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Oxydation de l'UO^ à 400-1000°C dans l'air

et son rapport avec la libération des produits de fission

par •
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Résumé

On s'intéresse beaucoup, actuellement, au comportement de l'U0?
dans des conditions oxydantes car le combustible f a i t de bioxyde
d'uranium peut f o r t bien, lors de son i r rad ia t ion, être exposé à une
atmosphère d'oxydation à chaud par suite des accidents suivants:
défail lance de raccords d'extrémité dans les réacteurs CANDU donnant
l i eu à l 'é ject ion de combustible dans la voûte; accidents durant le
transport ou le stockage du combustible; et finalement au cours
d'essais destruct i fs , p.ex. pour l'examen métallographique du com-
bustible thermiquement chaud.

Etant donné que la l ibérat ion des produits de f iss ion résulte
d'une oxydation, i l faut avoir des données permettant de prédire le
début de toute oxydation sérieuse et l'importance de la détérioration
du combustible pouvant en résulter au point où des past i l les de
combustible pourraient être exposées à de l ' a i r ou à de la vapeur à
haute température.

La gamme de températures couverte dans ce rapport va de 400 à
1000 C. A ces températures élevées, 1'U02 peut s'oxyder rapidement
dans l ' a i r pour donner U30g en passant par U307 et/ou U40g. L'aug-
mentation en volume et lés tensions qui en résultent provoquent la
fragmentation des past i l les de combustible.

Ce rapport passe en revue les connaissances et les théories
actuelles concernant l'oxydation de 1"UO^ et la l ibérat ion des
produits de f i ss ion , à la lumière des nomtfreuses expériences effec-
tuées à Chalk River au cours des récentes années.

Dans les études relatives à l'oxydation de l 'U0? , aux tempéra-
tures al lant de 400 à 1000 C, on se sert de past i l les de combustible
CANDU bien caractéristiques et non irradiées. L'emploi de. grands
échantillons uniformes permet d'observer facilement le mouvement des
fronts d'oxydation. Voici les object i fs de ces études: déterminer dans
quelle mesure l'oxydation de l'UO, dépend de la température, du débit
d 'a i r et de la durée d'exposition î haute température; déf in i r le.taux
de pénétration de l'oxygène et les étapes du contrôle; et caractériser
les produits de l'oxydation et la dimension des fragments.
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De plus, une métallographie détai l lée a été mise en corrélation
avec des études par d i f f rac t ion de rayons X touchant l'UCL oxydé, pour
f a c i l i t e r les futures études relatives au combustible n'rradié. Ces
études sont plus faci les à fa i re au moyen de la métallographie dans
des cellules chaudes qu'au moyen de la d i f f ract ion de rayons X.

Des échantillons ont été chauffés dans l 'argon. A la tempéra-
ture voulue, i l s ont été exposés dans de l ' a i r dont le débit é ta i t
contrôlé. Cela a permis de simuler l 'exposit ion accidentelle à l ' a i r
de VUCL chauffé et de s impl i f ier l ' in terprétat ion des données concer-
nant le diagramme de phase du rapport 0/U en fonction de la tempé-
rature.

Des études relat ives à l'oxydation dans l ' a i r de past i l les
d'UCL non irradiées ont montré que deux types dist incts d'oxydation se
produisent avec changement de mécanisme â 600-700 C. Aux températures
<60ü°C, UoOp se fragmente en petites part icules, 1-15 pm , dès qu ' i l se
"forme, n 700 C, U,0Q commence à avoir une structure cohesive dans
laquelle se produit une croissance des grains dans la direction du
gradient d'oxygène. Aux températures encore plus élevées ^$00 C, U,0Q
se propage, par suite d'une croissance de grain rapide, au travers aes
grains d'UCL en produisant de grands cristaux d'ILO« j j mm. En résumé,
lorsque T < 600 C, une fragmentation accompagne le Tormation d'U30g
tandis que" lorsque T >̂  800 C, une croissance rapide des grains se
produit. I l est à noter~que dans le premier in terval le de température,
la l ibérat ion des produits de f iss ion vo la t i l s est fa ib le tandis que
dans le deuxième in te rva l le , une l ibérat ion de 100% peut être mise en
corrélat ion avec la formation d'UoOg- Ces résultats sont confirmés par
les données que l 'on trouve dans la l i t t é ra tu re . Dans le premier
interval le de température, seul l ' inventaire des l imites de grains est
l ibéré, tandis que dans le deuxième in terva l le , 100% des éléments Xe,
Kr, Ru, Sb, Cs et I sont l ibérés.

