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Abstract 
Cracking and spalling are known to occur during the oxidation of UO2. However, these 
phenomena are not considered by the existing kinetic models of 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 followed by isothermal and isobaric thermogravimetry, 
environmental scanning electron microscopy and in situ X-ray diffraction at temperatures 
ranging 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, which corresponds to the beginning of the 
sigmoid kinetic curve. Cracking contribution to the sigmoid kinetic curve is then discussed as 
a function of temperature, and on the basis of nucleation and growth processes. 

KKeeyywwoorrddss::  
UO2; Nuclear applications; Electron microscopy; X-ray methods 

I. Introduction 
The stepwise oxidation of UO2 in air to form U3O7 and U3O8 has been studied extensively for 
about 50 years, because of its relevance to the dry storage and the ultimate disposal of used 
nuclear fuel, as well as UO2 powder storage and some fuel-recycling processes (see [1] for a 
comprehensive review). The oxidation of UO2 powders is usually partitioned in two stages: the 
first one is associated to a pseudo-parabolic weight gain curve while the second one is 
associated to a sigmoid weight gain curve. The pseudo-parabolic curve, attributed the 
formation of U4O9 and U3O7 on UO2 powders, indicates a diffusion-controlled mechanism [2], 
for the modelling of which a finite difference algorithm [3] was recently developed. The 
sigmoid curve is generally interpreted as the oxidation of U3O7 into U3O8 with a nucleation 
and growth mechanism [4]. This sigmoid curve is still a subject of debate in its quantitative 
interpretation. More precisely, the apparent activation energy for U3O8 formation deduced 
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from the kinetic analysis of the experimental sigmoid curves, based on Avrami type laws, 
differs widely depending on the authors [4], from 48 to 194 kJ mol−1. This great dispersion 
can be reduced by considering that U3O8 activation energy depends on the physical state of 
the sample, for example powder or pellet, [5] but the physical basis for this assumption is 
questionable. Another interpretation was proposed considering different U3O8 activation 
energies in two temperature ranges with a change in oxidation behaviour around 300–350°C 
[6]. Although this last interpretation is now widely admitted, the physical mechanisms 
underlying this oxidation behaviour change remain unclear.  
In fact the quantitative interpretation of the sigmoid curve has to face two technical 
difficulties [4]:  

 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 numerous cracks, has to be 
taken into account. 

In addition, the Avrami laws generally used for the kinetic analysis of nucleation and growth 
processes are not appropriate in the case of solids reacting with gases for which the nuclei of 
the new phase necessarily appear at the surface of the initial solid phase. 
In order to overcome the first difficulty McEachern et al. proposed that: “with unirradiated, 
sintered pellets, weight gain data can be modelled with sigmoid kinetics corresponding to the 
direct conversion from UO2 to U3O8 since there is only a thin layer of U3O7 formed at the 
reaction interface”. Valdivieso et al. [7] applied several kinetic tests in order to study UO2 
pellet oxidation at 370°C, where McEachern's proposed conditions are verified. They showed 
that the oxidation kinetics can be described by a rate-limiting step of growth which does not 
change the over all reaction. But, thanks to a comparative study of UO2 pellet morphology and 
their weight gain curves, Bae et al. [8] stated that, for pellet oxidised at 400°C, “after 
incubation time, crack propagation rate could control the constant oxidation rate”. 
Considering these two papers, the physical origin of the sigmoid curve remains unclear and 
controversial. 
Aronson et al.[9] first proposed that the formation of U3O8 follows a nucleation-and-growth 
mechanism because of the sigmoid reaction kinetics. But no other experimental proof was 
given to justify this interpretation. On the other hand Lefort et al. studied the oxidation of 
cubic niobium in air, and modelled the sigmoid isotherm weight gain curves taking into 
account sample cracking [10]. In their approach, which was based on a correlation between 
the kinetic rate and the surface area of the sample measured after various reaction periods, 
cracking induces the sigmoid weight gain curves by increasing the sample reactive surface. 
However, in the case of UO2 oxidation, the cracking has not been very well characterised, in 
particular the nature of the cracks during the reaction, the influence of the particle size on the 
cracking process as well as the links between the cracks and the kinetics. The goal of this 
paper is to improve the description of the cracking process and its links with the kinetics 
during UO2 oxidation in the range 250–370°C and for various sample sizes ranging from a 
single crystal to a nanopowder. 
For that purpose two different experimental approaches were used 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. 
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The influence of cracking phenomenon on the oxidation process of UO2 will be discussed for 
different temperatures and different grain sizes. 

