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Abstract

The kinetic and crystalline evolutions of UO2 during its oxidation into U3O8 at 250 �C in air were studied by isothermal
thermogravimetry and calorimetry, coupled with an in situ synchrotron X-ray diffraction on the D2AM-CRG beamline at
ESRF. This study was aimed at determining experimentally the validity of the kinetic assumptions made in existing lite-
rature to account for the oxidation of UO2 into U3O8 and also to determine precisely the structural evolution, in relation to
the kinetic behaviour. Our results provide evidence of four distinct kinetic time domains, and the assumption of a single
rate-limiting step is verified only for two of them. The crystalline phases associated with these domains are also identified.
In fact, the first kinetic domain corresponds to the reaction of UO2 into U4O9; the second one is linked to the two simul-
taneous reactions, UO2 into U4O9 and U4O9 into U3O7. Finally, the transition from U3O7 into U3O8 corresponds to the
third and fourth kinetic domains. These results show that the oxidation of UO2 into U3O8 cannot satisfactorily be
described with modelling approaches used in the literature. A new general outline is proposed to study the oxidation of
uranium oxides. This outline will improve both the understanding and predictions of oxidation processes at the relatively
low temperatures that are expected during interim storage of spent nuclear fuel.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

In the framework of dry interim storage of
nuclear fuel, accident scenarios consider a failure
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of the container and of the cladding that would
put the nuclear ceramic in contact with atmosphere.
The U3O8 formation due to UO2 oxidation leads to
a 36% volume increase [1] that will lead to a severe
damage of the fuel rod. In this context, it is neces-
sary to make predictions on the oxidation kinetics
of UO2 for time intervals up to several 100 years,
which are significantly longer than the available
.
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experiment time intervals. During long-term stor-
age, the temperature at the start, and during a num-
ber of years thereafter appears to be greater than
200 �C for a UO2 LWR fuel and 300 �C for a
MOX fuel. Thus, the modelling should rely on the
actual mechanisms and on the true phases occurring
during the oxidation.

Up to now, it was generally accepted that the oxi-
dation of uranium dioxide at temperatures below
400 �C was a two-step reaction, as proposed in
1957 by Aronson et al. [2,3]:

UO2!U4O9/U3O7!U3O8 ð1Þ

However, the structural mechanism responsible
for the isothermal transformation of UO2 into
U3O8 seems also unclear. In Eq. (1), McEachern
and Taylor used the term U4O9/U3O7 to refer to
the product of the first stage of air oxidation of
UO2 [3]. Several intermediate oxidation products
have been reported, namely UO2+x [4,5], U4O9 [5],
c-U4O9 [6], a-U3O7 [5,7], b-U3O7 [5,7] and c-U2O5

[8], whose crystallographic structures are not well
established. These crystalline structures are deriva-
tives of UO2. In the case of the oxidation of UO2

powders, it is generally accepted that the first stage
of oxidation is the incorporation of small quantities
of oxygen into the fluorite-type lattice to form
hyperstoichiometric UO2+x. The solubility of oxy-
gen in this phase depends on the temperature [4,5].
Then, the oxidation of UO2 powders involves
U3O7 formation. In the literature, two tetragonal
phases are reported, a-U3O7 and b-U3O7 [5,7],
which only differ from their c/a ratio, respectively
0.989 and 1.031 [7]. Typically, a-U3O7 is considered
as the normal result of the oxidation at tempera-
tures less than 200 �C [3], whereas b-U3O7 appears
at temperatures higher than 200 �C [3,7]. It is noted
that some studies report intermediate tetragonal
phases with c/a ratios ranging between those of a-
U3O7 and b-U3O7 [6,9]. Finally, the oxidation of
powders proceeds only from b-U3O7 to U3O8, and
not from a-U3O7 [7]. The U3O8 crystalline structure
is orthorhombic. In the case of the oxidation of sin-
tered pellets, the intermediate product is b-U3O7

