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bstract

racking and spalling are known to occur during the oxidation of UO2. However, these phenomena are not considered by the existing kinetic models
f the oxidation of UO2 into U3O8. In this study the oxidation of UO2 samples of various sizes from the single crystal to nanopowders, has been
ollowed by isothermal and isobaric thermogravimetry, environmental scanning electron microscopy and in situ X-ray diffraction at temperatures

anging from 250 to 370 ◦C in air. It has been shown that cracking occurs once a critical layer thickness of intermediate oxide has been reached,
hich corresponds to the beginning of the sigmoid kinetic curve. Cracking contribution to the sigmoid kinetic curve is then discussed as a function
f temperature, and on the basis of nucleation and growth processes.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The stepwise oxidation of UO2 in air to form U3O7 and
3O8 has been studied extensively for about 50 years, because
f its relevance to the dry storage and the ultimate disposal of
sed nuclear fuel, as well as UO2 powder storage and some
uel-recycling processes (see [1] for a comprehensive review).
he oxidation of UO2 powders is usually partitioned in two
tages: the first one is associated to a pseudo-parabolic weight
ain curve while the second one is associated to a sigmoid
eight gain curve. The pseudo-parabolic curve, attributed the

ormation of U4O9 and U3O7 on UO2 powders, indicates a
iffusion-controlled mechanism,2 for the modelling of which
finite difference algorithm3 was recently developed. The sig-
oid curve is generally interpreted as the oxidation of U3O7
nto U3O8 with a nucleation and growth mechanism.4 This
igmoid curve is still a subject of debate in its quantitative
nterpretation. More precisely, the apparent activation energy
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or U3O8 formation deduced from the kinetic analysis of the
xperimental sigmoid curves, based on Avrami type laws, dif-
ers widely depending on the authors,4 from 48 to 194 kJ mol−1.
his great dispersion can be reduced by considering that U3O8
ctivation energy depends on the physical state of the sam-
le, for example powder or pellet,5 but the physical basis for
his assumption is questionable. Another interpretation was pro-
osed considering different U3O8 activation energies in two
emperature ranges with a change in oxidation behaviour around
00–350 ◦C.6 Although this last interpretation is now widely
dmitted, the physical mechanisms underlying this oxidation
ehaviour change remain unclear.

In fact the quantitative interpretation of the sigmoid curve has
o face two technical difficulties4:

the sigmoid curve has to be extracted form the experimental
data which also include the pseudo-parabolic curve,
the spalling of the sample, induced by the apparition of numer-

ous cracks, has to be taken into account.

In addition, the Avrami laws generally used for the kinetic
nalysis of nucleation and growth processes are not appropriate

mailto:lionel.desgranges@cea.fr
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.010
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n the case of solids reacting with gases for which the nuclei
f the new phase necessarily appear at the surface of the initial
olid phase.

In order to overcome the first difficulty McEachern et al.
roposed that: “with unirradiated, sintered pellets, weight gain
ata can be modelled with sigmoid kinetics corresponding to
he direct conversion from UO2 to U3O8 since there is only

thin layer of U3O7 formed at the reaction interface”. Val-
ivieso et al.7 applied several kinetic tests in order to study
O2 pellet oxidation at 370 ◦C, where McEachern’s proposed

onditions are verified. They showed that the oxidation kinet-
cs can be described by a rate-limiting step of growth which
oes not change the over all reaction. But, thanks to a com-
arative study of UO2 pellet morphology and their weight gain
urves, Bae et al.8 stated that, for pellet oxidised at 400 ◦C,
after incubation time, crack propagation rate could control
he constant oxidation rate”. Considering these two papers, the
hysical origin of the sigmoid curve remains unclear and con-
roversial.