II. Experimental 
The UO2 samples are micrometric and nanometric powders, single crystals and fuel pellets 
(Table 1). The stoichiometry of powders is close to UO2.02 and grain size ranges from 5 to 
10 μm for the micrometric powders and from 100 to 200 nm for the nanometric powder. 
10 μm grain size pellets were broken to get sub-millimetre size pieces that could fit in the 
different experimental devices. 

TTaabbllee  11::  RReessuummee  ooff  tthhee  ddiiffffeerreenntt  ooxxiiddaattiioonn  ccoonnddiittiioonnss  uusseedd  iinn  tthhiiss  ssttuuddyy..  

Sample  Mass (mg)  T (°C)  Gas mixture  Time (h)  Experimental 
18–35 250–330 ± 1 He/O2 (80/20) 8–20 TGA 
<0.3 250–370 ± 10 O2 5–6.5 ESEM 

Single 
crystals 

60 300 ± 2 air 10 XRD 
<0.3 285–330 ± 1 He/O2 (80/20) 5–14 TGA 

Fuel pellets 
<0.3 250–370 ± 10 O2 5–6.75 ESEM 
20 250 ± 1 He/O2 (80/20) 60 TGA Powder 

10 μm <0.3 250–330 ± 10 O2 5–6 ESEM 
Powder 
5 μm 

20 250 ± 1 He/O2 (80/20) 60 TGA 

Powder 
200 nm 

20 250 ± 1 He/O2 (80/20) 100 TGA 

 
The TGA experiments were conducted using a thermoanalyser TG-DSC 111 (Setaram, France) 
in a He/O2(g) (80/20) gas mixture flowing at 0.03 L min−1 and at temperatures ranging from 
250 to 330°C. The gas mixture is introduced few minutes before the beginning of the heating. 
A reduction treatment is performed on the UO2 powders before oxidation during 15 min at 
550°C in a He/H2(g) (96/4) gas mixture flowing at 0.03 L min−1 to remove the oxide layer and 
the adsorbed species (H2O, OH−, etc). 
The in situ oxidation tests were carried out using the environmental scanning electron 
microscope (ESEM FEG XL30, Philips) and performed at temperatures ranging from 250 to 
370°C with an oxygen residual partial pressure around 260 Pa for time durations up to 6 h. 
The in situ X-ray diffraction experiments were conducted using a diffractometer developed at 
SPMS and equipped with a 1D detector. Monochromatic Cu-Kα X-rays (λ = 0.154056 nm) 
were obtained with a primary focusing Ge monochromator. A Gobel mirror (Rigaku, Japan) 
with an optical element made of a multi-layer coating of W/Si is used to focus and increase 
the intensity of the incident beam. In situ oxidations in air were performed with a high 
temperature furnace developed at SPMS. The full 2θ range over which data was collected was 
from 12° to 100°. 

III. Results  
IIIIII..11..  IInn  ssiittuu  XX--rraayy  ddiiffffrraaccttiioonn  

The diffraction patterns were interpreted with the reported crystalline structures of uranium 
oxides [1]. The UO2 starting material adopts the fluorite type lattice with a cell parameter 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 single crystal at 300 °C in air for 
1.5 h (Figure 1). (1 1 1), (2 2 2) and (3 3 3) diffraction peaks of U3O7 (2θ = 28.6°, 59.1° and 
95.4°, respectively) are detected on the (1 1 1) surface of the single crystal. This shows the 
preferred orientations of the oxides when grown on a UO2 single crystal as reported by Allen 
and Tempest for U3O8 [11].  
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FFiigguurree  11::  IInn  ssiittuu  XX--rraayy  ddiiffffrraaccttiioonn  ppaatttteerrnn  ooff  aa  ((11  11  11))  ssuurrffaaccee  ooff  aa  UUOO22  ssiinnggllee  ccrryyssttaall  aafftteerr  aann  ooxxiiddaattiioonn  aatt  330000  °°CC  
ffoorr  11..55  hh  iinn  aaiirr..    

