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a b s t r a c t

A small leak occurring on the surface of a fuel rod due to damage exposes UO2 to a steam atmosphere.
During this time, fission gas trapped inside the fuel rod leaks out, and the gas leakage can be increased
due to UO2 oxidation. Numerous studies have focused on the steam oxidation and its thermodynamic
calculation in UO2. However, the thermodynamic calculation of the UO2 oxidation in a pressurized water
reactor (PWR) environment has not been studied extensively. Moreover, the kinetics of the oxidation of
UO2 pellet also has not been investigated. Therefore, in this study, the thermodynamics of UO2 oxidation
under steam injection due to a damaged fuel rod in a PWR environment is studied. In addition, the
diminishing radius of the UO2 pellet with time in the PWR environment was calculated through an
experiment simulating the initial time of steam injection at the puncture.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zirconium fuel rods used in nuclear power plants contain UO2
pellets to protect the UO2 pellets inside their structure to suppress
reactions with the coolant flowing inside the primary coolant
system at high temperatures and pressures. However, the fuel rods
can be damaged due to fretting, allowing steam to be injected into
the internal fuel rod. When the pressure between the primary
coolant system and fuel rod reaches equilibrium, fission gas escapes
from the rod [1e3]. According to Davies and Potts, activity release
increases rapidly from cracks that are approximately 10-3 to
10�2 mm in size [4].

The injected steam, H2O(g), is decomposed into O2(g) and H2(g),
which form an equilibrium partial pressure at a given temperature
[5,6]. The overall reaction of the gaseous mixture is

H2ðgÞþ
1
2
O2ðgÞ ¼ H2OðgÞ: (1)

However, some oxygen molecules decomposed from the steam
oxidize the inside of the fuel rods, thereby lowering the equilibrium
oxygen partial pressure (PO2). As a result, H2O(g) decomposes to
meet the equilibrium oxygen partial pressure by the oxidation re-
action, and the relative partial pressure of hydrogen (PH2) is
by Elsevier Korea LLC. This is an
increased when the relative partial pressures of steam (PH2O) and
oxygen partial pressure decrease. The increase in hydrogen partial
pressure causes the gas mixture inside the fuel rod to gradually
become reducing in nature. Indeed, oxygen starvation can occur at
a specific location along the length of the fuel rod, and conse-
quently, secondary defects can form due to massive hydriding
caused by the increased PH2 [4,7e9]. Therefore, gas mixtures
having different oxygen potentials (DGO2) exist along the longitu-
dinal direction of the damaged fuel rod and oxygen potential de-
creases with distance from the point of steam injection. Therefore,
UO2 near the primary defect is exposed to the most oxidizing gas
mixture at the point of injection of the steam [7].

Oxygen partial pressure, which is determined as the ratio of the
partial pressures of water vapor and hydrogen gas (PH2O/PH2) in
the damaged fuel rod, determines the tendency of oxidation and
reduction of the UO2 pellets [4,10,11]. UO2 (oxygen to uranium ratio
O/U¼ 2.0) is generally oxidized to U3O8 (O/U¼ 2.67) when exposed
to steam at low temperatures [12]. Because the transformation of
UO2 to U3O8 is accompanied by a change in the crystal structure
from cubic to orthorhombic as well as volume expansion of
approximately 36% [16,27], the pellets can be broken and the fission
products contained inside can easily escape; eventually, the pri-
mary coolant system is contaminated [13e16].

To date, numerous experimental results for the oxidation of UO2
in steam at atmospheric pressure (0.1 MPa) have been published
[17e19]. It has been reported that equilibrium oxides starting from
UO2, which correspond well with thermodynamic results, can be
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produced in a short time owing to the fast phase transformation
rate [17,20]. This indicates that UO2 oxidation can be generally
analyzed through thermodynamic calculations. Therefore, the
resulting oxidized compound of UO2 can be predicted using ther-
modynamic calculations at high pressures, whereas it is difficult to
obtain reliable results through experiments owing to microbalance
sensitivity problem in the high-pressure steam injection system.