I l semble que, dans les l imites d'erreur de ces mesures, le
taux de combustion n'affecte ni le taux de l ibérat ion des produits de
f iss ion ni Toxydation dans l ' a i r dans la gamme de température al lant
de 400 â 1000 C, de sorte que les données relat ives au taux de
croissance de l'oxydation obtenues au moyen de past i l les non
irradiées, peuvent s'appliquer également au combustible i r rad ié .
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ABSTRACT

Currently there is great interest in the behaviour of UO2 under
oxidizing conditions because irradiated uranium dioxide fuel can conceivably
be exposed to a hot oxidizing atmosphere as a result of the following
accidents: end fitting failures in CANDU reactors resulting in ejection of
the fuel into the vault; accidents during transportation or storage of fuel;
and finally during destructive investigations, e.g. metallographic
examination of thermally hot fuel.

Since fission product release occurs as a result of oxidation, data is
necessary to predict when significant oxidation will begin and the subsequent
extent of fuel deterioration when fuel pellets are exposed to air or steam at
high temperatures.

The temperature range covered in this paper is 400 to 1000°C. At these
high temperatures, UO2 in air can oxidize rapidly to 1130g via U3O7
and/or U^O^. The accompanying volume increase and corresponding stresses
lead to fragmentation of the fuel pellets.

This paper presents a review of data, current thinking and knowledge of
UO2 oxidation and fission product release, based on a large number of
experiments carried out at CRNL over the past few years.

In studies of the oxidation of UO2 in the temperature range 400 to
1000°C, well-characterized unirradiated CANDU reactor fuel pellets have been
used. The advantage of using large uniform samples is that the movement of
oxidation fronts is readily observed. The purpose of this work was to
investigate the dependence of UO2 oxidation on temperature, rate of air
supply and residence time at temperature; to determine the rate controlling
steps and rate of oxygen penetration; and to characterize the oxidation
products and size of fragments.

In addition, detailed metallography was related to X-ray diffraction
studies of the oxidized UO2 to facilitate future study of irradiated fuel,
which is easier to do by metallography in hot-cells than by X-ray
diffraction.



Samples were heated in argon, then once at temperature they were
exposed to air at a controlled flow-rate. This simulates the accidental
exposure of hot UO2 to air. It also simplifies the interpretation of data
in terms of the phase diagram of 0/U ratio as a function of temperature.

Studies of the oxidation of unirradiated UO2 pellets in air show two
distinct types of oxidation with a change in mechanism at 600-700°C. At
temperatures f 600°C, UßOg spalls as small particles, 1-15 jjm, as soon as
it forms. At 700°C the ößOg starts to form a cohesive structure in which
grain growth occurs in the direction of the oxygen gradient. At higher
temperatures > 800°C the l^Og propagates by rapid grain growth, which
sweeps through the grains of UO2» producing large crystals of l^Og,
=:1 mm. Put succinctly, at T < 600°C fragmentation accompanies the formation
of l^Og while at T > 800°C, rapid grain growth occurs. The observation
is made that in the first temperature region, volatile fission product
releases are small, while in the second region, 100% release can be
correlated with I^Og formation. This is supported by data in the
literature. In the first region, only the grain boundary inventory is
released while in the other, 100% of the Xe, Kr, Ru, Sb, Cs and I are
released.