Figure 2 shows the evolution of a (ω − 2θ) diffraction pattern of the UO2 single crystal in situ 
oxidised at 300°C in air. The X-ray diffraction maps, recorded at room temperature using a 
mesh of 80 × 60 points with a 4 s count time per step, represent the 2θ angle versus the ω 
angle. After 1.5 h oxidation, the spot corresponding to the (1 1 1) U3O7 diffraction plan is 10 
times wider than the UO2 spot in the ω direction. This suggests some disorientation of the 
U3O7 crystallites grown on the UO2 single crystal. No significant evolution occurs after 3.5 h 
oxidation but a splitting of UO2 and U3O7 spots is detected after 10 h. This corresponds to a 
crack formation as confirmed by a post-oxidation examination of the surface using an optical 
microscope. 

 

FFiigguurree  22::  XX--rraayy  ddiiffffrraaccttiioonn  mmaappss  ooff  aa  ((11  11  11))  ssuurrffaaccee  ooff  aa  UUOO22  ssiinnggllee  ccrryyssttaall  aafftteerr  aann  iinn  ssiittuu  ooxxiiddaattiioonn  ttrreeaattmmeenntt  aatt  
330000  °°CC  iinn  aaiirr  ffoorr  ((aa))  11..55  hh,,  ((bb))  33..55  hh  aanndd  ((cc))  1100  hh..  TThhee  iinntteennssiittiieess  ((aa..uu..))  aarree  rreeppoorrtteedd  cclloossee  ttoo  tthhee  lleevveell  lliinneess..    
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XRD results provide a rough evaluation of the U3O7 layer depth when the first crack was 
formed. The calculated attenuation length of Cu-Kα X-rays in UO2 is around 800 nm at 
2θ = 28°; it implies that the thickness of the U3O7 layer at which first crack occurs is lower 
than 1 μm. 
The splitting of the (1 1 1) spot of UO2 shows that this crack, appeared in the U3O7 layer, has 
propagated into the UO2 substrate. Thus the cracking phenomenon induced new fresh 
surfaces more reactive than the initial one because of a lower oxidation rate. 

IIIIII..22..  CCoommppaarriissoonn  bbeettwweeeenn  mmoorrpphhoollooggiicc  eevvoolluuttiioonn  aanndd  kkiinneettiicc  ccuurrvveess  ffrroomm  wweeiigghhtt  ggaaiinn  

The in situ oxidation tests performed at temperatures ranging from 250 to 370°C on the UO2 
single crystals, fuel pellets and micrometric powders show a continuous cracking up to grain 
sizes inferior to micron (Figure 3a-i). Two types of cracking are observed. First macro-cracks 
occurred close to the heterogeneities of the single crystals such as angles, surface defects, etc. 
(Figures 3a and b); for the fuel pellets, these macro-cracks occurred at the grain boundaries 
(Figure 3e). Macro-cracking is followed by micro-cracking starting at cracked surfaces which 
only enhances spallation (Figures 3c and f). Similar cracking has been observed with the 
10 μm UO2 grain. The final grains of U3O8 coming from the cracking of both single crystals 
and fuel pellets exhibit similar morphologies and grain sizes around 100 nm (Figures 4a and 
b).  