Aronson et al.9 first proposed that the formation of U3O8
ollows a nucleation-and-growth mechanism because of the sig-
oid reaction kinetics. But no other experimental proof was

iven to justify this interpretation. On the other hand Lefort et
l. studied the oxidation of cubic niobium in air, and modelled the
igmoid isotherm weight gain curves taking into account sample
racking.10 In their approach, which was based on a correla-
ion between the kinetic rate and the surface area of the sample

easured after various reaction periods, cracking induces the
igmoid weight gain curves by increasing the sample reactive
urface. However, in the case of UO2 oxidation, the cracking
as not been very well characterised, in particular the nature of
he cracks during the reaction, the influence of the particle size
n the cracking process as well as the links between the cracks
nd the kinetics. The goal of this paper is to improve the descrip-
ion of the cracking process and its links with the kinetics during
O2 oxidation in the range 250–370 ◦C and for various sample

izes ranging from a single crystal to a nanopowder.
For that purpose two different experimental approaches were

sed to estimate the role of cracking in the kinetic rate:

The chemical phases existing on UO2 single crystal were
characterised before and after crack formation with X-ray
diffraction.
The oxidation rate at which cracking occurs was determined
by the comparison of UO2 morphologic evolution measured
by environmental scanning electron microscope (ESEM) with
the corresponding weight gain curves measured by thermo
gravimetric analysis (TGA). Cracking was characterised on
several UO2 samples – single crystals, pellets and powders
– in the 250–370 temperature range, corresponding to the
lowest and highest temperature at which cracking could be

characterised with ESEM.

The influence of cracking phenomenon on the oxidation pro-
ess of UO2 will be discussed for different temperatures and
ifferent grain sizes.

X
m
t
c
w
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. Experimental

The UO2 samples are micrometric and nanometric powders,
ingle crystals and fuel pellets (Table 1). The stoichiometry of
owders is close to UO2.02 and grain size ranges from 5 to
0 �m for the micrometric powders and from 100 to 200 nm
or the nanometric powder. 10 �m grain size pellets were bro-
en to get sub-millimetre size pieces that could fit in the different
xperimental devices.

The TGA experiments were conducted using a thermoanal-
ser TG-DSC 111 (Setaram, France) in a He/O2(g) (80/20) gas
ixture flowing at 0.03 L min−1 and at temperatures ranging

rom 250 to 330 ◦C. The gas mixture is introduced few minutes
efore the beginning of the heating. A reduction treatment is per-
ormed on the UO2 powders before oxidation during 15 min at
50 ◦C in a He/H2(g) (96/4) gas mixture flowing at 0.03 L min−1

o remove the oxide layer and the adsorbed species (H2O, OH−,
tc.).

The in situ oxidation tests were carried out using the envi-
onmental scanning electron microscope (ESEM FEG XL30,
hilips) and performed at temperatures ranging from 250 to
70 ◦C with an oxygen residual partial pressure around 260 Pa
or time durations up to 6 h.

The in situ X-ray diffraction experiments were conducted
sing a diffractometer developed at SPMS and equipped with a
D detector. Monochromatic Cu-K� X-rays (λ = 0.154056 nm)
ere obtained with a primary focusing Ge monochromator. A
obel mirror (Rigaku, Japan) with an optical element made of
multi-layer coating of W/Si is used to focus and increase the

ntensity of the incident beam. In situ oxidations in air were
erformed with a high temperature furnace developed at SPMS.
he full 2θ range over which data was collected was from 12◦

o 100◦.

. Results

.1. In situ X-ray diffraction

The diffraction patterns were interpreted with the reported
rystalline structures of uranium oxides.1 The UO2 starting
aterial adopts the fluorite type lattice with a cell param-

ter of 0.547 nm. U3O7 crystalline structures are tetragonal
a = 0.538 nm and c = 0.554 nm).

U3O7 phase is detected after an in situ oxidation of a UO2
ingle crystal at 300 ◦C in air for 1.5 h (Fig. 1). (1 1 1), (2 2 2) and
3 3 3) diffraction peaks of U3O7 (2θ = 28.6◦, 59.1◦ and 95.4◦,
espectively) are detected on the (1 1 1) surface of the single
rystal. This shows the preferred orientations of the oxides when
rown on a UO2 single crystal as reported by Allen and Tempest
or U3O8.11

Fig. 2 shows the evolution of a (ω − 2θ) diffraction pattern
f the UO2 single crystal in situ oxidised at 300 ◦C in air. The
-ray diffraction maps, recorded at room temperature using a

esh of 80 × 60 points with a 4 s count time per step, represent

he 2θ angle versus the ω angle. After 1.5 h oxidation, the spot
orresponding to the (1 1 1) U3O7 diffraction plan is 10 times
ider than the UO2 spot in the ω direction. This suggests some



