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Abstract

To investigate the storage behavior of the defective LWR spent fuel, air-oxidation tests on
non-iradiated and irradiated UQO: were performed. The weight gains of non-irradiated UO:
specimens are characterized by the S-shape curves at 250-400°C temperature range. One hundred
percent conversion of UOz to UsOs corresponds with about 4% weight increase. The activation en-
ergies are 110kJ/mol above 350°C and 153 kJ/mol below 350°C. The irradiated UO= specimens
with about 35 GWD/MTU burnup were oxidized at 300-400°C in air. They show a rapid increase
of weight gain at the initial stage and a slow increase at the later stage when compared with
non-irradiated UQz. The activation energy under these conditions is 95 kJ/mol. Bumup and aging
effects of irradiated UO: were also investigated at 350°C in air environment, but the specimens

appears insensitive to these variables.
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1. Introduction

When UO:z is oxidized in air, it can be transformed
into the various meta-stable oxides, such as UsOs, Us
7 and UsOs. Many studies to understand the UO:
oxidation behaviors have been performed because of
the importance of fuel oxidation in the longterm
storage and disposal of spent fuels. When UO2 is
transformed into tetragonal oxide UsQr, the density
is changed from 10.96g/cm® to 11.4g/cm® The in-
itial volume, therefore, reduces about 2% after the
transformation. When UQ:z is transformed into UsOs,
having an orthorhombic structure, the density is
changed to 8.35g/cm®. The volume expands about
30% when compared with that of UOz. In this case,
the cladding can be breached by stress build-up
caused by the wolume expansion of the fuel, and
thus the fission gas can release in open space
through the cracks. Another important concern for
the UO2 oxidation is that the oxidation products and
resulting physical degradation may affect radionuclide
leaching rates for fuel exposed to ground water[1].

In this paper a study of UO2 oxidation in air has
been conducted for analyses of the long-term storage
behavior and accident analysis of fuel rod during
both wet and dry storage-conditions. The oxidation
behavior of irradiated UOz was compared with that
of non-irradiated UQ-.

2. Experimental Procedures

The non-irradiated UOz specimens were cut from
the commercial PWR type UQO:z pellet. The initial
weights of the specimens were about 630mg. The
continuous weighing method was used to obtain
more accurate data. It was checked and confirmed
that thermal cycling effect, which may affect the com-
parison with the result from the intermittent method
on irradiated UOz, can be neglect. Figure 1(a) shows
the oxidation test equipment and automatic data ac-
quisition system. The oxidation test was performed
by a cylindrical type furnace with a programmable
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controller. The pan and extension wire (0.2mm di-
ameter) for hanging samples were made of platinum.
The weight gain was measured continuously by
Cahn-30 balance with an interface and a data acqui-
sition system. The maximum precision of the balance

is 0.1ug.

The oxidation test on irradiated UQO:z was

performed on the fragment specimens taken from

KORI-1 PWR fuel using an intermittent weighing
method. The fuel had a final discharge burnup of 35
GWD/MTU. It had been cooled for 6 years in
storage pool. To know the bumup effect on oxi-
dation of UOz, some different burnup specimens with
139 and 392 GWD/MTU were used. Density
measurement on several specimens from another 7
spent fuel rods were also performed to reveal the re-
lationship between burnup and bulk density of UOs.
15-month ambient air aging specimen was also
examined to determine the aging effect. Figure 1(b)
shows the equipment of hot cell test for irradiated
UQO:2 oxidation. The initial weights of irradiated UO2
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Fig. 1. Test Apparatus of (a) Non-Irradiated UOz and (b)
Irradiated UQO2.
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specimens were about 500mg. The grain size distri-
bution of the specimens was among 7 and 11um,
and the initial average density was 10.30g/cm?.