 

FFiigguurree  33::  EESSEEMM  mmiiccrrooggrraapphhss  sshhoowwiinngg  tthhee  ccrraacckkiinngg  ooff::  aa  UUOO22  ssiinnggllee  ccrryyssttaall  iinn  ssiittuu  ooxxiiddiisseedd  aatt  333300  °°CC  aanndd  PPO2O2  
==  226655  PPaa::  ((aa))  iinniittiiaall  ssttaattee,,  ((bb))  aafftteerr  00..55  hh  aanndd  ((cc))  aafftteerr  55..55  hh  ((ffiinnaall  ssttaattee))..  AA  UUOO22  ffuueell  ppeelllleett  ppiieeccee  iinn  ssiittuu  ooxxiiddiisseedd  aatt  
333300  °°CC  aanndd  PPO2O2  ==  226655  PPaa::  ((dd))  iinniittiiaall  ssttaattee,,  ((ee))  aafftteerr  00..55  hh  aanndd  ((ff))  aafftteerr  55..55  hh  ((ffiinnaall  ssttaattee))..  AA  1100  μμmm  UUOO22  ggrraaiinn  ggrraaiinn  

iinn  ssiittuu  ooxxiiddiisseedd  aatt  333300  °°CC  aanndd  PPO2O2  ==  226655  PPaa::  ((gg))  iinniittiiaall  ssttaattee,,  ((hh))  aafftteerr  00..55  hh  aanndd  ((ii))  aafftteerr  55..55  hh  ((ffiinnaall  ssttaattee))..    

Our results confirmed Bae's description for pellet fragments [8] and showed its relevance for 
single crystals and 10 μm grains, with intra-granular instead of inter-granular macro-cracking 

http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml1&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1321993984&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=c6dbe4f48ff7fbcfe6e3d8b299a7817b
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml1&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1321993984&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=c6dbe4f48ff7fbcfe6e3d8b299a7817b
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml2&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1321993984&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=f88c32ef7c2313d14216dcd6364320f1
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml2&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1321993984&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=f88c32ef7c2313d14216dcd6364320f1
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml3&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1358993299&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=e3122ffac834fed322f12ce46e5d3f19
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml3&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1358993299&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=e3122ffac834fed322f12ce46e5d3f19
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(cf Figure 3). In the following, cracking analysis is focused on macro-cracking, because 
macro-cracking is more likely to generate reactive surfaces at the beginning of the oxidation 
process. 

 

FFiigguurree  44::  EESSEEMM  mmiiccrrooggrraapphhss  sshhoowwiinngg  ddeettaaiilleedd  aarreeaass  ooff  tthhee  ssuubbddiivviiddeedd  ffiinnaall  ssttaatteess  ooff  ((aa))  UUOO22  ssiinnggllee  ccrryyssttaall  aanndd  
((bb))  UUOO22  ffuueell  ppeelllleettss  ooxxiiddiisseedd  ffoorr  55..55  hh  aatt  333300  °°CC  aanndd  PPO2O2  ==  226655  PPaa..  

An incubation period before the first macro-cracks occur is highlighted for all the samples 
from ESEM experiments (Figure 5). It appears to be dependent on the oxidation temperature 
and ranges from several minutes at 330°C to several hours at 250°C. Considering the growth 
of an U3O7 layer on UO2 and assuming a plane geometry and a diffusion controlled process, 
the incubation period before cracking tcrack (s) can be related to the parabolic rate constant k 
(m2 s−1) considering the following equation: 

1/ 2( . )crack cracke k t=  (1) 

with ecrack: oxide layer thickness when first cracks occur (m). 

 

FFiigguurree  55::  TTiimmee  bbeeffoorree  ccrraacckkiinngg  ooff  ddiiffffeerreenntt  ssaammpplleess  ooxxiiddiisseedd  iinn  EESSEEMM  aatt  ddiiffffeerreenntt  tteemmppeerraattuurreess  wwiitthh  PPO2O2  
==  226655  PPaa..  ((AAtt  225500  °°CC,,  ccrraacckkiinngg  iiss  nnoott  oobbsseerrvveedd  ffoorr  ssiinnggllee  ccrryyssttaallss  aanndd  ffuueell  ppeelllleettss  aafftteerr  66..55  aanndd  66..7755  hh  
rreessppeeccttiivveellyy..))    

