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Abstract

Kinetic data on the rate of U,0, formation on UO, have been critically reviewed. Oxidation of UO, powders displays
diffusion-controlled (parabolic) kinetics, whereas sintered UO, pellets display approximately linear kinetics, presumably
because the rate of oxidation in the latter is limited by a combination of cracking, intragranular and grain-boundary
oxidation. The activation energy for the formation of U,0, on UO, is estimated to be 96 kJ mol~' for powders and 99 kJ
mol ' for sintered pellets. Analysis of kinetic data suggests that the formation of U,0,/U,;0; may have a significant
impact on weight-gain oxidation experiments with used nuclear fuel and should thus be considered when estimating the rate

of U304 formation.

1. Introduction

The two-stage oxidation reaction of UO,
U0, - U;0; = U,04 (M

has been studied extensively for over 40 years [1-5]. Much
of the more recent work has been concerned with the
significance of air oxidation to the dry storage and ultimate
disposal of used nuclear fuel [6-10]. The formation of
U,0, has been studied extensively because there is a 36%
volume increase upon oxidation of UO, to U;O4. Thus the
formation of U;Oy in a previously defected fuel element
can lead to splitting of the sheath [8,11-13], which can
complicate subsequent handling and disposal of the fuel.
The kinetics of U0, formation have not been analyzed
as rigorously as they have for the subsequent reaction to
form U;04. In part this is because the formation of the
intermediate U0, has little impact on fuel integrity, but
also because it is often difficult to deconvolute the first
stage of the oxidation reaction from the second, especially
for sintered pellets. However, any serious effort to under-
stand UO, oxidation kinetics and thus predict accurately
the behaviour of used nuclear fuel under dry air storage
conditions, cannot ignore U,0, formation. Published data
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on the rate of formation of U0, have therefore been
critically reviewed and the results are presented herein.

2. Mechanism for the formation of U;0,

A more accurate description than Eq. (1) for the first
stage of UO, oxidation is

U0, » U;0,/U,00,, ©))

because the structure of the product depends on the nature
of the fuel and the oxidation conditions. Low-temperature
oxidation of unirradiated fuel, or UO, doped with low
concentrations of impurities results in the formation of
‘U,0,’. There remains considerable confusion on the na-
ture of the U;0, thus formed. Several tetragonal phases
with composition near UQ, 5; have been reported depend-
ing on the nature of sample preparation. In contrast, cubic
‘U 04, , is the product of oxidation of spent light water
reactor (LWR) fuel or highly doped UQ, [14]. In the case
of used LWR fuel oxidation, the U,O, thus formed has the
stoichiometry ~ UO,, and structure similar to that of
v-U,0, [14].

The structure of U,0; is related to that of U,O4 in the
sense that they both incorporate excess oxygen anions
interstitially in the UO, (fluorite-type) structure [15-17].
Moreover, parabolic kinetics are observed for both the
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formation of U,0, and U,O,. It thus seems reasonable to
assume that the diffusion-controlled mechanism for the
intragranular oxidation to form U,0, is essentially the
same as that of U,0,. Therefore, the term ‘U,0,/U,0;’
or the unqualified term ‘U;0,’ is used herein to refer to
the product of the first stage of air oxidation of UO,,
except in the case of used LWR fuel, in which case the
oxidation product is clearly a cubic substance approximat-
ing U,O, [18]. We note that other fluorite-derivative phases
such as UO,, and UgO, have also been occasionally
reported as oxidation products on UQ, [19,20]; for the
present discussion, these too are described by the term
U,0,/U,0,.

The oxidation behaviour of UO, varies depending on
the form of the material, that is, whether it is a powder or
pellet and whether or not it has been irradiated. Each type
of fuel is thus examined separately in the following sec-
tions.

2.1. UO, powders

There is general agreement that the formation of U0,
on UO, powders proceeds via parabolic reaction kinetics,
which indicates that the reaction is diffusion controlled
[1.3,5,21-24]. Two mechanisms are consistent with the
generally accepted diffusion-controlled kinetics for the oxi-
dation of UO, powders. For illustration, consider oxida-
tion of UO, spheres of radius, r. In the first (the ‘con-
centration gradient’) mechanism it is assumed that there is
adequate solubility of oxygen in UQO, so that a solid
solution, UO,, ., is formed along a concentration gradient
inside the particle. The material is then converted to U;0,
when enough oxygen has been incorporated into the lattice
so that its composition is in the range UO, ,s to UO, 3.
According to the concentration-gradient mechanism, the
fraction of the material () oxidized at time (¢) is given by
[1,25]

) 6 i 1 m2n2Dt 3
=]1-— — |exp|l — ———1,
f -7 L e . ()
where D is the diffusion coefficient of oxygen in UO, and
r is the radius of each spherical particle.