L. Quémard et al. / Journal of the European C

F
a

d
c
a
r
e

d
u
2
fi

c

F
a
T

s
s
o

3
k

i
a
g
a
g
e
o
f
o
b
U
f
1
t
c
g

ig. 1. In situ X-ray diffraction pattern of a (1 1 1) surface of a UO2 single crystal
fter an oxidation at 300 ◦C for 1.5 h in air.

isorientation of the U3O7 crystallites grown on the UO2 single
rystal. No significant evolution occurs after 3.5 h oxidation but
splitting of UO2 and U3O7 spots is detected after 10 h. This cor-

esponds to a crack formation as confirmed by a post-oxidation
xamination of the surface using an optical microscope.

XRD results provide a rough evaluation of the U3O7 layer
epth when the first crack was formed. The calculated atten-
ation length of Cu-K� X-rays in UO2 is around 800 nm at

◦
θ = 28 ; it implies that the thickness of the U3O7 layer at which
rst crack occurs is lower than 1 �m.

The splitting of the (1 1 1) spot of UO2 shows that this
rack, appeared in the U3O7 layer, has propagated into the UO2

ig. 2. X-ray diffraction maps of a (1 1 1) surface of a UO2 single crystal after
n in situ oxidation treatment at 300 ◦C in air for (a) 1.5 h, (b) 3.5 h and (c) 10 h.
he intensities (a.u.) are reported close to the level lines.
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ubstrate. Thus the cracking phenomenon induced new fresh
urfaces more reactive than the initial one because of a lower
xidation rate.

.2. Comparison between morphologic evolution and
inetic curves from weight gain

The in situ oxidation tests performed at temperatures rang-
ng from 250 to 370 ◦C on the UO2 single crystals, fuel pellets
nd micrometric powders show a continuous cracking up to
rain sizes inferior to micron (Fig. 3a–i). Two types of cracking
re observed. First macro-cracks occurred close to the hetero-
eneities of the single crystals such as angles, surface defects,
tc. (Fig. 3a and b); for the fuel pellets, these macro-cracks
ccurred at the grain boundaries (Fig. 3e). Macro-cracking is
ollowed by micro-cracking starting at cracked surfaces which
nly enhances spallation (Fig. 3c and f). Similar cracking has
een observed with the 10 �m UO2 grain. The final grains of
3O8 coming from the cracking of both single crystals and

uel pellets exhibit similar morphologies and grain sizes around
00 nm (Fig. 4a and b). Our results confirmed Bae’s descrip-
ion for pellet fragments8 and showed its relevance for single
rystals and 10 �m grains, with intra-granular instead of inter-
ranular macro-cracking (cf Fig. 3). In the following, cracking
nalysis is focused on macro-cracking, because macro-cracking
s more likely to generate reactive surfaces at the beginning of
he oxidation process.

An incubation period before the first macro-cracks occur is
ighlighted for all the samples from ESEM experiments (Fig. 5).
t appears to be dependent on the oxidation temperature and
anges from several minutes at 330 ◦C to several hours at 250 ◦C.
onsidering the growth of an U3O7 layer on UO2 and assum-

ng a plane geometry and a diffusion controlled process, the
ncubation period before cracking tcrack (s) can be related to
he parabolic rate constant k (m2 s−1) considering the following
quation:

crack = (k · tcrack)1/2 (1)

ith ecrack: oxide layer thickness when first cracks occur (m).
Experimental values of k (m2 s−1) associated to the trans-

ormation of UO2 into U3O7 were compiled and evaluated by
cEachern,2 who reported that the parabolic rate constant is

escribed by the expression:

n (k) = −95700

RT
− 17.33 (2)

ith T: temperature (K) and R = 8.31 J K−1 mol−1.
The values of ecrack can thus be calculated from Eqs. (1)

nd (2) considering the as-measured incubation periods at tem-
eratures in the range 250–370 ◦C. The oxide layer thicknesses
orresponding to the first cracks are very similar with an average
qual to 0.4 �m; this thickness is probably related to a criti-
al mechanical stress for the integrity of the UO2 micro- or