Experimental values of k (m2 s−1) associated to the transformation of UO2 into U3O7 were 
compiled and evaluated by McEachern,[2] who reported that the parabolic rate constant is 
described by the expression: 

95700ln( ) 17.33k
RT

= − −  (2) 

http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml4&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1321993984&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=0510121a1b8c3e17a7e817fd8de7be4d
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml4&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1321993984&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=0510121a1b8c3e17a7e817fd8de7be4d
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml5&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1321993984&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=444a0904d7bf23e5ab242d7ecd3fe034
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=MathURL&_method=retrieve&_udi=B6TX0-4WBH586-1&_mathId=mml5&_user=4013381&_cdi=5576&_pii=S0955221909001708&_rdoc=1&_ArticleListID=1321993984&_issn=09552219&_acct=C000061186&_version=1&_userid=4013381&md5=444a0904d7bf23e5ab242d7ecd3fe034
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with T: temperature (K) and R = 8.31 J K−1 mol−1.  
The values of ecrack can thus be calculated from Equations (1) and (2) considering the as-
measured incubation periods at temperatures in the range 250–370°C. The oxide layer 
thicknesses corresponding to the first cracks are very similar with an average equal to 0.4 μm; 
this thickness is probably related to a critical mechanical stress for the integrity of the UO2 
micro- or macro-crystal. 
Figure 6 shows the kinetic curves, obtained from thermogravimetric experiments, giving the 
effective fractional conversion (α) of UO2 into U3O8 for single crystals and powders versus 
time at 250°C and a partial oxygen pressure of 20 kPa. α is calculated from the weight gain 
(Δm/m0)t, using the following equation: 

0

0

( / )
( / )

t

theo

m m
m m

α Δ
=

Δ
 (3) 

with (Δm/m0)theo: theoretical weight gain corresponding to the total oxidation into U3O8 
(3.95%). 
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FFiigguurree  66::  KKiinneettiicc  ccuurrvveess  ooff  ddiiffffeerreenntt  UUOO22  ssaammpplleess  ooxxiiddiisseedd  aatt  225500°°CC  iinn  HHee//OO22  ((8800//2200))  ggaass  mmiixxttuurree  fflloowwiinngg  aatt  
00..0033  LL  mmiinn−1−1..  AA  ddaasshheedd  lliinnee  aatt  tt  ==  22  ××  110044  ss  rreepprreesseennttss  tthhee  ttiimmee  aatt  wwhhiicchh  tthhee  ffiirrsstt  ccrraacckk  iiss  oobbsseerrvveedd  wwiitthh  EESSEEMM  iinn  
ssiimmiillaarr  ccoonnddiittiioonnss  aanndd  wwiitthh  μμmm  ppoowwddeerr..    