Une et al. interpreted the UO2 oxidation results based on rod
failure in a boiling water reactor (BWR) environment and reported
that they correspond well with the thermodynamic calculations,
showing that oxidation has hardly progressed [7]. However, the gas
that is initially formed becomes reducing because it reacts with the
internal components of the fuel rod, namely the UO2 pellets and
internal zirconium cladding wall. Therefore, it is not possible to
determine the degree of oxidation of the UO2 pellet in the initial
stage by using the measured O/U ratio after withdrawing it for post
irradiation examination (PIE). In addition, because the phenome-
non of pellet mass reduction due to spallation by U3O8 generation
on its surface may also occur, it is needed to evaluate the oxidation
kinetics of UO2 pellets by steam in order to comprehend the
behavior of UO2 oxidation at the initial injection of steam in a
pressurized water reactor (PWR) environment (15.5 MPa).

Therefore, in this study, the oxidized phases of the UO2 pellet
that have stable temperature distribution during normal operation
were determined through thermodynamic calculations on the pure
steam oxidation of UO2, and the obtained results were compared
with the PIE results to deduce the degree of reducing gas formed in
the damaged fuel rods. Furthermore, the oxidation behavior of the
UO2 pellets exposed to initial steam injection in the vicinity of fuel
rod penetration was experimentally evaluated. To this end, the
weight gain in response to steam at different temperatures was
measured by thermogravimetric analysis (TGA), and the calculated
pellet radius was used to determine the degree of the trans-
formation of UO2 to U3O8 by initial surface reaction. Finally, the
time required for maximum radius loss of the UO2 pellet by its
oxidation under exposure to steam in the PWR environment was
determined by calculating the oxidation rate from a formula in
literature (Equation.(4)).
Fig. 1. Calculated oxygen partial pressure (PO2) and potential (DGO2)of pure steam as a
function temperature at total pressures of 0.1 and 15.5 MPa.
2. Thermodynamic calculations and experiments

Oxygen potential calculations were performed using the equi-
librium oxygen partial pressure to evaluate the UO2 pellet oxidation
behavior under the effect of steam injected into the damaged fuel
rod at the system pressure of the PWR [5]. The oxygen potential can
be calculated as

DGO2
¼ RTlnPO2

¼ RTlnðXPtÞ (2)

where R, T, Pt, X, and PO2 are the gas constant, temperature (in
Kelvin), total pressure (atm), total pressure coefficient, and oxygen
partial pressure (atm), respectively. Using Equation (2), PO2 and
DGO2 were calculated according to the steam temperature at the
pressures of 0.1 MPa and 15.5 MPa. Furthermore, the sensitivity of
DGO2 to the total pressure and temperature under different PH2O/
PH2 conditions was calculated. The equilibrium gas mixture ratio at
a given temperature was calculated using the following equation
[5]:

PH2O
PH2

ffiffiffiffiffiffiffiffi
PO2

p ¼ exp

 
�DG0

RT

!
; (3)

whereDG0, PH2, PH2O and PO2 are the Gibbs free energy of the H2O
formation, partial pressure of hydrogen, water vapor, and oxygen,
respectively.
MATLAB Symbolic Math Toolbox™ was used to obtain the

temperature-dependent PO2 according to the O/U ratio. The equi-
librium oxides at a ginven temperature were indicated by super-
imposing on the revised phase diagram with the oxygen pressure
isobars, referred to as the PO2-compositionetemperature diagram
(p-CeT diagram). In addition, the radial temperature profile of UO2
obtained with FRAPCON was used to identify the oxides in equi-
librium at various temperatures for each region distributed in the
radial direction (r/R) under normal operation [5,21]. Then, the
volume fractions occupied by oxides having O/U ratio of 2.0e3.0 in
the radial temperature profile were calculated. Finally, using the PIE
result of the damaged fuel rod withdrawn from the BWR [9], the
degree of oxidation of UO2 in the PWR environment was thermo-
dynamically evaluated.

In order to assess the oxidation behavior of the UO2 pellets
under the effect of steam injected into a damaged fuel rod, an
oxidation experiment was conducted in a high-temperature steam
atmosphere. Specifically, TGA (STA 449, F3) was used to measure
the weight gain of the pellets over time when exposed to steam
injected at the rate of 50 mL/min at 400e1200

�
C under atmo-

spheric pressure; the measurement was performed for 1000 min.
For simplicity of calculation, it was assumed that the degree of
oxidation of UO2 at 400e460

�
C progressed to U3O8 even if the

phase domain of the temperature range indicated U3O8-z in the p-
CeT diagram. Additionally, the phase domain calculation showed
that UO3 is one of the oxidation phases at 15.5MPa, but oxidation to
the UO3 phase was not considered because UO3 is the final product
of the oxidation caused by the air and steam mixture [22e24].