3. Results and Discussion
3.1. Oxidation Behavior of Non-irradiated UQ:2

Figure 2 shows the weight gain features of
non-irradiated UQ: in the temperature range be-
tween 250°C and 400°C. As shown in this figure, the
of the non-irradiated UQ: are
characterized by the S-shape curve. The oxidation of

weight  gains
UO: proceeds very slowly at the initial stage, and
increases linearly at the midterm range. It shows a
smooth saturation at the later stage. When 100%
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Fig. 2. Weight Gain Characteristics of Non-Irradiated
UOz by Air-Oxidation QOver the Temperature
Range of 250°C to 400°C.
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conversion of UOz to UsOs occurs, the initial weight
is gained about 4wt%. Figure 3 shows the time for
about 50% transformation into UsOs, comparing with
Boase’s results[2]. The activation energies{AEs)
obtained from Boase’s results are 170kJ/mol and
665k])/mol in the range of 330350°C and
350400°C, respectively. He also suggested the exist-
ence of a transition point at 350°C. The present
study, however, shows that the AEs are 153 kJ/mol
in 250-350°C and 110kJ/mol in 350-400°C. Ident-
ical to Boase’s results, the transition point appeared
at about 350°C. Although the transition point was
same, the present study shows lower values of AEs
than Boase’s.

3.2. Oxidation Behavior of Irradiated UQO2

The weight gains of irradiated UO2 in 300-400°C
in air are plotted in Fig4. At the initial stage the
weight gains increase very fast and seem to be satu-
rated at the point of about 2wt%. Even though the
fabrication history and the oxidation condition of the

specimens are different, the weight gain trend is simi-
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Fig. 3. Comparison Between this Study and Boase’s
Results for 50% Conversion
Non-Irradiated UQOz.
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Fig. 4. Weight Gain Characteristics of Irradiated UO2 by
Air-Oxidation Between 300°C and 400°C.

Temperature(C)

10! 400 375 350 328 300 275 250 230 220 200 175
T T 11 LI B B | T

\,

N B ThisStudy
N _ v, 9S5kiAmol
\5ate(%/h)- 5.853X10" exp~( =)

Ty

3
10 3¢ [ Hastings et al. [Ref. 4]
= *Hoxp-( 125k mol.
“ Rate(%/h)= 1.08X10™"exp-{ = )

Rate of weight gain(%/h)
H

-
=]

10 -5 " " )
14 1.6 1.8 20 22 24

1000/T(K)

Fig. 5. Rate of Weight Gain Versus 1/T for Irradiated
UO: at 300-400°C (This Study) and 175-275°C
(Hastings’ Study).

lar to Campbell’s results[3]. Figure 5 shows the oxi-
dation rate of irradiated UO: as a function of the re-
ciprocal absolute temperature. The oxidation rate
increases exponentially with temperature. In the fig-
ure 5, the present and Hastings’ results{4] for
irradiated UOz are shown. The AEs obtained from
both results are 95kd/mol in 300400°C and 125
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Fig. 6. The Effects of Burnup and Aging on Oxidation of
Irradiated UOz.

kd/mol in 175-275°C, respectively. The difference
between the present and Hastings’ results may be
due to the differences of the test conditions, speci-
men history, shape and size, etc. The effects of
burnup and aging on irradiated UO:z are also studied
at 350°C in air and the results are shown in Fig.6.
The effect due to the burmup difference between 13.9
GWD/MTU and 39.2 GWD/MTU seems not to be
clear as shown in this figure. The irradiation on UO2
is accompanied by density change and generation of
many kinds of fission products. It is generally known
that the density change and fission products of UO2
can affect the oxidation behavior of UO2 The
densities for the present work specimens, however,
do not show a clear relationship to bumup when
considering of the data from the same assembly rods
in Fig.7. It may imply that the difference of fission
products and/or radiation damages dependent on
burnup might not reveal a visible effect on the oxi-
dation of UQO:z. Campbell[5] says the aging of UO:z
can make some protection layer on UO:z surface and
the layer can delay the oxidation rate. In this work,
however, the aging effect, as also shown in Fig.6, is
not clearly appeared. The absence of aging effect
might be explained from the fact that the relatively
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Fig. 7. Dependence of Density on Burnup.

high oxidation temperature could destroy the protec-
tion layer produced under relatively low temperature.

3.3. Comparison of Oxidation Behavior of
Non-irradiated UO:z with Irradiated UO:

Figure 8 compares the oxidation behaviors of the
non-irradiated and irradiated UQ2 specimens at 300°C
and 325°C in air. In this figure the weight gain
curve demonstrates that irradiated UQ: oxidation can
be significantly differentiated from non-irradiated UO:>
oxidation. The non-rradiated UO: is oxidized very
slow at the early stage of oxidation, while the
irradiated UQ:z is oxidized very fast at this stage. At
the later stage of oxidation, contrary to the early
stage, a fast oxidation occurred in non-irradiated
UQz, but relatively slow oxidation in irradiated one. It
has been generally known that many factors may af-
fect the oxidation behavior of UO2 The factors, for
example, are fabrication history, oxidation condition,
structural changes, fission products, changes of
chemical composition and oxygen potential, etc.
Some investigators{4] reported that the fabrication
history and shape of test specimen did not affect the
weight gain characteristics. Einziger[6] reported that
irradiated fuel pellet fragments from spent fuel rods
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Fig. 8. Comparison of Oxidation Behavior of Irradiated
and Non-Irradiated UOz at 300°C and 325°C.