Figure 6 highlights the influence of grain size on the kinetic oxidation. The initial oxidation 
rate corresponding to the transformation into U3O7 (up to α ≅ 0.5) increases when the grain 
sizes diminishes as expected for a diffusion limited regime [1]. On the contrary, it is 
interesting to note that the conversion rate of U3O7 into U3O8 (corresponding to a variation of 
α from ∼ 0.5 to 1) decreases with the grain size. Thus, the oxidation rate of the nanometric 
powder is much lower than for the micrometric powders and a low fractional conversion of 
0.65 is reached after a long oxidation time (100 h). A post-oxidation examination using SEM 
shows that the nanometric powder is not cracked contrarily to the other powders. On the 
contrary, a post-oxidation examination using SEM shows that the single crystal is already 
strongly subdivided for an effective fractional conversion close to 0.65. Similar results were 
obtained from TGA experiments performed on fuel pellets in similar oxidation conditions. 
Contrarily to Bae et al. ex situ analysis,[8] spalling was not observed during the in situ ESEM 
experiments. With ESEM, samples did not need to be handled in order to perform 
observations, but they turned to powder as soon as they were removed out ESEM. This 
behaviour indicates that, even with heavily cracking, the cracked parts are still mechanically 
linked, but the cohesive forces are weak and the cracked parts turn into powder as soon as a 
weak stress is applied. Moreover, the macroscopic volume increase of the samples, up to 
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200%, is essentially due to the bulking of the solid induced by cracking compared to the 
swelling due to crystalline transformation into U3O8 which is only 36%. Consequently the 
change in bulk area can be used as an indicator of the number of macro-cracks created in the 
sample. Figure 7 shows the macroscopic area of a piece of fuel pellet with a triangular shape 
(cf. Figure 2b) measured from ESEM micrographs recorded during oxidation. Assuming the 
swelling is isotropic, the increase of the as-measured triangular area, called bulk area, is equal 
to 2/3 of the global volume expansion in a first approximation. Figure 7 also shows the 
compared evolutions of the bulk area measured by ESEM and the oxidation kinetic curve of a 
fuel pellet fragment oxidised at 330°C (similar temperature and oxygen pressure in TG and 
ESEM). This figure clearly evidences that kinetic oxidation continues while the bulk area is 
constant after 4 h oxidation. 
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FFiigguurree  77::  EEvvoolluuttiioonn  ooff  tthhee  aass--mmeeaassuurreedd  aarreeaa  ooff  aa  UUOO22  ffuueell  ppeelllleett  ooxxiiddiisseedd  aatt  333300°°CC  uussiinngg  EESSEEMM  ((eexxppeerriimmeennttaall  
ppooiinnttss))  ccoommppaarreedd  ttoo  tthhee  kkiinneettiicc  ccuurrvvee  ooff  aa  ffuueell  ppeelllleett  ooxxiiddiisseedd  aatt  333300°°CC  iinn  aa  HHee//OO22  ((8800//2200))  ggaass  mmiixxttuurree  fflloowwiinngg  aatt  
00..0033  LL  mmiinn−1−1..  

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

IV. Discussion 
The experimental results presented in this paper indicate that macro-cracking occurring at 
the beginning of the oxidation process is linked to the formation of U3O7. Such a process 
induces new reactive surfaces of UO2. Moreover, macro-cracking seems to be only observed 
during the first part of the sigmoid weight gain curve. It implies that cracking should be taken 
into account in order to interpret sigmoid weight gain curves. Considering Rousseau et al. 
[12] and Valdivieso et al. [7] kinetic tests, our results also evidence that macro- and micro-
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cracking occur in a kinetic domain where the assumption of the rate-limiting step is verified. 
That is why the kinetics of the oxidation reaction will be first discussed in the framework of 
this assumption; the case when this assumption is not verified will be treated afterwards. 
When the rate-limiting step assumption is verified, then the reaction rate can be written with 
by Equation (4) [13]: 

( , ) ( )i
d T P E t
dt
α
= Φ  (4) 