[6,9] and the formation of a tetragonal phase with
c/a ratio less than 1 has not been previously
reported. Concerning the oxidation of spent fuel,
the main fact is that the intermediate oxidation
product is a cubic phase often described as U4O9-
type, but with an O/U ratio that may exceed that
for U3O7 phase [6].
On the basis of the thermal gravimetric analysis
and X-ray diffraction data, there is a general agree-
ment that the parabolic kinetics for the formation of
U4O9/U3O7 on UO2 powders indicates a diffusion-
controlled mechanism, whereas the sigmoidal reac-
tion kinetics observed for the formation of U3O8

is generally interpreted in terms of a nucleation
and growth reaction mechanism. The mechanism
for the rate of U3O8 formation has been widely
studied [1–3,10,11]. However a recent review [3]
shows a significant degree of uncertainty in esti-
mates for both the rate and the activation energy
of a nucleation and growth mechanism. Thus
the U3O8 formation process is not yet well under-
stood.

Since the Aronson paper, the modelling of the
oxidation of UO2 into U3O8 is based on the assump-
tion that the reaction rate can be written as
da
dt
¼ A exp � Ea

RT

� �
f ðaÞ; ð2Þ
where a is a dimensionless fractional conversion
function of time, A is called the pre-exponential fac-
tor, Ea is the activation energy and f(a) is an analyt-
ical function (which depends on the shape of the
grains and the step controlling the growth [12,13]).
The transformation of UO2 into U4O9/U3O7 is
interpreted using the Jander’s law [3,13,14], in which
the function f(a) is
f ðaÞ ¼ 3=2ð1� aÞ2=3½1� ð1� aÞ1=3��1
: ð3Þ
However, Schmalzried [15] has pointed out the fact
that this law (sometimes referred as the D3-law [12])
has no physical meaning, excepted in the very begin-
ning of reactions in which the product layer may be
considered as a plane. The rigorous mathematical
law describing the growth of a product layer inward
spherical grains, the growth rate-limiting step being
the diffusion of chemical species inside the product
layer, is the Ginstling–Brounshtein law [13,16],
often denoted as the D4 law (or the more general
Carter–Valensi law [13,17,18], which takes into
account the differences in the molar volumes of
reactant and product).

The sigmoidal part of kinetic curves for a(t) cor-
responding to the oxidation of U3O7 into U3O8 is
usually accounted for with the Avrami–Erofeev
model [3,13,19,20] (also referred as Johnson–Mehl
model [21]), the function f(a) being then
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f ðaÞ ¼ nð1� aÞ½� lnð1� aÞ�1�1=n ð4Þ
in which the parameter ‘n’ is an empirically deter-
mined constant. Nevertheless, in the Avrami–
Erofeev’s model, it is assumed that the nucleation
can occur in the whole volume of the grains. But,
in solid-state reactions, it is commonly admitted
that nuclei appear at the surface of the solids, and
thus the Avrami’s model is not appropriate. In the
general case, Eq. (1) implies that the rate is con-
trolled by a reaction step that follows the Arrhenius
law (this is not always the case, for example when an
adsorption step is involved, the reaction step may
follow a Langmuir isotherm). Eq. (1) also implies
that the rate is fixed by the value of a (f(a)), which
may not be the case, particularly when nucleation
and growth processes are in competition or when
the specific surface changes during the reaction.

Consequently, we propose a more general expres-
sion for the rate [22,23] given by Eq. (5)

da
dt
¼ UðT ; P iÞEðtÞ ð5Þ

in which U is a rate per unit area (mol m�2 s�1). The
function U depends on the nature of the rate-limit-
ing step (diffusion, interface reaction), it is indepen-
dent of time but may be a function of temperature T
and thermodynamic chemical potential of the react-
ing gases Pi. The function E(t) (in m2 mol�1) corre-
sponds to the extent of the reaction zone where the
rate-limiting step is located. Expression of Eq. (5)
only assumes the existence of a rate-limiting reac-
tion step, but no additional assumption is made
concerning the nature and the spatial localisation
of the reaction step.