It appears that, within the error of present measurements, burnup does
not afcect rates of fission product release and oxidation in air at
400 to 1000°C, so that oxidation rate data gathered using unirradiated
pellets can be applied to irradiated fuel.
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Oxidation of D0£ at 400 to 1000'C in Air and its Relevance
to Fission Product Release

1. INTRODUCTION

Currently there is great interest in the behaviour of UO2 under
oxidizing conditions because irradiated uranium dioxide fuel can conceivably
be exposed to a hot oxidizing atmosphere as a result of the following
accidents: end fitting failures in CANDU reactors resulting in ejection of
the fuel into the vault; accidents during transportation or storage of fuel;
and finally during destructive investigations, e.g. metallographic •
examination of thermally hot fuel.

Since fission product release can occur as a result of oxidation, data
is necessary to predict when significant oxidation will begin and the
subsequent extent of deterioration when fuel pellets are exposed to air or
steam at high temperatures.

The temperature range covered in this paper is from 400 to 1000°C. At
these high temperatures, UO2 in air can oxidize rapidly to U-jOg via
UjO7 anJ/or u^Og. Thé accompanying volume increase and corresponding
stresses lead to SragmeTitatlon ot tVe i\ie\. pellets.

It Has been determined that rates of reaction can depend on the
temperature of reaction {l-h>), àèûèïty bî 130o U , & ) , ttët^bh bî
Of sample (6,7}, partial pressure of oxygen (6, 8-10), and the surface
of the sample (3,6,9,10), however, details of movement of oxidation fronts
and mechanistic interpretation are scant.

Well-characterized unirradiated CANDU reactor fuel pellets have been
used in this study. The advantage of using large uniform samples is that the
movement of oxidation fronts is readily observed. The purpose of this work
was to investigate the dependence of UO2 oxidation on temperature, rate of
air supply and residence time at temperature; to determine the rate
controlling steps and rate of oxygen penetration; and to characterize the
oxidation products and size of fragments.

In addition, detailed metallography was related to X-ray diffraction
studies of the oxidized UÛ£ to facilitate future study of irradiated fuel,
which is easier to perform by metallography in active hot-cells than by X-ray
diffraction.

Samples were heated in argon, then once at temperature they were
exposed to air at a controlled flow-rate. This simulates the accidental
exposure of hot UO2 to air. It also simplifies the interpretation of data
in terms of the phase diagram of 0/V ratio as a function of temperature.



2. EXPERIMENTAL

Unirradiated natural UO2 fuel pellets (Table 1) were oxidized in a
flowing gas stream in a conventional resistance heated tube furnace.
Temperature was controlled by a Eurotherra temperature controller and a
platinum/platinum-13% rhodium thermocouple which was placed as close as
possible to the sample inside the furnace tube in the hot zone of th2
furnace. A chromel-alurael thermocouple was placed in an analogous position
outside the furnace tube to register both the furnace and sample
temperatures. The UO2 pellet was contained in a quartz boat which was then
placed inside a quartz furnace tube. The pellet was brought to temperature
in a stream of argon gas. Once the desired temperature was reached, air was
introduced at a constant flow rate. Pfter the required oxidation period,
argon was flushed through the furnace tube to displace the air and the sample
was cooled to room temperature as rapidly as possible by a stream of air on
the outside of the furrcace tube. This took approximately thirty minutes,
which is too slow to quench-in structures only stable at high temperatures.
Pellets were weighed on an analytical balance both before and after
oxidation. Flow rates were monitored using a calibrated Matheson flowmeter.
A fresh pellet was used for each experiment.

The Debye-Scherrer powder method was used to perform X-ray diffraction
analyses on powder spalled during oxidation and on powder obtained by
scraping the edges and kernels of oxidized pellets. X-ray diffractoraetry was
used for quantitative analyses. Standard reference cards were used for
identification of X-ray lines (11).

Metallography was performed on the oxidized and fragmented remains of
pellets. Kernels of oxidized pellets were cut using a diamond watering blade
then mounted in bio-plastic mounts. Once these were set, they were ground
flat using 240 down to 600 grit silicon carbide paper. The samples were
polished on 6 micron "microcloth" using Varsol lubricant and 1 micron diamond
pastes, then fine polished with 0.05 micron Alumina slurry.