A second (the ‘discrete-layer’) mechanism has also
been used to describe the formation of U0, on UOQ,.
According to this model, oxidation proceeds by the forma-
tion of a discrete layer of U;0, on the sample surface. The
oxide layer grows thicker with time and the rate of reac-
tion is limited by the rate of diffusion of oxygen through
the U;0, layer. The thickness, 7, of the product layer is
given by [4,26-28]
r=ra[1 - (1-1)"*] = V&, 4)
where r is the radius of the initial UO, particle, f is the
degree of bulk oxidation, & is the diffusion-controlled rate
constant and a is the ratio of the molar volume of the

product to that of the starting material (~ 0.99 for the
formation of U,;0; on UO,).

It has long been recognized that the two different
diffusion-controlled mechanisms yield nearly identical re-
action curves [1,4,10,22]. Two different schools of thought
thus evolved, and various arguments were presented to
support one or the other view. The bulk of the evidence
now supports the discrete layer mechanism. The detection
of U;0, on the surface of sintered pellets or powder that
has a large particle size [3,4] suggests that earlier workers
[1,5,22,29] did not observe the tetragonal phase in the
early stages of oxidation because the deviations from cubic
symmetry are only slight and readily obscured by line
broadening associated with the formation of a thin highly
oxidized layer on the surface of their very fine powders
[3]. Moreover, the formation of a thin surface layer of
highly oxidized material results in high weight gains at an
early stage of the reaction for fine powders.

Recent work using backscattered-electron scanning

electron microscopy (SEM) imaging [9,30] has allowed the
direct observation of the formation of U,O4,, on the
surface of individual UO, grains in sintered fuel pellets.
Thomas and Einziger [9] and Thomas et al. [14] have thus
shown clearly that dry air oxidation of used LWR fuel at
175 to 195°C proceeds by the formation of a discrete layer
of U,0q, ,. Such observations do not prove conclusively
that oxygenic diffusion through the product oxide layer is
the rate-limiting step, since it is conceivable that the
formation of U,0,/U,0, may be preceded by the rate-de-
termining formation of a sub-stoichiometric oxide:
U0, » U0, ,. (%)
However, the maximum value of x under dry air storage
conditions is probably less than 0.01 [4,31] so it seems
reasonable to conclude that oxygen diffusion through the
U,0,/U;0, product layer is the rate-determining step in
the first stage of UO, oxidation.

2.2. Unirradiated UO; pellets

The oxidation mechanism for sintered peliets is less
clear than it is for UO, powders. Several investigators
have reported that linear oxidation kinetics are observed on
the surface of sintered UO, peliets [32-34] whereas others
have reported that parabolic kinetics apply to fuel pellets,
at least in the early stages of U,0, formation [4].

It seems likely that the formation of U,;O, on the
surface of sintered pellets proceeds initially by parabolic
kinetics, but changes to a linear process at an early stage of
the reaction. Blackburn et al. [4] reported that parabolic
kinetics were observed up to 65% reaction for a powdered
UO, sample. In contrast, Eq. (4) was only followed for
~ 1% of the reaction for sintered pellets. The U,0, layer
is initially homogeneous on the surface of sintered pellets
but then takes on the form of a convoluted ‘oxidation
front” because intragranular oxidation proceeds more
slowly than oxidation along the grain boundaries [32].
Preferential diffusion of oxygen along grain boundaries
complicates the oxidation kinetics and may contribute to
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the experimentally observed linear reaction kinetics. Crack
formation also plays a role in U;O,-formation kinetics
[33]. The small reduction in molar volume associated with
the first stage of oxidation leads to cracking (primarily
intragranular and sometimes transgranular), which may
dominate the kinetic expression by controlling the rate of
ingress of oxygen to the sample [9,33] and lead to linear
oxidation kinetics. The degree of intergranular oxidation is
usually much less in unirradiated than irradiated fuel (see
Section 2.3). Thomas et al. [35] have reported that unirra-
diated LWR fuel does not display significant grain-
boundary oxidation, whereas it is normally observed in
unirradiated CANDU ' fuel specimens, but to varying
degrees [36).

2.3. Used fuel

The backscattered-electron SEM technique has recently
been used to directly observe the formation of U,O4 on
used LWR fuel. Such experiments revealed [9,14,18] that
the initial stage of dry air oxidation at 175 to 195°C is
rapid grain-boundary oxidation. The U,O, product is
formed, initially at the intersection of two or more grain
boundaries and then spreading along the grain boundaries,
so that a contiguous network of U,O, forms as a discrete
layer around each grain. Oxidation then proceeds into each
grain simultaneously [18].