The purposes of this work are to experimentally
determine the validity of the kinetic assumptions
generally made to account for the oxidation of
UO2 into U3O8, with a previously established meth-
odology [24,25], and to determine precisely the crys-
talline structural evolution in relation to the kinetic
behaviour. This methodology allows to verify:

(i) the pseudo-stationary state assumption (which
is necessary to assume the existence of a rate-
limiting step). It can be verified by measuring
the reaction rate with two techniques (for
example, simultaneous thermogravimetry and
calorimetry [24–27]): if the system proceeds
in a pseudo-stationary state, the rates of
weight gain and the heat flow should remain
proportional during all the reaction,
(ii) the assumption of a single rate-limiting step,
and thus the validity of Eq. (5). This can be
verified using a method based on jumps of
temperature or pressure [24–27].

Our results provide data of four distinct kinetic
domains during the oxidation of UO2 up to U3O8.
The assumption of a single rate-limiting step is ver-
ified only for two of them. The crystalline phases
associated to these domains were also identified.

2. Experimental

The uranium dioxide test specimens used in this
study were from a batch of depleted UO2 powder,
whose stoichiometry is close to UO2.02 and grain
size ranges from 2 to 10 lm. In order to simulate
the storage conditions, the oxidation experiment
was carried out at 250 �C in gas mixture with O2

partial pressure �0.2 atm, the other mixing gas
depending on the apparatus used (atmospheric air
for X-ray diffraction, nitrogen or helium mixing
for thermogravimetry). For these tests, no special
care was given to control humidity since it has little
influence on UO2 oxidation at temperature higher
than 200 �C [3].

The in situ synchrotron X-ray powder diffraction
experiments were performed on the D2AM-CRG
beam line (k = 0.154864 nm) at ESRF. Test samples
were positioned to form a fixed angle of 10� with the
impinging beam. During the oxidation of UO2 into
U3O8, most of the in situ diffraction patterns were
recorded every 20 min. The temperature of the sam-
ple was changed during the experiment in order to
get valuable information for each observed crystal-
line phase within the allocated time.

The in situ classical X-ray diffraction experiments
were conducted using an INEL diffractometer
equipped with a curved position-sensitive detector
(CPS 120 INEL). Monochromatic Co-Ka1 X-rays
(k = 0.17889 nm) were obtained with a primary
focusing Ge monochromator. Thermal treatments
are provided with a high temperature furnace devel-
oped at LRRS. The full 2h range over which data
were collected for both the synchrotron and conven-
tional XRD was from 20� to 80�.

The experiments of simultaneous calorimetry and
thermogravimetry were performed using a thermo-
analyser SETARAM TG DSC 111 under a flowing
mixture of helium and oxygen to test the pseudo-
stationary state assumption. The sample was first
heated in helium to 250 �C and, after reaching this
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reaction temperature, a mixture of helium and oxy-
gen was introduced into the balance to attain an
oxygen partial pressure of 0.2 atm. A constant gas
flow rate of 0.03 l per minute was maintained
throughout the experiments.

The weight gain data needed for temperature
jump tests were obtained from isothermal thermo-
gravimetric experiments using a SETARAM
TAG24 microbalance with a mass sensibility of
about 0.001%. The experimental apparatus has con-
tinuous recording of the change in sample weight as
a function of time in a controlled gaseous atmo-
sphere. The sample was first heated in a nitrogen
atmosphere until the desired reaction temperature
(250 �C) was reached and, after that, air (0.2 atm
O2) was introduced into the balance. A constant air-
flow rate of 0.16 l min�1 was maintained through-
out the experiments. When the desired oxidation
time is reached, the oxidation temperature was
suddenly changed from 250 �C to 280 �C. The jump
temperature tests was performed at several oxida-
tion times.