Theweight of UO2 participating in the reactionwas converted to
the pellet volume from the periphery. Here, when calculating the
decreasing radius of the UO2 pellet by measuring the weight gain
with time, approximately 70.5% of the weight was applied to the
calculation involving the area fraction of the pellet, which is the
ratio of the lateral surface to the total surface. This is because in the
experiment, the weight gain occurs over the total area of the pellet,
but under actual conditions, oxidation can occur only at the surface
of the pellet inside the fuel rod simulated by the calculation. The
diminishing radius of the UO2 pellet by transformation to U3O8
(U3O8-z) in steam at 15.5 MPa was calculated over time by applying
the weight gain at 0.1 MPa to the equation for oxidation rate
calculation presented in a previous research [29].



Fig. 3. p-CeT (PO2-CompositioneTemperature) diagram of a UeO system with oxygen
partial pressure isobars from Ref. 26. Black and red dashed lines indicate equilibrium
with PO2 exposed to pure steam at 0.1 and 15.5 MPa pressure as a function of O/U. The
dotted lines correspond to PO2 ¼ 10�K. The blue dots on the black line corresponding to
0.1 MPa indicate the temperatures at which TGA was conducted. The dots on the red
dashed line of 15.5 MPa indicate the temperatures used in the derivation based on the
results obtained at 0.1 MPa (ⓐ 1200

�
C, ⓑ 800

�
C, ⓒ 600

�
C, ⓓ 460

�
C, ⓔ 430

�
C, ⓕ

400
�
C, ⓖ 564

�
C, ⓗ 400

�
C).

Table 1
Stable oxidation phases of UO2 in steam atmosphere at pressures of 0.1 and
15.5 MPa.

Temp. (�C) Total pressure (MPa)

0.1 15.5

1400 UO2þx

1370 UO2þx UO2þx þ U3O8�z
a

1124 U4O9 þ U5O13

1114 UO2þx þ U4O9

1106 U4O9�y

1052 U4O9 þ U5O13

564 U3O8�z
a

502 U3O7 þ U5O13 U3O8
a þ UO3

a

488
463 U3O8�z

a

400 U3O8
a

a Phases with abrupt volume expansion, which disrupts the integrity of the UO2

pellet.
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3. Results and discussion

Fig.1 shows the results of calculating PO2 and DGO2 of the steam
at the total pressure of 0.1 and 15.5 MPa using the equation pre-
sented by Olander [5]. The PO2 and DGO2 at the pressure of
15.5 MPa are higher than those at 0.1 MPa.

The results of the DGO2 changed by the enrichment of oxygen
and hydrogen are shown in Fig. 2 in terms of the temperature and
total pressure. It can be observed that the higher the pressure, the
higher is the oxygen potential. This tendency is apparent in the
oxygen-enriched region, however the curve converges in the
hydrogen-enriched region. In other words, even if there is only
approximately 0.05% of excess hydrogen in the hydrogen-enriched
region, the difference in the oxygen partial pressure due to increase
in the total pressure disappears. Another feature is that in contrast
to the tendency in the H-enriched region and Fig. 1, when the
temperature increases, the oxygen potential appears to decrease in
the O-enriched region. The reason is that even if steam contains as
low as 0.1% excess oxygen, the oxygen partial pressure increases
considerably in comparison with the equilibrium oxygen partial
pressure at each investigated temperature so that the oxygen par-
tial pressure no longer depends on the temperature but only on the
addition of excess oxygen. Thus, as shown in Fig. 1, the equilibrium
oxygen partial pressure at 0.1 MPa ranges between 10�11 and 10�4,
whereas the excess oxygen is approximately 10�3. Therefore, the
oxygen potential is a function of only the amount of excess oxygen
and it decreases with increasing temperature, as in Equation (2).
This result agrees with that reported by Kim et al. who injected 1%
of air into steam (oxygen enrichment by 0.2%) in their study [12].

Fig. 3 shows the p-CeT diagram presented by Kim [26], inwhich
the results of the equilibrium oxygen partial pressures for different
O/U ratios are superimposed with temperature. It is observed that
UO2 is susceptible to oxidation at low temperatures at both values
of the total pressure. The stable phases of oxidized uraniumwith O/
U ratio according to the temperature are shown in Table 1.