acro-crystal.
Fig. 6 shows the kinetic curves, obtained from thermogravi-

etric experiments, giving the effective fractional conversion
α) of UO2 into U3O8 for single crystals and powders versus
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ig. 3. ESEM micrographs showing the cracking of: a UO2 single crystal in si
.5 h (final state). A UO2 fuel pellet piece in situ oxidised at 330 ◦C and PO2 =
rain in situ oxidised at 330 ◦C and PO2 = 265 Pa: (g) initial state, (h) after 0.5 h

ime at 250 ◦C and a partial oxygen pressure of 20 kPa. α is
alculated from the weight gain (�m/m0)t, using the following
quation:

= (�m/m0)t

(�m/m0)theo
(3)
ith (�m/m0)theo: theoretical weight gain corresponding to the
otal oxidation into U3O8 (3.95%).

Fig. 6 highlights the influence of grain size on the kinetic
xidation. The initial oxidation rate corresponding to the trans-

r
a
t
c

ig. 4. ESEM micrographs showing detailed areas of the subdivided final states of (a

O2 = 265 Pa.
idised at 330 ◦C and PO2 = 265 Pa: (a) initial state, (b) after 0.5 h and (c) after
a: (d) initial state, (e) after 0.5 h and (f) after 5.5 h (final state). A 10 �m UO2

(i) after 5.5 h (final state).

ormation into U3O7 (up to α ∼= 0.5) increases when the grain
izes diminishes as expected for a diffusion limited regime1. On
he contrary, it is interesting to note that the conversion rate of

3O7 into U3O8 (corresponding to a variation of α from ∼0.5
o 1) decreases with the grain size. Thus, the oxidation rate of
he nanometric powder is much lower than for the micromet-

ic powders and a low fractional conversion of 0.65 is reached
fter a long oxidation time (100 h). A post-oxidation examina-
ion using SEM shows that the nanometric powder is not cracked
ontrarily to the other powders. On the contrary, a post-oxidation

) UO2 single crystal and (b) UO2 fuel pellets oxidised for 5.5 h at 330 ◦C and
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ig. 5. Time before cracking of different samples oxidised in ESEM at different
emperatures with PO2 = 265 Pa. (At 250 ◦C, cracking is not observed for single
rystals and fuel pellets after 6.5 and 6.75 h respectively.)

xamination using SEM shows that the single crystal is already
trongly subdivided for an effective fractional conversion close
o 0.65. Similar results were obtained from TGA experiments
erformed on fuel pellets in similar oxidation conditions.

Contrarily to Bae et al. ex situ analysis,8 spalling was not
bserved during the in situ ESEM experiments. With ESEM,
amples did not need to be handled in order to perform observa-
ions, but they turned to powder as soon as they were removed
ut ESEM. This behaviour indicates that, even with heavily
racking, the cracked parts are still mechanically linked, but the
ohesive forces are weak and the cracked parts turn into powder
s soon as a weak stress is applied. Moreover, the macroscopic
olume increase of the samples, up to 200%, is essentially due
o the bulking of the solid induced by cracking compared to the
welling due to crystalline transformation into U3O8 which is
nly 36%. Consequently the change in bulk area can be used as
n indicator of the number of macro-cracks created in the sample.
ig. 7 shows the macroscopic area of a piece of fuel pellet with a
riangular shape (cf. Fig. 2b) measured from ESEM micrographs
ecorded during oxidation. Assuming the swelling is isotropic,
he increase of the as-measured triangular area, called bulk area,
s equal to 2/3 of the global volume expansion in a first approx-

ig. 6. Kinetic curves of different UO2 samples oxidised at 250 ◦C in He/O2

80/20) gas mixture flowing at 0.03 L min−1. A dashed line at t = 2 × 104 s repre-
ents the time at which the first crack is observed with ESEM in similar conditions
nd with �m powder.
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mation. Fig. 7 also shows the compared evolutions of the bulk
rea measured by ESEM and the oxidation kinetic curve of a
uel pellet fragment oxidised at 330 ◦C (similar temperature and
xygen pressure in TG and ESEM). This figure clearly evidences
hat kinetic oxidation continues while the bulk area is constant
fter 4 h oxidation.