3. Kinetic study

3.1. Shape of the kinetic curves

Fig. 1 shows thermal gravimetric curve as a func-
tion of time recording during the oxidation of UO2

into U3O8 at 250 �C under nitrogen–oxygen mix-
ture. Fig. 1 is a typical isothermal gravimetric curve
versus the time for the oxidation of UO2 powders.
The oxidation curve consists of two steps: first, a
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Fig. 1. Thermal gravimetric curve as a function of time recording durin
(0.2 atm O2).
parabolic reaction is observed until an O/U ratio
closed to 2.33 is reached, this corresponds to the
intermediate product U4O9/U3O7. At this ratio, a
plateau is observed. Then, a sigmoidal second reac-
tion step begins during which the formation of
U3O8 phase (O/U � 2.67) occurs, but the U3O8

phase transformation is not totally completed in
25 h at 250 �C.

3.2. Pseudo-stationary state assumption

Fig. 2 represents the variations of the rate of
weight gain (dm/dt) and the heat flow (dQ/dt)
versus time, at 250 �C in helium–oxygen mixture.
The results show clearly that the curves are well
superimposed although some differences seem to
appear at the end of the oxidation. Thus, it can be
concluded that the system is in a pseudo-stationary
state throughout the main stages of the reaction.

3.3. Rate-limiting step assumption

If a rate-limiting step exists, Eq. (5) gives the vari-
ations of the oxidation rate with the intensive vari-
ables (T,Pi, . . .) and the time. Eq. (5) involves the
fractional conversion (a), which is usually defined
for a single reaction step. In the case of the oxida-
tion of UO2, the literature data show that there
are at least two reaction steps, and it is not possible
to deduce the fractional conversion of each one sep-
arately from the weight gain curves. Thus, we prefer
to write Eq. (6) using the mass variation Dm,
according to
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dðDmÞ
dt

¼ n0UðT ; P iÞEðtÞ; ð6Þ

where parameter ‘n0’ is a constant with the unity of
a mass. Eq. (6) can be tested by experiments based
on the sudden jump method, which consists of
changing suddenly a physico-chemical variable
(temperature or pressure) from a value X0 to X1,
at a given oxidation time [22–25].

In our experiments, the oxidation temperature
was raised abruptly from T0 (250 �C) to T1

(280 �C) at different times, ti, during the oxidation
process of UO2 to U3O8. Then, from Eq. (6), the
rates before and after the temperature jump at the
oxidation time ti, respectively Rl and Rr, can be
written [14]:

Rl ¼
dDm

dt

� �
l

¼ n0UðT 0ÞEðtiÞ and

Rr ¼
dDm

dt

� �
r

¼ n0UðT 1ÞEðtiÞ:
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The ratio of the above expressions is

Rr

Rl

¼ n0UðT 1ÞEðtiÞ
n0UðT 0ÞEðtiÞ

¼ UðT 1Þ
UðT 0Þ

: ð7Þ

For a set of prescribed oxidation experiments, one
selects arbitrarily a set of times ti (t1, t2, t3, . . .) at
which a sudden jump in temperature (T0 to T1) is
to be imposed. So, if the pseudo-stationary state
and the rate-limiting step assumption are verified
(for the seek of simplicity we will say if the ‘UE’ test
is verified), then the ratio Rr/Rl are equal to each
other for any time ti. If these ratio ar not equal to
each other (if the ‘UE’ test is not verified), Eq. (6)
cannot be considered as valid and the single rate-
limiting step assumption is not verified.

Fig. 3 shows two typical curves that were
obtained in this study. Both Fig. 3(a) and (b) show
the sudden jump of temperature from 250 �C to
280 �C. In Fig. 3(a) the time of the temperature
jump was at 30 min. In Fig. 3(b), the time of the
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temperature jump was at 4 h. Note that the slope of
Rr and Rl are different in the two cases.