The nature of the oxidation process suggested to Wood-
ley et al. [37,38] that air oxidation of used LWR fuel can
be considered equivalent to oxidation of a UQ, powder
with particle size equal to the grain size of the used fuel.
Their data displayed an induction time, during which
oxygen permeated the grain boundaries, and then a stage in
which the kinetic data could be fitted to an equation
similar to Eq. (4). They recognized that the use of Eq. (4)
to model their data included a number of assumptions,
including a thin product layer and spherical grains.
Nonetheless, Woodley et al. [37,38] were able to model
their oxidation data successfuily.

Oxygenic diffusion along grain boundaries in used
LWR fuel is very rapid, presumably because of micro-
scopic fission-gas bubbles and radiation-induced defects
present along the grain boundaries [35]. Rapid diffusion of
oxygen along grain boundaries causes oxidation of used
LWR fuel to proceed simultaneously throughout much or
all of the fuel fragment [9,39]. The low-temperature oxida-
tion behaviour of used CANDU fuel is intermediate be-
tween that of used LWR fuel and unirradiated UO,. Grain
boundary oxidation in used CANDU fuel typically varies
from one part of the sample to another, so that some
regions display a distinct oxidation front, while other
regions display simultaneous oxidation of individual UO,
grains [6]. The oxidation behaviour of used CANDU fuel

! Canada Deuterium Uranium, registered trademark of AECL.

is presumably different from that of used LWR fuel be-
cause the former has fewer fission-gas bubbles along the
grain boundaries, or because of different in-reactor operat-
ing conditions.

It should be noted that the preceding discussion is
somewhat oversimplified. Used nuclear fuel is not a homo-
geneous material and there has been ample evidence to
suggest that certain regions of some used LWR fuel sam-
ples do not display extremely rapid oxygen diffusion along
the grain boundaries. Thus some samples display regions
of inhomogeneous oxidation and the existence of oxidation
fronts [40]. Sample inhomogeneity and transgranular crack
formation [9] suggest that any rigorous model for the
oxidation of used fuel will be complex.

3. Kinetic data

Kinetic data for the two types of models (parabolic and
linear) for U,0, formation are presented separately. Some
exceptions have been noted, but in general the parabolic
kinetic data applies to UO, powder or used LWR fuel,
whereas the linear kinetics apply to unirradiated sintered
UO, pellets (see Section 2).

3.1. Parabolic kinetic data

1t has been recognized for many years that the low-tem-
perature oxidation of UO, powders is a diffusion-con-
trolled process. The parabolic kinetic data are thus typi-
cally fitted to an equation of the form

=kt , (6)

where 7 is the thickness of the U;0, layer on the surface
of individual UQ, particles and ¢ is the time in seconds.
Values of the parabolic rate constant (k) have been tabu-
lated herein. In addition, the results published by Anderson
et al. [5] and Aronson et al. [1] have been converted from
the concentration-gradient model that they used, to the
discrete-layer model, so that these data may be included in
the present compilation.

Many of the data presented herein were reported some
time ago, so that SI units were not in common usage. For
clarity, the data are presented and discussed in the follow-
ing sections in their original units. However, the results
have been converted to SI for the compilation given in
Table 1.

3.1.1. The data of Anderson et al.

Anderson et al. [5] studied UO, oxidation by measuring
the pressure drop associated with U0, formation. Data
were fitted to the expression

C=KVr+A (7)

where C is the measured consumption of oxygen gas in
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Table 1

Parabolic rate constants for the first stage of UO, oxidation

Investigator Sample Method Temp. (°C) k(m?*s™")

Blackburn et al. (1958) UO, pellets grav. 125 934 %1072
138 279 X 1072
160 9.19 X 10720
189 329x107"°
190 3.88 X 10710
200 6.82x 10717
210 1.13x 107!8
219 294 % 10718
220 201 x 10718
231 3.60x 107'8
251 8.02x 107'8
270 1.40x 1077
280 204 %1077

UO, powder grav. 256 7.88 X 10718

Einziger et al. (1992) spent LWR fuel SEM 175 111X 1071
195 3.50 x 1071

Woodley et al. (1988, 1989) spent LWR fuel grav. 175 24x10718
176 6.1x1071°
200 75%x 10718
200 49x107'8
225 26x10°Y7
225 6.1x 10718
225 23 %1077
225 1.7 x 10717