Fig. 4 shows the weight gain of oxidized UO2 pellets over time
for 1000 min in the temperature range of 400e1200

�
C under at-

mospheric steam condition. The rate of weight gain between 600
and 1200

�
C, which corresponds to the phase domain not related to

the U3O8 transformation, tends to increase as the temperature in-
creases. In addition, the diffusion controlled kinetic tendency can
be confirmed by gradually converging theweight gain, and it can be
seen that the higher the temperature is, the faster the
commencement of convergence is. It appears that U3O8 is not
Fig. 2. Calculated oxygen potential with respect to the hydrogen-to-oxygen ratio at
various temperatures and total pressures.

Fig. 4. Weight gain measured by TGA over time in steam at 400e1200 �C under
0.1 MPa pressure.



Fig. 6. Decrease in the oxygen potential with PH2O/PH2 ratio at 400e1200 �C tem-
perature and 7e15.5 MPa pressure. The oxygen potential decreases with H/O ratio for
each combination of pressure and temperature. The yellow dots on the lines indicate
the oxygen potential of 103 and 104 of PH2O/PH2, which decreases with the addition of
the gas mixture. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 7. Equilibrium PO2 with O/U at PH2O/PH2 ¼ 103, 104 with superimposed p-C-T
diagram. The trends of the equilibrium PO2 under pure steam are similar at the
pressures of 7 MPa and 15.5 MPa.
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formed in this temperature range, so that a continuous weight gain
does not occur after the induction period [15]. On the other hand,
between 400 and 460

�
C in the U3O8-z domain, the weight increases

linearly with time without convergence. This means that the rapid
formation of U3O8-z or U3O8 on the surface causes the surface to
break, and thus a new surface is formed [16,27]. Ultimately, U3O8
phase formation is continuously repeated, resulting in a linear in-
crease in weight without convergence. Another feature is that the
rate of weight gain decreases as the temperature increases in this
temperature range. This is because as the plasticity increases with
increasing temperature, the internal stress caused by the volume
expansion is resolved when U3O8 is formed [15,25]. Therefore, as
the formation of the new surface becomes sluggish, the rate of
weight gain decreases with the increase in temperature.

It can be confirmed from Fig. 5 that the oxidation between 600
and 1200 �C did not change the surface state of the pellet signifi-
cantly, and no powdering occurred due to the formation of U3O8.
However, the pellets oxidized between 400 and 460

�
C were

covered with black U3O8 powder, which as observed to fall on the
surrounding floor. The U3O8 debris that falls off due to spallation
disturbs the mass balance, causing the weight gain lines in Fig. 4 to
fluctuate so that the lines appear thick.

However, the actual results of the O/U ratio from the UO2

oxidation in the damaged fuel rods recovered from nuclear power
plants generally indicate a low degree of oxidation of UO2. This is
because of the oxidation of the interior parts of the fuel rod and UO2
pellets, which in turn cause the atmosphere inside the fuel rod to
change to a reducing one. The results of the BWR confirmed that
the ratio of PH2O to PH2 near UO2 located in the primary fracture
regionwas approximately 100 to 104 [7,28]. A relatively high oxygen
potential, ranging from 103 to 104, was applied to conservatively
calculate the hydrogen to oxygen ratio (H/O) at the pressure of
7 MPa in order to assess the oxygen potential drop caused by the
reducing gas mixture in the damaged rod. Fig. 6 shows the oxygen
potential against the H/O ratio at different pressures and temper-
atures. The oxygen potential decreases with the H/O ratio corre-
sponding to the mixed gas (PH2O/PH2 ¼ 103 to 104), deviating from
the results of pure steam (H/O ¼ 2.0), owing to the oxidation of the
internal materials. The H/O ratio is shifted slightly from 2.0 to the
right side of the hydrogen-enriched direction, which is accompa-
nied by a decrease in the oxygen potential when the mixed gas is
formed in the proportion of PH2O/PH2 in range between 103 and
104. The excess hydrogen added to steam is approximately
0.025e0.15%, and it can be seen that even at this level, UO2
oxidation hardly occurs. As shown in Fig. 6, the oxygen partial
pressures at both values of the total pressures (7.0 and 15.5 MPa)
are equivalent in the hydrogen-enriched region. Therefore, the
Fig. 5. Side and top views of UO2 pellets oxidized in steam for
result of the PIE will be the same as in the case of a PWR. As in Fig. 3,
the equilibrium oxygen partial pressure of 103 and 104 of PH2O to
1000 min between 400 and 1200 �C at 0.1 MPa pressure.



Fig. 9. Temperature distribution with respect to the relative radius of the UO2 pellet,
where various phases exist during pure steam oxidation at 0.1 and 15.5 MPa. Actual
pellet shape is superimposed on the variation in the temperature with the relative
radius. The temperature variation is referenced from the FRAPCON calculation results
[21].