From Fig. 3(a), the ratio of the rate before the
temperature jump Rl to the one after the tempera-
ture jump Rr is calculated on time increments of
200 s for oxidation times that are less than 2 h,
whereas the more progressive weight gain observed
for higher oxidation times in Fig. 3(b), are calcu-
lated on time increments of 500 s. As can be seen
in Fig. 3, there is a temperature transient during
the temperature jump. Because of this temperature
transient, a precise determination of the activation
energy is not possible based on experimental values
of the Rr/Rl ratio. In fact, a variation of only ±5 �C
can induce an uncertainty on the activation energy
of about ±10–20 kJ/mol.

In Fig. 4, the Rr/Rl ratios, evaluated from exper-
imental data are plotted versus temperature jump
time. On the same figure, the weight gain curve is
plotted versus time for a constant temperature
(250 �C) oxidation experiment with nitrogen–
oxygen gas mixture. Note that the values of the
Rr/Rl ratios depend on the temperature jump time ti.

The evolution of the Rr/Rl ratios in Fig. 4 pro-
vides evidence of four different kinetic domains,
denoted as I–IV. At the beginning, for oxidation
times less than to 2 h (domain I), which corresponds
to a very fast weight gain time domain, the ratio is
constant, with a value of 1.3 ± 0.1. This result
shows that the ‘UE’ test is verified for time domain
I. For oxidation time between 2 and 6 h (domain II),
the Rr/Rl ratios increase continuously from
1.7 ± 0.1 to 6.0 ± 0.2. Unlike the first domain, this
variation indicates that the ‘UE’ test is not verified
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Fig. 4. Weight gain curv
for time domain II. In domain III, between 6 and
14 h, a constant value, 7.6 ± 0.2, of the Rr/Rl ratios
is observed and the ‘UE’ test is verified. Finally,
between 14 and 24 h (domain IV), the Rr/Rl ratios
change from 7.1 ± 0.2 to 5.6 ± 0.2 and the ‘UE’ test
is not verified. So, the ‘UE’ test experiments bring
into evidence four different kinetic domains during
the oxidation of UO2 into U3O8. Moreover, the
experimental Rr/Rl ratios show that the ‘UE’ test
is only verified for two of them.

These kinetic results show that a rate-limiting
step approximation to model oxidation seems only
valid in two short time domains of weight gain.
These data suggest that the oxidation of UO2 can-
not be fully described with models using only two
successive oxidation reactions. In order to improve
existing models it is necessary to know which crys-
talline phases correspond to each time domain.
4. In situ X-ray diffraction – phase determination

4.1. Methods

The current reference crystallographic data
(mainly from ex situ experiments) present large
discrepancies and they do not provide a clear inter-
pretation of the crystallographic changes occurring
during the oxidation of UO2 into U3O8 [3]. Table
1 summarizes some available crystallographic data
for these phases. Given the existing literature, two
sets of X-ray diffraction experiments were con-
ducted to better clarify the crystallographic
sequence:
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Table 1
Crystallographic properties of the main uranium oxides

Phases Crystallographic properties References

UO2 SG: Fm-3 m, [28]
fluorite structure,
a = 0.547 nm

U4O9 SG: unknown, [29]
fluorite fourfold superstructure,
a � 2.176 (4 · 0.544) nm

U3O7 SG: unknown, [7]
tetragonal distortion
of the cubic cell,
a-U3O7: c/a = 0.989 and
b-U3O7: c/a = 1.031

U3O8 SG: C2mm, [30]
orthorhombic structure,
a = 0.672 nm, b = 1.196 nm,
c = 0.415 nm
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(1) an in situ synchrotron diffraction study at
ESRF conducted in non-strict isothermal
conditions in order to identify the crystalline
phases,

(2) an in situ classical X-ray diffraction performed
in strict isothermal conditions at 250 �C to
compare the structural results with the kinetic
ones.