Anderson et al. (1955) UO, powder AP 164.5 273x 1071°
131 254 %1072

Walker (1965) UO, powder grav. 143 202X 10720
152 4.14x10"%
161 8.23 X 1072
164 1.03x10°1°
174 2.11x 107"
182 3.67%x 107"
190 6.27x 1071
200 1.19 x 1078
211 234%x 10718

cm® (STP ?) g™, ¢ is the time in minutes and K and A My, = molecular weight of UO, = 270.03 g mol .

are empirically determined rate constants. The rate con- R =0.08206 1 atm mol ' K™,

stant, K, has units of cm® (STP) min~!/? g~ ! It can be T =273.15 K.

shown that the rate constant, K, of Eq. (7) is related to the t = time in seconds.

thickness, 7, of the U;0, layer on the surface of individual
UO, particles by the expression

2rKPM

r=— Y% 5 (3)
1000V60 RT

where

’ = particle radii (m).

P = 1.00 atm.

? Standard Temperature (273.15 K) and Pressure (101.325 kPa)

Comparison of Egs. (6) and (8) shows that the parabolic
rate constant, k {m? s~ !) is given by the expression

2rKPMyqg, \’
1000 RTV60 ©)

Anderson et al. [5] reported UQO, oxidation kinetic data for
a variety of pressures between 0.020 and 490 Torr (2.67
and 65300 Pa). Their data suggest that there is a signifi-
cant influence of oxygen pressure on the rate of oxidation,
so only kinetic data for experiments performed with an
oxygen pressure of 120 Torr have been calculated as an
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approximation to oxidation in air. Values of the rate
constant, k, calculated by Eq. (9) for a fine powder
(r=12.05 X 1077 m) have been included in Table 1.

3.1.2. The data of Aronson et al.

One of the seminal papers on UQ, oxidation was
published nearly 40 years ago by Aronson et al. [1], who
oxidized finely powdered UQ, in dry air in the range 159
to 350°C. Unfortunately, their results were published be-
fore there was widespread acceptance of the discrete-layer
mechanism for U;0, formation [4]. Thus Aronson et al.
[1} fitted the parabolic portion of their weight-gain curves
to Eq. (3) for U,0, formation along a concentration
gradient.

Kinetic data were reported in terms of D, the oxygen
diffusion coefficient and r, the radius of the initial UOQ,
particle. The kinetic data reported by Aronson et al. {1]
have been converted to rate constants by using Eq. (3) to
calculate the time required for 50% reaction (i.e., f=0.5).
The rate constant, «, was then calculated by using these
values of f and 7 in equation

1= [ =f17" = (k) 2, (10)

where f is the fraction of sample oxidized (assuming that
U,0;, is the end product for the first stage of oxidation), ¢
is the time in seconds and « is an empirically determined
rate constant.

Eq. (10) is similar to Eq. (6), which describes the
product-layer thickness (7) as a function of time for a
diffusion-controlled reaction on the surface of a particle. If
the starting material consists of spherical particles, Eq. (6)
can be expanded [4,28] to Eq. (4). Comparison of Eqs. (4)
and (10) gives the relationship between the constants k
and «:

k= (ra)’«. (11)

Eq. (11) was then used to convert the kinetic data of
Aronson et al. [1] into values of the discrete-layer mecha-
nism rate constant, k. The results of the converted kinetic
data are presented in Table 2.

3.1.3. The data of Blackburn et al.

Blackburn et al. [4] were among the first to examine the
kinetics of U0, formation in detail. They measured the
rate of weight gain for UO, powders and wafers excised
from unirradiated UO, fuel pellets. They reported that
parabolic kinetics were observed in the early stages (up to
1%) of the reaction for the sintered pellets. Most of the
data reported by Blackburn et al. [4] were measured in
oxygen at a pressure of 0.1 atm (10 kPa); however, they
did not find a dramatic effect on oxidation rate between
0.1 and 1.0 atm of O,.

Blackburn et al. [4] fitted their kinetic data to Eq. (6).
The resulting values of k have been converted to SI units
and summarized in Table 1. Note that where more than

Table 2
Empirically determined rate constants k (s™') and k (m? s~ ")
calculated from kinetic data reported by Aronson et al. (1957)

Temp. (°C)  Particle size (m) « (s™') k(m?s™ 1)