These results evidence that macro-cracking essentially occurs
t the beginning of the sigmoid curve, inducing an increase of
he oxidation rate due to new reactive surfaces of UO2. Thus
he rate of U3O8 formation would be dependent on the rate of
acro-cracking corresponding to the U3O7 critical oxide layer.

. Discussion

The experimental results presented in this paper indicate that
acro-cracking occurring at the beginning of the oxidation pro-

ess is linked to the formation of U3O7. Such a process induces
ew reactive surfaces of UO2. Moreover, macro-cracking seems
o be only observed during the first part of the sigmoid weight
ain curve. It implies that cracking should be taken into account
n order to interpret sigmoid weight gain curves. Considering
ousseau et al.12 and Valdivieso et al.7 kinetic tests, our results
lso evidence that macro- and micro-cracking occur in a kinetic
omain where the assumption of the rate-limiting step is veri-
ed. That is why the kinetics of the oxidation reaction will be
rst discussed in the framework of this assumption; the case
hen this assumption is not verified will be treated afterwards.
When the rate-limiting step assumption is verified, then the

eaction rate can be written with by Eq. (4)13:

dα

dt
= Φ(T, Pi) E(t) (4)

n which Φ is a rate per unit area (mol m−2 s−1), it depends on
he nature of the rate-limiting step (diffusion, interface reaction),
t is independent on time but may be a function of temperature T
nd partial pressures of the reacting gases Pi. E(t) (m2 mol−1) is
inked to the extent of the reaction zone where the rate-limiting
tep is located. Eq. (4) permits a more general formulation than
he one usually used in solid state kinetics14 since it does not
estrict the function E to a function of α. For example, it should
llow introducing the influence of cracking in the kinetic rate.

Considering UO2 oxidation and U3O8 formation Valdivieso
t al.7 showed that UO2 pellet oxidation kinetics at 370 ◦C is
onsistent with a rate-limiting step assumption of growth. By
efinition, the identified rate-limiting step only corresponds to
n elementary step of the mechanism of growth involved in the
xidation process. In Eq. (4) this corresponds to the Φ term.
ecause the oxidation experiments in our study and in Val-
ivieso, Rousseau and Bae ones, are performed under constant
hermodynamic conditions (T and PO2), the Φ term is constant
hatever the actual elementary step could be. If the E term was

onstant with time, then the kinetic rate would be constant and
he weight gain curve would be linear with time; however, since

he weight gain curve takes a sigmoid shape, the E term must
ot be constant and its variation with time has a sigmoid shape.

In the following the E term will be discussed qualitatively, a
uantitative analysis being out of the scope of this work.



2796 L. Quémard et al. / Journal of the European Ceramic Society 29 (2009) 2791–2798

F ◦C us
o

d
s
e
t
n
l
w
t
(
c
g
m
a
f
c
t
o
o
o
n
w
t

t
e

4

v
t
t
U
U
t
p
t
T
w
x
l
f

ig. 7. Evolution of the as-measured area of a UO2 fuel pellet oxidised at 330
xidised at 330 ◦C in a He/O2 (80/20) gas mixture flowing at 0.03 L min−1.

In general, for solids reacting with gases, it is possible to
escribe the growth mechanism as a succession of elementary
teps such as adsorption (and desorption when one or sev-
ral gases are produced), external interface reaction, diffusion
hrough the produced phase, internal interface reaction. Up to
ow, it is not possible to decide which of these steps is the rate-
imiting one. The E function associated to one of theses steps
ill necessarily involve the area of an “active” interface. It is

hus obvious that it will depend of the surface over volume ratio
S/V) of the sample which determines, due to the steady-state
onditions established in case of a rate-limiting step the oxy-
en flux entering in the solid. In a first approach the growth
echanism is considered to have the same time dependence at

ny temperature. In the following the oxidation kinetic curves
or U3O8 formation are discussed as function of temperature in
onnection with the changes in S/V induced by cracking. Due to
he increasing rate observed at the beginning of the kinetic curve
btained with the nanometric powder, for which no cracking was
bserved, the discussion will also be based on the assumption

f simultaneous nucleation and growth. So at any temperature,
uclei of U3O8 are formed according to a nucleation mechanism
hich is different of that of growth; the consideration of these

wo processes occurring during the reaction is coherent with

c
p
a
c

ing ESEM (experimental points) compared to the kinetic curve of a fuel pellet

he large discrepancies in the values of the apparent activation
nergy already mentioned.