in which Φ is a rate per unit area (mol m−2 s−1), it depends on the nature of the rate-limiting 
step (diffusion, interface reaction), it is independent on time but may be a function of 
temperature T and partial pressures of the reacting gases Pi. E(t) (m2 mol−1) is linked to the 
extent of the reaction zone where the rate-limiting step is located. Equation (4) permits a 
more general formulation than the one usually used in solid state kinetics [14] since it does 
not restrict the function E to a function of α. For example, it should allow introducing the 
influence of cracking in the kinetic rate.  
Considering UO2 oxidation and U3O8 formation Valdivieso et al. [7] showed that UO2 pellet 
oxidation kinetics at 370°C is consistent with a rate-limiting step assumption of growth. By 
definition, the identified rate-limiting step only corresponds to an elementary step of the 
mechanism of growth involved in the oxidation process. In Equation (4) this corresponds to 
the Φ term. Because the oxidation experiments in our study and in Valdivieso, Rousseau and 
Bae ones, are performed under constant thermodynamic conditions (T and PO2), the Φ term 
is constant whatever the actual elementary step could be. If the E term was constant with 
time, then the kinetic rate would be constant and the weight gain curve would be linear with 
time; however, since the weight gain curve takes a sigmoid shape, the E term must not be 
constant and its variation with time has a sigmoid shape. 
In the following the E term will be discussed qualitatively, a quantitative analysis being out of 
the scope of this work. 
In general, for solids reacting with gases, it is possible to describe the growth mechanism as a 
succession of elementary steps such as adsorption (and desorption when one or several gases 
are produced), external interface reaction, diffusion through the produced phase, internal 
interface reaction. Up to now, it is not possible to decide which of these steps is the rate-
limiting one. The E function associated to one of theses steps will necessarily involve the area 
of an “active” interface. It is thus obvious that it will depend of the surface over volume ratio 
(S/V) of the sample which determines, due to the steady-state conditions established in case 
of a rate-limiting step the oxygen flux entering in the solid. In a first approach the growth 
mechanism is considered to have the same time dependence at any temperature. In the 
following the oxidation kinetic curves for U3O8 formation are discussed as function of 
temperature in connection with the changes in S/V induced by cracking. Due to the increasing 
rate observed at the beginning of the kinetic curve obtained with the nanometric powder, for 
which no cracking was observed, the discussion will also be based on the assumption of 
simultaneous nucleation and growth. So at any temperature, nuclei of U3O8 are formed 
according to a nucleation mechanism which is different of that of growth; the consideration of 
these two processes occurring during the reaction is coherent with the large discrepancies in 
the values of the apparent activation energy already mentioned. 
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IIVV..11..  HHiigghh  tteemmppeerraattuurree::  337700––440000°°CC  
The morphological changes observed at 400°C by Bae are very similar to the one we observed 
at lower temperature. At low temperature the cracking of the UO2 sample was explained by 
the creation of a critical depth of U3O7 layer, but above 350°C. U3O7 is not observed during 
oxidation of UO2. Referring to the U–O phase diagram at thermodynamic equilibrium, [15] at 
400°C the metastable phase U3O7 does not exist and the UO2+x compound is a mixture of 
UO2+x and U3O8 phase. This implies that the oxidised layer formed on UO2 at 400°C would be 
UO2+x. The UO2+x phase was characterised at high temperature, and it was shown that its units 
cell parameter decrease with increasing x[16]. On a mechanical point of view, the formation of 
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a UO2+x layer on a UO2 substrate creates the same stress state than the formation of U3O7 on 
UO2 because both layers have smaller unit cell parameters that the substrate. As a 
consequence the interpretation proposed previously which requires a critical depth of a U3O7 
layer for the crack formation, can be transposed to a critical layer of UO2+x. 
At 370 °C, the weight gain curve measured during the oxidation of a UO2 pellet has sigmoid 
shape with a linear part in the middle of the sigmoid.[7]. The S/V ratio evolution during the 
oxidation and its consequences on the reaction rate can be described in four phases:  

