there are a number of voids in
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pellet-2 (Fig. 3(b)) which was fabricated after doping
with the pore former. These pore former voids have a
retention capacity for fission gas in addition to the
fission gas bubbles formed on the grain-boundary.
Thus, the existence of these pore former voids shifts
the beginning of fission gas release from �20 to
�40 MWd/kgM. However, the pore former voids in
pellet-2 were annihilated with the increase of LHR by
fuel restructuring as shown in Fig. 6 and the fission
gas accumulated there was released. For this reason,
the fission gas release in pellet-2 increases with the
increase of LHR.
As indicated in Fig. 5, the fission gas release fraction

is higher in pellet-3 than in the other two pellets. Pellet-3
was fabricated by doping a large amount of pore former
Fig. 6. Ceramographs of a restructured fuel in pe
to lower its density (85%TD). It is, therefore, most likely
that pellet-3 experienced high temperature during irradi-
ation and this resulted in a large fission gas release frac-
tion, since the thermal conductivity of fuel decreases
with the decrease of fuel density.
In the pellets irradiated beyond �100 MWd/kgM,

the amount of fission gas release is significantly large,
and independent of the kinds of pellets and LHR.
Fig. 5 shows the fractional fission gas release is around
80%. As mentioned above, the bubbles of fission gas
interconnect with each other on the grain-boundary
after migration from the fuel matrix and subsequently
form the tunnels leading to the fission gas release. With
increasing burnup, these processes are repeated. The
observations from Fig. 5 suggest that the retaining
llet-2 irradiated at different linear heat rate.
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capacity of fission gas in the fuel is limited, and all fis-
sion gases generated beyond this capacity (�70 MWd/
kgM) are released into the pin free volume.

3.3. Results by EPMA

It is important to know where the fission gas is re-
tained in the irradiated fuel. Fig. 7 shows microstruc-
tures in a high burnup fuel pin (G3) obtained in cross-
sections at three different axial positions, x/L = 0.07,
0.51 and 0.97, where L is total length of the fissile col-
Fig. 7. Ceramographs of a representative high burnup fuel pin obtai
98.8 MWd/kgM).
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umn and x is the distance from the bottom of that col-
umn. Fig. 8 shows the radial Xe concentration
distributions measured on these cross-sections where
the concentration (c/c0) of Xe was defined as the ratio
of the measured concentration (c) to the generated one
(c0) calculated by ORIGEN-2. Considerable concentra-
tions of Xe are observed in both the lowest and highest
axial positions (x/L = 0.07 and 0.97) at low surface tem-
perature below 700 �C. But the concentration in the for-
mer axial position decreases with the increase of relative
radius (r/R) in the rim region of the pellet.
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In the central position (x/L = 0.51) at high tempera-
ture, concentration is small (c/c0 < �0.04) in the whole
radial region. From this low concentration near the
outer surface of the pellet, Xe diffusion coefficient was
tentatively derived, using the grain size and irradiation
conditions of LHR and EFPDs (effective full power
days). Based on Booth�s model [1], the fractional release
(f) could be expressed by the following equation:

f ¼ 1� 6a2

90D�
Xet

þ 6a2

90D�
Xet

X1
n¼1

1

n2
exp � n2p2D�

Xet
a2

� �
;

ð1Þ

where D�
Xe is the apparent diffusion coefficient of Xe, t is

the time, and a is the radius of a grain. The radius a was
assumed to be 5 lm from the microstructure of the fuel
pellet before irradiation and the time t was 7.2 · 107 s
from EFPD (833 days). In addition, the temperature
near the outer surface of the pellet was 1000 �C. Accord-
ing to Matzke [16], D�

Xe was expected to be less than
10�16 cm2/s. Thus, the conditions, f > 0.57 and
D�
Xet=a

2 	 1, would be in effect in Eq. (1) and the follow-
ing approximation could be applied.

f ¼ 4
ffiffiffiffiffiffiffiffiffi
D�
Xet

p
pa2

� 3D
�
Xet
2a2

. ð2Þ

For f = 0.96, a = 5 · 10�4 cm and t = 7.2 · 107 s as
described above, the solution D�

Xe ¼ 2.6
 10
�17 cm2=s

was obtained at �850 �C of fuel surface temperature
and 2.5 · 1013 fissions/s cm3 of fission rate. The esti-
mated diffusion coefficient could be compared with the
controlled measurements, such as the ones reviewed by
Matzke [16]. The corresponding irradiation enhanced
diffusion coefficients was about one order of magnitude
smaller than those for intrinsic self-diffusion of U and
Pu in UO2 and (U,Pu)O2. In addition, compared with
data of the enhanced in-pile release of fission gas re-
ported by Friskney et al. [17], this estimated value shows
a reasonable agreement.
Next, it is interesting to relate the EPMA results with

the microstructures. At the central position, x/L = 0.51,
where the LHR and fuel temperature are high, a typical
restructuring along the steep temperature gradient can
be seen in the microstructure. As a result, most of the fis-
sion gases are released.
In the microstructure of the lowest position at low

temperature, x/L = 0.07, the restructuring is observed
in the region r/R > 0.7. This is known as the high burnup
structure [18]. And it can be typically seen in the rim of
LWR fuel irradiated to high burnup [19]. In this region,
the fuel temperature is low and then the capacity to
retain fission gases is large in comparison with that of
the central position, as shown in the EPMA results. Of
interest is the microstructure at the highest position,
x/L = 0.97 where the fuel temperature is intermediate.
That is, the microstructure in the rim region 0.9 <
r/R < 1.0 varies, depending on the radial angle. In part
of the rim region, the restructuring to fine grains is seen,
but in another part, a white layer structure is observed
around the outer surface of the pellet, which seems to
be evolved from annihilation of fine grains in the rim
region. Considering the decrease of Xe concentration
toward the outer surface of the pellet shown in Fig. 8,
it is suggested that part of the fission gases are released
in this region.
4. Summary and conclusions

Fission gas release behavior was studied as a function
of burnup in a large number of FBR MOX fuel pins
irradiated to high burnup. Below the burnup of
70 MWd/kgM, the fission gas release increased with
the increase of burnup, but the release depended on
the microstructure of as-fabricated fuel.
In the fuel of high density (pellet-1) which was fabri-

cated without pore former, the fission gas release began
at about 20 MWd/kgM. Release began at about
40 MWd/kgM and depended on the LHR in the fuel
of high density (pellet-2) which had many large size
pores introduced by doping with pore former. The dif-
ference between the fission gas releases in both fuels
could be explained by the retaining capacity of fission
gas in the fuel. That is, a large amount of fission gas
could be retained in large pores in addition to the
intra-granular and inter-granular structures of the fuel,
and then the beginning of fission gas release shifted to
high burnup. Furthermore, the dependence of fission
gas on the LHR could be suspected from the fact that
large size pores disappeared through restructuring of
fuel during irradiation.
In pellet-1 and pellet-3, which were irradiated beyond

100 MWd/kgM, the amount of fission gas release was
significantly large, independent of the kinds of pellets
and LHR. Nearly 80% of the fission gas generated was
released from the fuel pellet to the pin free volume.
From this fact, the capacity for retention of fission gas
is not expected in fuel irradiated to burnups beyond
100 MWd/kgM.
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