.1. High temperature: 370–400 ◦C

The morphological changes observed at 400 ◦C by Bae are
ery similar to the one we observed at lower temperature. At low
emperature the cracking of the UO2 sample was explained by
he creation of a critical depth of U3O7 layer, but above 350 ◦C.

3O7 is not observed during oxidation of UO2. Referring to the
–O phase diagram at thermodynamic equilibrium,15 at 400 ◦C

he metastable phase U3O7 does not exist and the UO2+x com-
ound is a mixture of UO2+x and U3O8 phase. This implies that
he oxidised layer formed on UO2 at 400 ◦C would be UO2+x.
he UO2+x phase was characterised at high temperature, and it
as shown that its units cell parameter decrease with increasing

.16 On a mechanical point of view, the formation of a UO2+x

ayer on a UO2 substrate creates the same stress state than the
ormation of U3O7 on UO2 because both layers have smaller unit

ell parameters that the substrate. As a consequence the inter-
retation proposed previously which requires a critical depth of
U3O7 layer for the crack formation, can be transposed to a

ritical layer of UO2+x.
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Table 1
Resume of the different oxidation conditions used in this study.

Sample Mass (mg) T (◦C) Gas mixture Time (h) Experimental

Single crystals 18–35 250–330 ± 1 He/O2 (80/20) 8–20 TGA
<0.3 250–370 ± 10 O2 5–6.5 ESEM
60 300 ± 2 air 10 XRD

Fuel pellets <0.3 285–330 ± 1 He/O2 (80/20) 5–14 TGA
<0.3 250–370 ± 10 O2 5–6.75 ESEM

Powder 10 �m 20 250 ± 1 He/O2 (80/20) 60 TGA
<0.3 250–330 ± 10 O2 5–6 ESEM

Powder 5 �m 20 250 ± 1 He/O2 (80/20) 60 TGA
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owder 200 nm 20 250 ± 1

At 370 ◦C, the weight gain curve measured during the oxida-
ion of a UO2 pellet has sigmoid shape with a linear part in the
iddle of the sigmoid.7 The S/V ratio evolution during the oxi-

ation and its consequences on the reaction rate can be described
n four phases:

1) at the oxidation beginning S/V is low inducing a low reaction
rate,

2) the critical thickness of the UO2+x layer is reached and
cracking occurs at the pellet surface. This leads to an
increase in S/V which enhances the oxidation rate due to
nucleation and growth of U3O8 at the freshly created sur-
faces,

3) the reaction continues with simultaneous cracking and
nucleation and growth of U3O8,

4) when the pellet is totally cracked no more reactive surfaces
are created. The S/V ratio is constant but the reaction con-
tinues as long as nucleation and growth proceeds until total
consumption of UO2.

.2. Low temperature: 200–330 ◦C

At temperatures lower or equal to 330 ◦C, two main differ-
nces in the oxidation process are observed compared to the high
emperature range previously described. First U3O7 is formed
nstead of UO2+x, as discussed before. Then no cracking is
bserved to occur in the second half of the sigmoid curve (Fig. 7),
hich seems to be associated to a domain where the rate-limiting

tep is not verified.
At 250 ◦C, Rousseau et al.12 performed the same kinetic tests

s7 to study the oxidation of the 5 �m UO2 powder at 250 ◦C and
videnced 4 different kinetic domains. The first two domains,
umbered I and II, correspond to U4O9 and U3O7 formation. The
ast two domains, numbered III and IV, occur in the beginning
nd at the end of the sigmoid curve respectively, associated to
3O8 formation. In domain III the assumption of a rate-limiting

tep is verified, while it is not in domain IV.
Domain III can be interpreted in a very similar manner to the
ne proposed for temperature higher that 350 ◦C. To interpret
omain IV, a possibility could be that in addition to the nucle-
tion and growth processes, another reaction takes place with
rate of weight increase of the same order of magnitude. This

c
t
d
c

He/O2 (80/20) 100 TGA

econd reaction could be related to the non-stoichiometry of
he U3O8 phase.1 The phase formed by the previously proposed
ucleation and growth mechanism could be hypo-stoichiometric
3O8-z. Its oxidation into the stoichiometric U3O8 phase should
ave a kinetic rate which increases with temperature, because
f increased thermal motion. So its kinetic rate could be faster
t high temperature, and of the same order of the UO2 oxidation
ate at low temperature which would explain this existence of
omain IV.