161 1.3x1077 516X107¢  855x10°20
182 5%1077 1.16X107¢  2.84x10°"
183 5X1077 1.75X107¢  429%x10°'°
198 5%1077 3.02x107%  7.40%x10°"°
200 5x1077 2.83%X107% 6.94x10 7
201 1.3x1077 446x107°  739x10°10
217 5x1077 8.10x107¢ 198x107'8
230 5%1077 126X107°  3.08x10° '8
230 13x1077 230x107%  381x10°'8
234 5x1077 131X107° 321x10~'®
235 5%x1077 120X 107° 29410 '8
236 5x1077 1.14X107°  279x 10~ '8
238 5x1077 1.60X107°  392x10° '8
258 5%1077 223x107°%  5.46x10°'8
260 5x1077 328X 107° 8.04x10° '8
273 5%1077 725%x107%  1.78x10~"7
275 5x1077 1.00X107* 245x10°"7
276 5% 1077 6.09%x107°  149x10”"7
276 5% 1077 1.06X107*  2.60x10~"7
277 5%x1077 777X 107  1.90x 10" "7
278 5%1077 835x107% 2.05%x107"7
299 5%1077 2.84x107* 6.96x10""
300 5x1077 290x107%  7.11x107"7
304 5%1077 325x107%  7.96x10""7
321 5x1077 540X107%  1.32x10716
325 5x1077 128X 107%  3.14x10°'®
348 5x1077 145x107%  355x10°'®
350 Sx1077 325%107%  796x10°'¢

one value of k was reported for a given temperature, the
average value is listed in Table 1.

3.1.4. The data of Walker

Walker [41] gravimetrically measured the rate of oxida-
tion in air of both powders and pellets of unirradiated
UO,. He reported that the kinetic data could be fitted to
either Eq. (3) or Eq. (6). Values of the rate constant k
were not reported for individual temperatures; rather, val-
ues of the pre-exponential factor, k,, and the activation
energy, E,, were given for the Arrhenius expression

£,
k=k,e Fr (12)

To compare Walker’s kinetic data with the others dis-
cussed herein, the value of k was calculated from Eq. (12)
for the finely divided (r=1.0X 1077 m) UO, powder
described in his Fig. 1, for each temperature shown therein.
Calculated values of the oxidation rate constant k, based
on the data of Walker, are presented in Table 1.

3.1.5. The data of Woodley et al.
Woodley et al. [37,38] oxidized fragments of used
LWR fuel in air in the range 140 to 225°C and measured
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Fig. 1. Arrhenius plot for the diffusion-controlled parabolic rate
constant for the formation of U,0y /U;0; on UO,. References
for the various data are: (W) [4], (D) [18], (@) [37,38], () [41],
(&) 11, (2) [51

the extent of oxidation by weight gain. They reported that
oxidation proceeds by migration along the grain bound-
aries and then by intragranular progression of a layer of
U,0y. The kinetic data were thus fitted to Eq. (10) and the
calculated values of k were converted to the correspond-
ing values of k by use of Eq. (11). Since the used fuel was
found to oxidize by oxygen transport along the grain
boundaries with subsequent diffusion through a U,O4 layer
into each individual grain [37,38], the effective particle
size, r, used in Eq. (11) was the grain size of the initial
UQO,. The majority of the oxidation tests were performed
on used LWR fuel from Fuel Rod G7 from the 15X 15
Turkey Point Fuel Assembly Bi17. The mean number of
grain boundary intercepts in Fuel Rod G7 was found to be
53.8 per mm [42], which corresponds to a mean grain
diameter of 0.0186 mm. For comparison with the results of
other investigators, we thus assume herein that the grains
in Fuel Rod G7 are spherical with radius 9.3 X 107¢ m,
which is significantly larger than the grain size of typical
LWR fuel.

Woodley et al. [38] found that the experimentally deter-
mined values of k are a function of the degree of oxida-
tion and that a true steady state value of k is only obtained
at A(O/M) values of ~ 0.1 or greater. We therefore use
the values of k corresponding to A(O/M) = 0.11 reported
by Woodley et al. [37] for calculation of the diffusion-con-
trolled rate constant, k. The values of k& were calculated
using Eq. (11) with values of r=93%X10"¢ m and
a = 0.99. The results of such calculations are presented in
Table 1.

3.1.6. The data of Einziger et al.

Einziger et al. [18] studied the rate of U,0, formation
by using an SEM imaging technique to measure directly
the rate of intragranular growth of the oxide layer. Used
fuel fragments and coarse powders from LWR reactors

were oxidized at 175 and 195°C in air. The samples did
not display completely uniform oxidation; however, the
authors were able to study the oxidation kinetics in those
regions of the samples that displayed uniform rates of
intragranular oxidation. The kinetic data suggested that
U,0, formation obeys parabolic kinetics. The rate constant
k (Eq. (6)) was found to be 1.11 X 10~ '® and 3.50 X 10~ "*
m? s ! at 175 and 195°C, respectively.

3.1.7. Summary of diffusion-controlled kinetic data

Values of the parabolic rate constant, k, calculated
from the kinetic data presented by various investigators
[1,4,5,18,37,38,41] are displayed as an Arrhenius plot in
Fig. 1.