have been converted to UsQs without forming UsOr
or UsOs. They also expressed the lack of UsOs for-
mation after several years in their tests suggested
enhanced oxidation resistance of the fuels following
burnup. In the present test, however, the burnup dif-
ference did not reveal any effect on the UO2 oxi-
dation behavior.

The difference of the oxidation curve shapes be-
tween non-iradiated and irradiated UQO2 might be
considered due to the microstructural change by ir-
radiation. During irradiation, the sintering and fission
gas pores distributed in UQO:z grain can migrate into
the grain boundaries, and form fission gas bubbles.
These bubbles may accelerate the oxidation rate by
contributing to the diffusion paths for oxygen. Tomas
and Woodleyl7, 8] observed the fission gas bubbles
of 2-10nm diameter in grain boundaries of irradiated
UQz. They explained that the fast oxidation in the in-
itial stage was due to the fast diffusion of oxygen
through the bubbles. Campbeli[9] also studied the ef-
fect of microporosity on the oxidation behavior of
UQs:. Therefore, the fast and slow oxidation features
at the initial and later stages might be explained as
follows ; At the initial stage the irradiated UQO: is
oxidized faster by easy diffusion of oxygen through
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the bubble inter-linked grain boundaries. In the later
stage, however, the possibility of some other phase
formation, for example UsOs, etc., may explain the
delaying of UsOs formation as well as Thomas’
suggestion[1]. For the detail mechanism study of de-
laying oxidation phenomena at the later stage, more

experiments will be needed.
3.4. Failure Analysis of Spent Fuel

In order to predict the failure initiation time of
spent fuel, the oxidation mechanism must be clear at
first. Up to the present, however, there is not enough
data to confirn the above mentioned several
mechanisms. If the imadiated UO2 follows the same
oxidation behavior with non-imadiated UO:
conservatively, the time for the 15% conversion of
UO: into UsOs as a function of the reciprocal tem-
perature can be seen as in Fig9. When UO: is
converted into UsOs by 15%, the diameter of fuel
rod increases about 2%. It is the design criterion
capable of inducing the initiation of fuel rod cracks.
The Arrhenius relationships of the 15% conversion
to UsOs are given as following equations ;
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Fig. 9. Relationship Between Time and Temperature of
15% Conversion of UOz to UzOs.
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log t(hr) = —12.7 + 8005/T(°K) : non-irradiated
specimen at 250 —350°C

log t(hr) = —8.2 + 5813/T(°K) : non-irradiated
specimen at 350—400°C

log t{hr) = —7.9+4963/T(°K) : irradiated
specimen at 300—400°C

Where t and T are the conversion time and the
absolute temperature, respectively. By using the
above equations, the oxidation periods of 15% con-
version of UOz to UsOs can be predicted and used
for the safety analysis of defective fuel rods during
storage. If the oxidation mechanism of irradiated fuel
becomes clearer, the above equation obtained from
irradiated specimens must be changed by more cor-

rect expression.
4. Conclusions
From this study on UO: oxidation behavior, using

and irradiated UOQs,
conclusions can be drawn :

non-irradiated following

1. The Arrhenius relationships of 15% conversion of
UO:z to UsOs are given as following equations
conservatively ;

log t(hr) = —12.7 + 8005/T(°K) : non-irradiated
specimen at 250—350°C

log t(hr) = —82 + 5813/T(°K)} : non-irradiated
specimen at 350—400°C

log tlhr) = —7.9+4963/T(°K) : irradiated
specimen at 300—400°C

Where t and T are the conversion time and the
absolute temperature, respectively.

2. In confrast to the non-rradiated UQ2, irradiated
UQOz shows more rapid increase of oxidation rate
at the initial stage and a lower saturation point at
the later stage.

3. Oxidation behavior of irradiated UO2 shows no
burnup dependence up to 39.2 GWD/MTU and
no aging time dependence on oxidation.
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