All the diffraction patterns recorded at ESRF
during the oxidation of UO2 into U3O8 were refined
using the Rietveld method [31] with the JANA pro-
gram of Petricev and Dusek [32]. The Rietveld anal-
ysis can also provide interesting information on cell
parameters and on the profile shapes of the diffrac-
tion peaks. In the case of the synchrotron diffrac-
tion, it is generally verified that the width of the
diffraction peaks does not depend on instrumental
factors, but almost exclusively on crystallite size
and strain effects. The broadening induced by the
finite diffracting crystallite size s and by the micro-
strain e, are expressed respectively by Eqs. (7) and
(8):

bsize ¼
k

s cos h
; ð8Þ

bmicrostrain ¼ e tan h; ð9Þ

where b is the integral breadth, k the wavelength, s
the crystallite size and e the microstrains [33].

For the crystallographic data presented in Table
1, the space groups used for UO2 and U3O8 analysis
were respectively Fm-3m and C2mm. U4O9 is
known to crystallise into a closely related fluorite
structure as UO2, but the same simpler cubic space
group was used in our phase description. On the
other hand, in order to take into account tetragonal
distortion, which appears with the formation of
U3O7, the U3O7 phase was analysed with the I4/
mmm space group.

4.2. Results

Fig. 5 shows the crystalline structural evolution
obtained from ESRF experiments during the oxida-
tion of UO2 into U3O8 at 250–260 �C in atmo-
spheric air in the 2h angle range 27–35�. It was
necessary to heat the sample above 250 �C in order
to fit the entire data collection within the allotted
synchrotron beam-time. The initial powder of UO2

has a cell parameter of 0.5464(2) nm, in agreement
with the average value of 0.5470 nm reported in
the literature [28,34]. The average diffracting crystal-
lite size is about 250 nm. During the first steps of the
oxidation, the profile of the initial UO2 powder does
not seem to evolve.

Then, a simultaneous splitting of all the diffrac-
tion peaks is clearly observed in Fig. 5. In the liter-
ature, it is generally accepted that the product
formed in these early stages of the oxidation reac-
tion is a-U3O7, a tetragonal phase. This hypothesis
would induce a splitting of the 20 0 peak, but not
of the 111 peak as observed in our experiment.
Therefore, this intermediate phase is a cubic phase
with a cell parameter smaller than UO2. The term
U4O9�y is generally used to describe this phase
and it actually corresponds to the cubic phase
already reported in the literature and characterized
by a unit cell smaller than UO2 [28]. This U4O9�y

cubic phase has a cell parameter of 0.5451(2) nm.
This cell parameter gradually decreases to
0.5441(2) nm as the oxidation proceeds, because of
the progressive incorporation of oxygen into the
fluorite lattice of UO2. The diffraction peaks of
U4O9�y are much broader than the UO2 peaks, pos-
sibly representative of stoichiometric core regions in
the grains. In particular, the anisotropic broadening
of the (200) peak can be explained by an increased
microstrain of about 2% along this direction. This
first transition leads to an overall small decrease
(0.7%) of the cell volume compared to the stoichi-
ometric UO2 cell volume.

Following the literature, the expressions U3O7

and U3O8 are used to describe the tetragonal and
the orthorhombic phases, while recognizing that
this may not describe the exact compositions of



Fig. 5. Structural evolution, from ESRF experiments, during the oxidation of UO2 into U3O8 at 250 �C with O2 partial pressure equal to
0.2 atm.
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these oxides. As the oxidation proceeds (Fig. 5), a
splitting of the 200 peak of U4O9�y is observed,
leading to a doublet (20 0–002); this phase is tetrag-
onal and its cell parameters corresponds to U3O7.
Fig. 6 shows that the amplitude of the (200–002)
splitting increases.