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

 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 surfaces, 

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

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

IIVV..22..  LLooww  tteemmppeerraattuurree::  220000––333300°°CC  
At temperatures lower or equal to 330°C, two main differences in the oxidation process are 
observed compared to the high temperature range previously described. First U3O7 is formed 
instead of UO2+x, as discussed before. Then no cracking is observed to occur in the second half 
of the sigmoid curve (Figure 7), which seems to be associated to a domain where the rate-
limiting step is not verified. 
At 250°C, Rousseau et al. [12] performed the same kinetic tests as [7] to study the oxidation of 
the 5 μm UO2 powder at 250°C and evidenced 4 different kinetic domains. The first two 
domains, numbered I and II, correspond to U4O9 and U3O7 formation. The last two domains, 
numbered III and IV, occur in the beginning and at the end of the sigmoid curve respectively, 
associated to U3O8 formation. In domain III the assumption of a rate-limiting step is verified, 
while it is not in domain IV. 
Domain III can be interpreted in a very similar manner to the one proposed for temperature 
higher that 350°C. To interpret domain IV, a possibility could be that in addition to the 
nucleation and growth processes, another reaction takes place with a rate of weight increase 
of the same order of magnitude. This second reaction could be related to the non-
stoichiometry of the U3O8 phase[1]. The phase formed by the previously proposed nucleation 
and growth mechanism could be hypo-stoichiometric U3O8-z. Its oxidation into the 
stoichiometric U3O8 phase should have a kinetic rate which increases with temperature, 
because of increased thermal motion. So its kinetic rate could be faster at high temperature, 
and of the same order of the UO2 oxidation rate at low temperature which would explain this 
existence of domain IV. 
At 250°C, our results also evidenced very different weight gain curves as a function of the 
grain size. Because domain IV is more complex, only domain III will be discussed at the 
beginning of the sigmoid curve. The comparison between the grain size and the U3O7 critical 
layer thickness for crack formation can explain partly these differences. This is evidenced 
from Figure 6 where the time for the first crack formation on 10 μm powder was measured at 
2 × 104 s, is reported as a vertical bar. For 5 μm powders, cracking occurs at the beginning of 
the plateau corresponding to U3O7 formation as explained before. For 10 μm powders, 
cracking occurs before the plateau is reached. However, due to a higher initial grain size, the 
increase in the rate of formation of U3O8 will take a longer time than for lower grains (the 
rate, as previously discussed, is expected to be proportional to the extent of all interfaces 
involved in the rate-limiting step, due to the E function). For single crystals, cracking induced 
surface remains small compared to the powder surfaces; as a consequence no significant 
effect of cracking is noticed on the oxidation curves which remain nearly flat up to 7 × 104 s. 
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For nanometric powder, no crack formation is observed because their size is less than the 
U3O7 layer critical depth for crack formation. Only U3O8 formation should be observed after 
U3O7 fast formation. Nevertheless U3O8 formation kinetic has to be discussed because it is 
slower for nanometric powder than for 5–10 μm powders at the same oxidation temperature 
and oxygen pressure. This difference can be interpreted as a function of the chemical state of 
the surface on which U3O8 is formed, affecting its nucleation kinetic rate. For nanometric 
powder, U3O8 nuclei appear on the surface of the nanoparticles which are obviously very 
different to those appearing due to the cracks. It is well known that nucleation process is very 
dependent of the surface properties, not only the nature of the crystallographic planes, but 
also all the structural and chemical defects that can be present due to the way of elaboration 
of the solid. For 5–10 μm powder, U3O8 is mostly formed on cracking induced fresh surfaces, 
which are not contaminated. This surface state effect on U3O8 formation rate is consistent 
with Taylor et al.,[17] who proved that surface roughness also affect U3O8 formation rate. In 
principle, U3O7 oxidation should also depend on surface chemical state, and hence have 
different oxidation kinetic on initial and cracked surfaces. 

V. Conclusion 
Due to a combination of in situ DRX, ESEM and TG results, it could be shown that the 
sigmoid shape of the weight gain curves measured during UO2 isothermal oxidation cannot be 
interpreted as due to U3O8 nucleation and growth solely. Macro-cracking, which was shown to 
begin after an incubation time related to a critical layer thickness of U3O7 or UO2+x, generates 
fresh reactive surfaces which are also responsible for the sigmoid shape of the kinetic curves. 
The relative contribution of macro-cracking and of U3O8 nucleation and growth to the sigmoid 
curve depends on temperature and sample size. As a consequence, the dispersion in the 
values of the apparent activation energy has to be attributed to the misinterpretation of the 
weight gain curves, not only because of the inappropriate Avrami's law, but also to the 
cracking process due to U3O7 or UO2+x formation up to a critical layer thickness. Modelling 
UO2 oxidation kinetic curves will thus require evaluating quantitatively the extent of change 
in the reactive surfaces due to macro-cracking as a function of time, coupled to a kinetic 
model of nucleation and growth of U3O8 from U3O7 or UO2+x surfaces. Only the coupling of 
macro-cracking and U3O8 nucleation and growth kinetic models will give a realistic 
description of the UO2 sigmoid oxidation curve and reliable kinetic constants. Work is in 
progress to address this point with respect to the mechanical state of the surface oxidised 
layer and the nucleation and growth process of U3O8. 
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