The agreement between rate constants calculated from
the results of various investigators is generally good, con-
sidering the various types of fuel oxidized and the variety
of experimental techniques employed. The gravimetric data
reported by Woodley et al. [37,38] display significantly
higher rate constants than the other results. It is not clear if
the differences are due to the assumption used herein of
spherical grains in the spent LWR fuel, or because of
radiation-enhanced oxygen diffusion rates in used fuel.
Differences between the gravimetric kinetic data of Wood-
ley et al. [37,38] and the SEM data reported by Einziger et
al. [18] are interesting; the differences may be due to the
spherical-grain assumption used herein, or may be simply
due to sample-to-sample variations in oxidation behaviour
for used LWR fuel, which can be substantial [18,43].
Because of uncertainties in the oxidation behaviour of used
fuel, the data of Woodley et al. [37,38] and Einziger et al.
[18] were not used in the determination of the activation
energy for the diffusion-controlled formation of U,0, on
Uo,.

The spent LWR fuel data were removed from Fig. 1
and a linear regression was performed on the remaining

In (k)

-48 ‘ , ; ;
15 17 19 21 23 25
1000/T (T in K)

Fig. 2. Arrhenius plot for the diffusion-controlled parabolic rate
constant for the formation of U0, /U;0; on UQ,. Data for the
oxidation of used LWR fuel [37,38,18] are not included. Refer-
ences for the various data are: (®) [4], () [41], (a) [1], (a) 5]
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Table 3

Published estimates of the activation energy for the formation of U,;0,/U;0, on unirradiated UO, and spent LWR fuel
Investigator Material Temp. range (°C) Epy (kI mol™")
Anderson et al. (1955) UO, powder 131-164.5 104 *

Aronson et al. (1957) UO, powder 161-350 102 ¢
Blackburn et al. (1958) UO, pellets and powder 125-280 90.8

Walker (1965) UO, powder 143-211 120+ 8
Einziger et al. (1992) spent LWR fuel 175-195 100

Woodley et al. (1988, 1989) spent LWR fuel 175-225 113+ 17

“ Activation energy re-calculated from investigators original data using the discrete-layer kinetic model (rather than the concentration-gradi-

ent model).

data. The resulting Arrhenius plot is shown in Fig. 2. The
linear regression gave the following Arrhenius relation for
the parabolic rate constant:

957 kJmol~' 1
In(k) = = ————— -~ 17.33, (13)

The calculated activation energy of 96 kJ mol ™' is lower
than most of the earlier published values summarized in
Table 3. However, the consistency between the activation
energy calculated herein and the data published earlier
(Table 3) is reasonably good considering the range of
sample types and experimental techniques used in the
earlier studies.

3.2. Linear kinetic data

Several investigators have reported that the rate of
U,0, formation displays linear kinetic behaviour. As noted
below, most of these data apply to unirradiated sintered
UO, pellets. Linear rate constants from the following four
studies are compiled in Table 4.

3.2.1. The data of Smith
Smith [44] studied the rate of oxidation of unirradiated
UO, pellets by measuring the pressure decrease associated

with the reaction. He reported that the quantity of U,0,
increases linearly with time and interpreted this to mean
that the reaction was diffusion controlled through a con-
stant-thickness product layer (i.e., that oxygen diffusion
through UO, is faster than through U,0,). Kinetic data
measured by Smith were for 600 Torr of O,, but are likely
applicable to air oxidation, since the rate of oxidation is
almost independent of oxygen partial pressure above ~ 150
Torr [4].

3.2.2. The data of Taylor et al.

Taylor et al. [32] measured the rate of formation of
U;05 on the surface of polished disks, cut from unirradi-
ated CANDU fuel pellets, by quantitative analysis of the
X-ray diffraction (XRD) patterns. Samples oxidized in
laboratory air in the range 216 to 275°C displayed linear
rates of U;O, growth in the early stages of the reaction.

3.2.3. The data of Tempest et al.

Tempest et al. [33] measured the rate of U,O, forma-
tion on the surface of planchets excised from unirradiated
advanced gas-cooled reactor (AGR) fuel pellets and subse-
quently oxidized in air at 230°C. Quantitative analysis of

Table 4

Linear rate constant (k') for the first stage of UO, oxidation

Investigator Sample Method Temp. (°C) kK (ms™ ")

Taylor et al. (1980) sintered UO, pellets XRD 216 25x 10712
229 36x 107"
238 6.4x 10 "7
250 1.3x107 "
264 2.86x 107"
275 3.89x 107!