As soon as the presence of this tetragonal phase is
detected, the tetragonal cell parameters, a and c, are
already well differentiated from those of UO2 and
U4O9. The values of a(U3O7) and c(U3O7) are respec-
tively equal to 0.5426(2) nm and 0.5485(2) nm, corre-
sponding to a c/a ratio of 1.011 when U3O7 appears.
Then, during the oxidation, they evolve continuously
to reach 0.5398(2) nm and 0.5565(2) nm respectively
Fig. 6. Evolution of the (200–002) diffraction lines of the U3O7

tetragonal phase.
on the last diffraction pattern displayed in Fig. 6.
These values correspond to a c/a ratio of 1.031,
which equals the value for b-U3O7 reported by Wes-
trum et al. [7]. Like U4O9�y, the evolution of the cell
parameters during the oxidation is in good agree-
ment with the non-stoichiometric character of
U3O7. Like U4O9�y, the diffraction lines of U3O7

are also very broad, particularly in the earliest stages
when the tetragonal distortion appears. However, in
Fig. 6, these broad profiles of U3O7 tend to change
continuously into sharper ones until larger amounts
of b-U3O7 are formed. Then, the width of the diffrac-
tion lines seems to stabilise. However, in contrary to
UO2 and U4O9, the Rietveld analysis has not allowed
us to refine the profile shapes of U3O7, because they
present an asymmetric broadening due to the resid-
ual U4O9�y phase (Fig. 7). It is also very interesting
to note that the d111 reticular distance is the same
for U4O9 and U3O7, which shows that the crystalline
structures of these two phases are still related. Like
the transition from UO2 into U4O9, this second step
is also accompanied with a continuous decrease of
the cell volume compared to UO2 (1%).

Finally, at an O/U ratio higher than 2.33, the X-
ray diffraction patterns indicate the formation of an
orthorhombic U3O8-type phase. This evolution
corresponds to the transformation from b-U3O7 to
U3O8. Assuming the C2mm space group for U3O8,
a, b and c cell parameters are found to be respec-
tively equal to 0.6784(2) nm, 1.1890(2) nm and
0.4141(2) nm. These values are close to those
already reported in the literature [30]. While the
variations observed for UO2, U4O9 and U3O7 cell
parameters, are continuous, those of U3O8 are
not. After the large discontinuity at the phase tran-
sition, the lattice parameters are almost constant



Table 2
Kinetic domains, related crystalline phases and chemical
reactions

Kinetics domains Crystalline phases

I UO2–U4O9

II UO2–U4O9–U3O7

III U3O7–U3O8

IV

Fig. 7. Asymmetric broadening of the (200–002) diffraction lines
of the U3O7 tetragonal phase.

18 G. Rousseau et al. / Journal of Nuclear Materials 355 (2006) 10–20
until the oxidation into U3O8 is complete. The
profile shapes of U3O8 are also unchanged as
the oxidation of U3O7 proceeds. The analysis of the
broadenings can be explained as plate-like diffracting
domains. The measured cell volume gives a 35.6%
DV/V0 swelling compared to UO2, which is in good
agreement with the values already reported in the lit-
erature [30]. Hence, the phase transition sequence
observed in our study is as follows: UO2 transforms
into a secondary cubic phase, and then into a tetrag-
onal phase. Finally, the U3O8 orthorhombic phase
appears. Therefore Eq. (1) should be modified and,
according to this crystalline structural study, the
exact phase transition sequence is

UO2!U4O9y! b-U3O7!U3O8 ð10Þ

The existence of the secondary cubic phase, U4O9�y,
since the earliest stages of the oxidation was not
mentioned in the literature, whereas an a-U3O7

tetragonal phase (c/a < 1) was reported [5,7], but
definitely not observed in our study. However, the
resolution of the diffraction patterns in previous
experiments and the ex situ crystallographic deter-
minations could have prevented the observation of
the simultaneous splitting of all the diffraction peaks
during the early stages of oxidation. This would
explain the reporting of a-U3O7 phase in literature.

The in situ classical X-ray diffraction allowed us
to determine the crystalline phases at 250 �C as a
function of oxidation time domains. The first detec-
tion of U3O7 occurs between 1 and 2 h of oxidation
whereas the characteristic diffraction peaks of U3O8

are detected after 6 h, as monitored by the (001)
reflection at 2h = 21.5�. Hence, the relationship
between the time domains and the crystalline phases
is illustrated in Table 2. Table 2 shows that the first
kinetic domain corresponds to the reaction of UO2

into U4O9, the second one is linked to the two
simultaneous reactions, UO2 into U4O9, and U4O9

into U3O7. Finally, the transition from U3O7 into
U3O8 corresponds to the third and fourth kinetic
domains.