At 250 ◦C, our results also evidenced very different weight
ain curves as a function of the grain size. Because domain IV is
ore complex, only domain III will be discussed at the beginning

f the sigmoid curve. The comparison between the grain size and
he U3O7 critical layer thickness for crack formation can explain
artly these differences. This is evidenced from Fig. 6 where the
ime for the first crack formation on 10 �m powder was measured
t 2 × 104 s, is reported as a vertical bar. For 5 �m powders,
racking occurs at the beginning of the plateau corresponding
o U3O7 formation as explained before. For 10 �m powders,
racking occurs before the plateau is reached. However, due to
higher initial grain size, the increase in the rate of formation of
3O8 will take a longer time than for lower grains (the rate, as
reviously discussed, is expected to be proportional to the extent
f all interfaces involved in the rate-limiting step, due to the E
unction). For single crystals, cracking induced surface remains
mall compared to the powder surfaces; as a consequence no
ignificant effect of cracking is noticed on the oxidation curves
hich remain nearly flat up to 7 × 104 s.
For nanometric powder, no crack formation is observed

ecause their size is less than the U3O7 layer critical depth
or crack formation. Only U3O8 formation should be observed
fter U3O7 fast formation. Nevertheless U3O8 formation kinetic
as to be discussed because it is slower for nanometric powder
han for 5–10 �m powders at the same oxidation temperature
nd oxygen pressure. This difference can be interpreted as a
unction of the chemical state of the surface on which U3O8
s formed, affecting its nucleation kinetic rate. For nanometric
owder, U3O8 nuclei appear on the surface of the nanoparti-

les which are obviously very different to those appearing due
o the cracks. It is well known that nucleation process is very
ependent of the surface properties, not only the nature of the
rystallographic planes, but also all the structural and chemical
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efects that can be present due to the way of elaboration of the
olid. For 5–10 �m powder, U3O8 is mostly formed on cracking
nduced fresh surfaces, which are not contaminated. This surface
tate effect on U3O8 formation rate is consistent with Taylor et
l.,17 who proved that surface roughness also affect U3O8 for-
ation rate. In principle, U3O7 oxidation should also depend

n surface chemical state, and hence have different oxidation
inetic on initial and cracked surfaces.

. Conclusion

Due to a combination of in situ DRX, ESEM and TG results,
t could be shown that the sigmoid shape of the weight gain
urves measured during UO2 isothermal oxidation cannot be
nterpreted as due to U3O8 nucleation and growth solely. Macro-
racking, which was shown to begin after an incubation time
elated to a critical layer thickness of U3O7 or UO2+x, gener-
tes fresh reactive surfaces which are also responsible for the
igmoid shape of the kinetic curves. The relative contribution
f macro-cracking and of U3O8 nucleation and growth to the
igmoid curve depends on temperature and sample size. As a
onsequence, the dispersion in the values of the apparent acti-
ation energy has to be attributed to the misinterpretation of
he weight gain curves, not only because of the inappropriate
vrami’s law, but also to the cracking process due to U3O7
r UO2+x formation up to a critical layer thickness. Modelling
O2 oxidation kinetic curves will thus require evaluating quan-

itatively the extent of change in the reactive surfaces due to
acro-cracking as a function of time, coupled to a kinetic model

f nucleation and growth of U3O8 from U3O7 or UO2+x surfaces.
nly the coupling of macro-cracking and U3O8 nucleation and
rowth kinetic models will give a realistic description of the UO2
igmoid oxidation curve and reliable kinetic constants. Work is
n progress to address this point with respect to the mechanical
tate of the surface oxidised layer and the nucleation and growth
rocess of U3O8.
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