Specimens were examined and photographed, first under polarized light,
and then in normal light after a one minute etch in a 9:1 mixture of 30%
H2O2 and concentrated H2SO4. Examination and photography were performed
using a Vickers Projection microscope. When results from metallography
needed confirmation, pieces of the pellet were crushed and ground into a fine
powder, and analysed by X-ray diffraction.

A Vacuum Generator's SX300 mass spectrometer was used to analyze the
gases coming out of the furnace tube and the relative amounts of argon,
oxygen and nitrogen, as air displaced argon and vice-versa. The rates at
which oxygen in air displaced argon at air flow rates of 50, 500 and 2000
mL/min are given in Figure 1.



3. RESULTS

Before proceeding with detailed experimental work, test runs were
carried out in which samples were heated and cooled using only argon gas.
Figure 2 shows the edge of a pellet heated to 900°C and then left for one
hour in argon. No apparent oxidation was observed. The increase in weight
was negligible (<0.01%), confirming that there was no air leakage into the
system and no oxidation or fragmentation during heating and cooling. The
rate of heating made no difference between 5 and 100°C/niin, The same
procedures and techniques were used to oxidize samples in air.

After mounting and polishing a pellet, polarized light revealed the
orthorhombic t^Og structure confirmed by X-ray diffraction. A one minute
etch in hydrogen peroxide and sulphuric acid solution revealed the structure
of U4O9 and UO2 also confirmed by X-ray diffraction. It was found that
in a pure form, U4O9 has an equiaxed grain structure which is identical
to that of UO2 (Section 3.6). The Widmanstatten needle-like structure
reported previously (12,13) was observed only during the transition from
UO2 to Vifiq when both oxides exist together. U3O7 was observed by
X-ray diffractometry in samples oxidized at 400 C, but taetallographically it
does not obviously have the characteristic coaxia1. grain structure observed
at lower temperatures (14).

Much of the U^Og powder which spalled from pellets in these
experiments was sub-micron in size. It was found that this fine powder was
very easily disturbed: oxidation at a flow rate of 2000 mL/min in the
apparatus caused entrainment and distribution problems. It was subsequently
determined that the maximum flow possible without entraining spalled powder
was 1000 mL/min. This corresponds to a critical flow velocity of 170
cm/min.

Oxygen depletion of the air supply was observed only at 500°C and 50
mL/min of airflow.

3.1 Oxidation at 400oC

At this temperature, the oxidation of UO2 to 1130g is very rapid.
A determination of weight gain versus time, using an airflow of 50 mL/min,
revealed an induction period then a short period of fast oxidation, followed
by a plateau before rapid and complete oxidation to l^Og (Figure 3). To
check if the induction period or plateau depended on oxygen concentration or
the finite time which It takes air to displace argon (Figure 1), oxidation
was repeated using airflows of 500 mL/min and 2000 mL/min. The results in
Figure 3 clearly show a strong effect of oxygen concentration on the kinetics
of the oxidation process. The plateau observed at 0.5 weightZ at 50 mL/min,
disappears at higher flow rates, while the overall oxidation rate increases
by about a factor of three. The induction period was not affected by
changing the flow rate.



Figure 4 shows a pellet oxidized for 30 minutes in an airflow of 50
DiL/min. It has a flocculent, fluffy layer of UßOg, which at this time is
just starting to spall as a very fine powder.

The results of metallography were confirmed by the use of X-ray
diffraction. Spalled powder, powder scraped from the edges of oxidized
pellets, and powder scraped from pellet cores, were analyzed. Generally it
was found that only U^Og was present in spalled powder; U3O7 and UßOg
with small amounts of Vifig were present on the edges of pellets; while
the kernels were U<>2« The mixed oxide UO2/U4O9/U3O7 is further referred to
as U^Og.

Photographs were taken of microstructures to determine the products and
rates of movement of oxidation fronts. On the edge of all oxidized samples,
a thin layer of oxide with a Widmanstatten co-axial grain structure reminis-
cent of U4O9 was observed. Very small quantities of U^Og were loosely
attached as dust to the outside of the U^Og. The l^Og particles were
too small to show any grain structure even under polarized light (Figure 5).