Tempest et al. (1988) sintered UO, pellets XRD 230 142 x 10712

Smith (1960) sintered UO, pellets AP 225 6.1 x 107
250 8.6 X 10712
275 3.97x 107"

Thomas and Einziger (1992) used LWR fuel SEM 195 131 x 107"
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Fig. 3. Arrhenius plot for the linear rate constant (k') for the
formation of U,0, /U;0, on UO,. References for the various
data are: (M) [33], (@) [44], (&) [32], (™) [9].

the XRD patterns showed that the thickness of the U;0,

layer increases linearly with time at a rate of 1.42 X 1072
-1

ms” .

3.2.4. The data of Thomas and Einziger

Thomas and Einziger [9] studied the formation of U,O,
on used LWR fuel by the anomalous electron backscatter-
ing SEM technique. They reported that at 195°C the
thickness of the U O, layer increases linearly with time in
the early stages of the reaction, that is, for samples oxi-
dized to compositions between UO,q, and UO, . The
reported value for the rate of intragranular oxidation was
47amh™'=131%10""? ms™".

3.2.5. Summary of the linear kinetic data

Linear kinetic behaviour in the first stage of the oxida-
tion of sintered UQ, pellets is clearly an approximation of
a multifarious process involving cracking and both grain-
boundary and intragranular oxidation. There is thus no
obvious reason to expect Arrhenius behaviour to be ob-
served for the linear kinetic data. Nonetheless, an Arrhe-
nius plot (Fig. 3) displays reasonably good linear be-
haviour. Linear regression of the data displayed in Fig. 3
gives the expression

98.6 kI mol ™' 1
In(K) = = ————— 7 — 2513, (14)

The calculated activation energy of 98.6 kJ mol ™! is very
similar to the value of 95.7 kJ mol ~' derived from diffu-
sion-controlled kinetic data in Section 3.1.7. The similarity
between the two activation energies may suggest that the
rate of oxygen diffusion dominates the kinetic expression
for the rate of oxidation of sintered UO, pellets.

4. Implications for the dry air storage of used CANDU
fuel

Oxidation of unirradiated CANDU fuel pellets starts
with the formation of a homogeneous layer of U;0, on the

sample surface and then proceeds inward along an oxida-
tion front, which becomes more convoluted with the evolu-
tion of time [32]. In contrast, oxidation of used LWR fuel
to U,04 proceeds in most cases by rapid grain-boundary
oxidation, followed by intragranular oxidation as a discrete
layer around each UQ, grain [9,18]. However, some sam-
ples of used LWR fuel display regions of inhomogeneous
oxidation and the existence of oxidation fronts [40].

Experimental evidence suggests that the low-tempera-
ture oxidation behaviour of used CANDU fuel is interme-
diate between that of unirradiated UO, and that of used
LWR fuel. Oxidation of used CANDU fuel in dry air
generally advances rapidly (relative to unirradiated UO,)
via cracks and’ grain boundaries, so that intragranular
oxidation occurs simultaneously over large portions of the
sample as shown in Fig. 4. For example, oxidation in
limited dry air (150°C) of deliberately defected used
CANDU fuel elements displayed a higher degree of oxida-
tion in the vicinity of the defect, but significant oxidation
to U505 was widespread throughout the sample [6]. Simi-
larly, recent experiments in which these deliberately de-
fected CANDU fuel elements were further oxidized in
unlimited dry air (150°C, 40 months) displayed essentially
complete oxidation to U0, throughout the sample, but
minimal conversion to U;04 [45].

Experimental evidence suggests [6,45] that near 150°C
oxygenic diffusion along the grain boundaries of used
CANDU fuel is rapid relative to that of unirradiated UO,.
Therefore, oxidation of used CANDU fuel near such tem-
peratures can be considered, to a first approximation, as
equivalent to oxidation of a UO, powder, with particle
size equal to the grain size of the used fuel. The impact of
U,0, formation on weight-gain experiments will thus
likely be significant. Consider, for example, the weight-gain
experiments of Hastings et al. [46,47]. They oxidized

Fig. 4. Optical micrograph (200X ) of etched used CANDU fuel
after oxidation at 150°C for ~ 100 months in limited dry air and a
further 40 months in unlimited dry air. An oxidation front is
present (A) while several other regions (B, C, D) are also under-
going simultaneous oxidation. Photo courtesy of Ken Wasywich.
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fragments of both unirradiated and irradiated CANDU fuel
in the range 175 to 400°C. They reported that the rate of
weight gain for irradiated CANDU fuel fragments is given
by

F=153%100~(120x10 kJmol"/RT)), (15)

where F is the rate of weight gain in % per h. The
analogous expression for the rate of weight gain for unirra-
diated UO, fragments was