Table 2
Volume and radius fractions of the equilibrium phase, U3O8�z, U3O8, and UO3 with
abrupt volume expansion which disrupts the integrity of the UO2 pellet in the pure
steam atmosphere.

Total pressure 0.1 MPa 15.5 MPa

Equilibrium phases U3O8�z, U3O8 U3O8�z, U3O8, UO3

Volume fraction 7.5% 25.5%
Radius fraction (r/R) 2.7% (0.963e1) 10.8% (0.892e1)
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PH2 with O/U ratio can be calculated and then superimposed on the
p-C-T diagram in Fig. 7. The diagram shows that the cubic structure
of the oxidized phase is well maintained at the UO2þx level in all
temperature ranges at pressures of 7.0 and 15.5 MPa, unlike the
pure steam atmosphere at the same pressure.

However, the degree of UO2 pellet oxidation, UO2þx, obtained
from the PIE is the result of the oxygen potential of steam reacting
with the pellets and inner wall of the rod. Therefore, it is expected
that UO2 oxidation by the initial introduction of steam has pro-
gressed to U3O8. Fig. 8 describes the schematic for the kinetics of
UO2 pellet oxidation in the leaky fuel rod. Because the outermost
region of the pellet maintains the lowest temperature, the trans-
formation to U3O8 by oxidation begins, accompanied byweight loss
due to spallation. It is impossible to predict the initial oxidation
through the PIE results because mass loss by spallation occurs.

The temperature range in which the U3O8 phase is stable under
the effect of steam can be observed in Fig. 3, and the volume and
radius fractions of the highest U3O8 phase can be obtained by
comparing it with the radial temperature distribution in the UO2
pellet under normal operation, as shown in Fig. 9. The volume and
radius fractions are listed in Table 2. When steam initially enters
through the puncture on the fuel rod at both values of the total
pressure, the UO2 pellets can be oxidized by a maximum volume
and radius and then spalled. Therefore, the rate at which the rim
region of the pellet diminishes was calculated using the increase in
weight with time in the temperature region where the trans-
formation to U3O8 occurs. Here, although the region corresponding
to 0.0e0.25 (r/R) at 15.5 MPa in Fig. 9 is vulnerable to steam
oxidation, it is excluded from the calculation because oxidation in
this region is not likely to proceed to a significant extent, because of
the rapid rate of diffusion of the hydrogen gas into the center of the
pellet and the lack of a penetration path for the steam [7,28].

The radius decreases with the oxidation time because the
oxidation of UO2 to U3O8 by steam begins from the outer surface as
shown in Fig. 5. Consequently, the reduction in the volume of the
UO2 pellet according to the increase inweight can be converted into
the diminishing radius. Therefore, the decrease in the radius of the
UO2 pellet with time at a given temperature can be obtained from
the TGA results. In order to simulate the oxidation conditions in the
PWR environment, it is necessary to pressurize to 15.5 MPa. Owing
to the difficulty in conducting the experiment at high pressures, we
applied the test result for 0.1 MPa to the oxidation rate equation
(Equation (4)) suggested by Tucker [29], which considers the pa-
rameters of oxygen partial pressure and temperature. The equation
presented by Tucker is
Fig. 8. Schematic of UO2 oxidation behavior over time after fuel rod leakage. ① At the initial point of the leakage of the fuel rod, the pellet placed closest to the leaking point is
instantaneously exposed to the oxidizing environment, and oxidation proceeds from the lowest temperature of the pellet surface to U3O8. Therefore, the radius, r0, is diminished by
as much as Dr. ② As the interior parts of the fuel rod and UO2 pellets are oxidized, the internal gas is converted to a reducing gas; consequently, the pellet surface and spalled
powders are rapidly reduced to the UO2þx level.
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R¼KPðmT þBÞ; (4)

where m ¼ 0.0021, B ¼ �0.157, T is the temperature in
�
C, P is the

oxygen partial pressure, and K is a proportionality constant.
In the temperature range corresponding to the U3O8-z and U3O8

phases, the oxidation rate tends to decrease as the temperature
increases (see Fig. 4); therefore, the oxidation rate is the fastest at
400

�
C (ⓕ in Fig. 3) under 0.1 MPa, and the slowest oxidation rate is

near 460
�
C (ⓓ in Fig. 3) at the phase boundary before exiting the

U3O8-z domain. Under 15.5 MPa, the oxidation rate would likewise
be the fastest at 400

�
C (ⓗ in Fig. 3) and slowest at 564

�
C (ⓖ in

Fig. 3) at the phase boundary. Table 3 shows the oxidation rates
calculated using Equation (4). At 15.5 MPa, the fastest reaction was
9.98 times and the slowest reaction was 7.76 times higher than
those at 0.1 MPa. The weight gains at 400 �C and 564 �C, at which
the reactions occur at the fastest and slowest rates, respectively, at
15.5 MPa pressure, were obtained by multiplying the TGA results at
0.1 MPa by these ratios.