5. Discussion

This kinetic and structural study gives a new
description of the oxidation of UO2 into U3O8 at
250 �C under an oxygen partial pressure of
0.2 atm. This evolution is divided in four time
domains, which are discussed below.

In the first domain I, UO2 is transformed into
U4O9. During this reaction, the ‘UE’ test is verified.
In domain I of the weight gain curve, the Rr/Rl ratio
is constant and equal to 1.3 ± 0.1. This implies that
a single rate-limiting step assumption is a valid
modelling assumption for this transformation. This
is also in good agreement with the literature, where
the formation of U4O9 is assumed to follow a diffu-
sion-controlled mechanism [3]. In addition, the
broad profile of U4O9 can be interpreted as a non-
stoichiometric phase resulting from the existence
of an oxygen concentration gradient in the grains.
This observation also agrees with the non-stoichi-
ometric character of U4O9 reported in the literature
[35].

For the domain II, it is necessary to consider two
simultaneous reactions: UO2, is transformed into
U4O9, and U4O9 into U3O7. This simultaneous exis-
tence of three crystalline phases can explain why the
‘UE’ test is not experimentally verified. It also can
explain the continuous evolution of the Rr/Rl ratio
from 1.7 to 6.0 during the oxidation. Hence, in this
domain, the approximation of a single rate-limiting
step is not applicable for model developments. It
seems probable that the kinetic behaviour results
from a complex oxidation front. The evolution of
the diffraction lines, from U4O9 to U3O7, suggests
that the diffusion of oxygen inside the solid creates
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continuously some defects. During the oxidation, a
progressive ordering of these defects seems to
appear leading finally to the formation of a well-
crystallised b-U3O7.

The transformation of the tetragonal phase,
U3O7 into U3O8, corresponds to the two last
domains. For the domain III, the Rr/Rl ratio is con-
stant and equal to 7.6 ± 0.2, which shows that the
rate-limiting step is verified. However, the descrip-
tion of this transformation, using a nucleation and
growth mechanism, does not explain why the dif-
fracting crystallite size of U3O8 stays constant. It
must be pointed out that the U3O8 crystallite sizes
are the same, independently of the original grain
size of the powder batch, although U3O8 appears
for smaller O/U ratios in the smaller grains. There-
fore, it seems necessary to perform additional
kinetic studies to fully understand domain III.

Finally, the fourth domain remains unclear. In
fact, the Rr/Rl ratio decreases from 7.1 to 5.6. This
evolution shows that the rate-limiting step theory
is not applicable during all the transformation of
U3O7 into U3O8. However, The ‘UE’ tests may pro-
vide an explanation for the very large dispersion in
the estimated values of the activation energy during
U3O8 formation that has been reported in the liter-
ature [3].

6. Conclusion

All our experimental results at 250 �C provide
strong evidence that existing models, generally
adopted in the literature to describe the oxidation
of UO2 into U3O8, are not fully descriptive of the
complex oxide phase transformations. In fact, these
kinetic studies indicate four separate kinetic
domains, and in only two domains a single rate-
limiting step approximation was applicable for a
simplified model. Moreover, the high resolution of
the synchrotron diffraction provides data of four
different crystalline oxide phases, and evidence of
the new oxide phase transition sequence as a base
for new models

UO2!U4O9! b-U3O7!U3O8 ð11Þ

These results demonstrate an new and general
approach for investigating rates and phases during
the oxidation of uranium dioxide at temperature
lower than 400 �C. In particular, the progressive
transition from UO2 into U4O9 and b-U3O7,
observed in the second domain, allows a better
understanding of the plateau before the formation
of U3O8. The time duration of this plateau is an
important parameter for some proposed models of
uranium oxidation behaviour during long-term
storage.
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