F=1X10!2g(—(140+10 kJmo]"/RT))' (16)

Fragment size was uniform at ~ 1 g [47] and the grain size
was 1 X 107° m diameter [46]. The theoretical density of
UO, is 1.096 X 107 g m™?, thus the volume of a single
fragment was 9.124 X 107% m> At low (< 200°C) tem-
peratures, the oxidation behaviour of a 1 g fragment is
considered equivalent to the same mass of powder, which
would consist of 1.80 X 108 particles of radius 5 x 10~°
m and would have a surface area of 5.65 X 1072 m? g~
The initial rate of oxidation can be considered by estimat-
ing the time required for the formation of a 1 um thick
layer on the surface of each particle. The fraction of the
total sample oxidized at this time would be 0.488.

The rate constant (k) for the parabolic kinetic model is
estimated from Eq. (13) to be 2.09 X 107" m? s~ ! at
175°C. According to Eq. (6) a 1 pm thick layer of U,0,
will form in 4.79 X 10° s, which corresponds to an aver-
age oxidation rate of 7.2 X 107*% h~!. Similarly, the
linear rate constant (&) for U,0, formation can be esti-
mated from Eq. (14) to be 2.61 X 10™"* m s~ ! at 175°C.
The time required for the formation of a 1 um thick layer
of oxide can thus be calculated as 3.84 X 10° s. The
corresponding rate of oxidation is 9.01 X 107%% h™".

The initial rate of oxidation predicted by both the linear
and parabolic models is greater than the rate of weight
gain (1.58 X 107%% h~!') calculated for used CANDU
fuel at 175°C using Eq. (15). The fact that calculated
estimates of the rate of weight gain are higher than experi-
mentally observed [47] is not particularly important, since
it is probably associated with non-uniform oxidation result-
ing from slow grain-boundary oxidation in some regions of
the samples [6] (recall that dry air oxidation of used
CANDU fuel is generally not as uniform as is the case
with used LWR fuel). The important point is that the
predicted rate of U;0, formation is ample to account for
all of the observed weight gain at 175°C in the experi-
ments of Hastings et al. [46,47]. Thus it seems probable
that the weight gain observed in dry air oxidation of used
CANDU fuel [46,47] was mostly associated with the for-
mation of U;0, at low (< 200°C) temperatures.

Above 300°C the weight gain data reported by Hastings
et al. [46,47] would be associated primarily with U,0Oq4
formation [4], so the results reported by Hastings et al.
[46,47] for irradiated CANDU fuel likely represent the
aggregate of weight gains associated with both U;0, and
U,Oq formation. Thus it is not surprising that the reported

activation energy for the formation of ‘U;Oy’ in irradiated
CANDU fuel [47] is 120 kJ mol~', which is approxi-
mately equal to the average of the value (140 kJ mol™')
reported for U;0, formation on unirradiated fuel [47] and
the value (96 kI mol~') shown (Eq. (13)) to be valid for
the intragranular rate of formation of U;0,.

The analysis presented herein suggests that the reported
activation energy (120 kJ mol™') for the formation of
‘U;04" on used CANDU fuel [46,47] is probably too low.
When the reported oxidation rates are extrapolated to
lower temperatures, they lead to unduly conservative esti-
mates of the rate of U;O4 formation during the dry air
storage of used CANDU fuel. A more accurate method for
the study of U,Og-formation kinetics has recently been
developed [48] by use of XRD to measure specifically the
rate of formation of U;O4 on the surface of UO, samples.
Such a technique can provide the best information of the
allowable upper limit for the dry air storage of used
CANDU fuel.

5. Conclusions

Kinetic data on the rate of U,0,/U,0, formation on
UO, have been critically reviewed. Oxidation of unirradi-
ated UO, powders results in the formation of U,O, by
parabolic kinetics because the limiting step of the reaction
is diffusion through a discrete layer of the product oxide.
Used LWR fuel samples have rapid grain-boundary oxida-
tion, so that oxidation proceeds in such samples much like
oxidation of a powder sample having particle size equal to
the grain size of the used fuel. In contrast, unirradiated,
sintered UO, pellets display linear oxidation kinetics, pre-
sumably because the rate of oxidation is controlled by a
combination of grain-boundary oxidation, cracking and
intragranular oxidation.

Critical review of the literature yields consistent esti-
mates of the activation energy for the formation of U,0,
on UO, powders (96 kJ mol™") and unirradiated, sintered
UO, pellets (99 kJ mol ™).

Analysis of the rate of U,0, formation on irradiated
CANDU fuel fragments indicates that weight-gain experi-
ments [46,47] may have underestimated the activation
energy for the formation of U;0, on used CANDU fuel.
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