Fig. 10 shows the results of the decrease in the radius of the UO2
pellet over time at 0.1 MPa, as calculated converted from the
measured result; the results at 15.5 MPa were obtained by multi-
plying the corresponding oxidation rates at 0.1 MPa, which are the
fastest or slowest. When the fastest and slowest oxidation rates are
applied at 0.1 MPa, it takes approximately 323 min and 408 min,
respectively, to reach the maximum radius for U3O8, r/RU3O8 for 0.1

MPa. At 15.5 MPa, r/RU3O8 for 15.5MPa is expected to occur in
approximately 34 min at the fastest and 108 min at the slowest
oxidation rates. In Fig. 10, as explained for Fig. 4, there are more
fluctuations in the plots, especially those of 15.5 MPa, because the
Table 3
Oxygen partial pressure and oxidation rate at 0.1 and 15.5 MPa pressures, as
calculated from Equation (4).

Total
Pressure

T (�C) PO2 (atm) Oxidation rate (R/K)

0.1 MPa 400 6.94E�12 2.3E�08
430 2.48E�11 1.2E�08
460 8.94E�11 6.7E�09

15.5 MPa 400 2.00E�10 2.3E�07
564 7.80E�08 4.9E�08

Fig. 10. Change in the radius of the UO2 pellet over time due to the oxidation of its
surface by steam at 0.1 and 15.5 MPa. As shown in Fig. 9, the oxidation of the UO2

pellets can proceed up to U3O8 with 0.963 radius remaining at 0.1 MPa (r/RU3O8 for
0.1 MPa) and 0.892 at 15.5 MPa (r/RU3O8 for 15.5 MPa).
result of 15.5 MPa is obtained through the multiplication of the
experimental result of 0.1 MPa.

To date, the rate of steam injection due to the leakage of the fuel
rod and the rate of formation of a reducing gas inside the fuel rod
have not been studied. Therefore, the validity of the results ob-
tained in this study cannot be confirmed. However, it is apparent
that the equilibrium oxygen partial pressure decrease due to the
reaction with the internal components after the injection of steam.
Therefore, the oxidation rate gradually decreases and the reaction
itself eventually stops. However, it is important to assess how
quickly the injected steam reaches a sufficiently low oxygen po-
tential to retard the oxidation of UO2 pellet that accelerates the
release of radioactive product from the fuel rod.

4. Conclusions

Thermodynamic calculations were performed to predict the
oxidation behavior of the UO2 pellets in damaged PWR fuel rods
under a pure steam atmosphere. In particular, the thermodynamic
equation presented by Olander [7] was used to calculate the oxygen
potential at a high pressure (15.5 MPa), and the results were
compared with those of the actual damaged fuel rods. In addition,
the weight gain of the UO2 pellet was measured through TGA by
simulating the initial steam injection from the damaged fuel rod.
Finally, the diminishing radius of the UO2 pellet owing to increasing
U3O8 fraction owing to steam oxidation at 15.5 MPa over time was
calculated over time.

1. The equilibrium O/U ratio at each investigated temperature
during pure steam oxidation was confirmed by superimposing
the results on their corresponding p-CeT diagrams.

2. The proportion of PH2O to PH2 ranged from 103 to 104, as
determined from the BWR results for the oxygen potential drop.
Because of the equivalence of the oxygen potential in the H-
enriched regions of BWR and PWR, the oxidation of the UO2
pellet in the PWR could be limited to UO2þx.

3. Spallation occurred owing to the transformation of UO2 to U3O8-

z or U3O8 on the pellet surface in the temperature range of
400e460

�
C at 0.1 MPa, and the weight gain increased linearly

with temperature.
4. The time required for the maximum oxidation fraction in the

UO2 to U3O8 was approximately 323e408 min at 0.1 MPa and
34e108 min at 15.5 MPa.
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