Figure 6 shows a thin layer of U^Og on the surface of a pellet
after 10 minutes oxidation at 50 mL/min. Figure 7 shows a similar but
thicker layer after 20 min at 50 mL/min while Figure 8 shows a fluffy layer
of readily detached UjOg which is full of cracks and adheres only lightly
to the Vtfig. At longer times the U^Og layer increases in thickness,
while the UßOg continuously spalls off, almost as soon as it forms.
Figures 9 and 10 show U^Og spalling from the surface of the ifyOg, whose
Widmanstatten structure is clearly observed in Figure 10. The increasing
thickness of the U^Og layer is shown in Figures 11-14 (actually more
U3O7 than U^Og). Comparable U^Og thicknesses are seen in Figures 15 and
16 for two pellets oxidized for the same time but at different flow rates,
even though they differ greatly in the degree of oxidation of the pellet
(Figure 3), and in the size of the remaining core of UO2.

Approximate thicknesses of U^Og layers are summarized in Table 2.
From 30-60 minutes at 50 mL/min there is little change in U^Og
thickness.

As oxidation proceeds the pellet retains its geometry but becomes
smaller as U^Og powder spalls off. Figure 17 illustrates a typical
sample oxidized at 50 mL/min airflow at 400°C: the pellet has uniformly
decreased in size and is surrounded by spalled powder. At higher flow rates
and longer times clumping of powder occurred.

3.2 Oxidation at SOO'C

The oxidation rate at 500°C was the fastest observed. Weight gain
versus time curves are plotted for airflows of 50 mL/min and 500 mL/min
(Figure 18). The curves are approximately linear at early times with no
indication of an induction period. There is a decrease in oxidation rate as



the reaction nears completion at 3.95% weight increase, corresponding to 100%
UßOg. After complete oxidation at the airflow of 50 mL/min, the ratio of
l$2:O2 in the exit gas was 9:1. At 500 cc/min there was no significant
oxygen depletion, although the rate was only slightly faster than that
observed at 50 mL/min.

Examination of the oxidized samples revealed that a fine powder began
to spall off the pellet after only 15 minutes residence time in the oxidizing
atmosphere. The composition of this powder was determined by X-ray diffrac-
tion to be close to 100% U3Og.

Metallographically the Widmanstatten structure, indicating the presence
of U^Og, was ob&erved along the edge of each pellet (Figures 19 and 20),
while the equiaxed structure of UO£ was observed in the interior of each
pellet (Figure 21). No U3O7 was visually identifiable T > 500°C,
although it was detected by X-ray diffractometry.

Approximate thicknesses of the U^Og layer and the weights of u^Og
powder are summarized in Table 3. ^Og only adhered very lightly as a
fine dust, no more than 20-40 ym in thickness. Essentially it spalls as soon
as it forms, similar to the behaviour at 400°C.

Figure 22 shows a typical 500CC sample oxidized for 45 minutes with an
airflow of 500 mL/min. Comparison with Figure 17 shows the great similarity
in spalling characteristics at 500°C and 400°C. Some clustering of the
powder was observed at 500°C.

3.3 Oxidation at 600 C

Oxidation kinetics at 600°C are similar to but slower than those at
500°C. The weight change versus time curve shows good linear kinetics from
time zero (Figure 23). There is no induction period. The pellet steadily
grows smaller with time. Instead of spalling as powder, much of the U-jOg
is in small lumps and flakes which break into powder when touched even
lightly (Figure 24). This powder consists of small needles of UßOg
(Figure 25). The oxidized layer on a pellet was up to 4 mm thick.

In these experiments expansion of the pellet sides during oxidation was
restricted by contact between the sides of the pellet and the holder, so that
pellet expansion could only freely occur at the ends of the pellet. When a
pellet was oxidized for 180 minutes at 600°C with an airflow of 50 mL/min,
successive oxidation layers spalled off forming an accordion-like structure
(Figure 26). These broke up into fine powder (Figure 25) during examination
and transfers. The oxidized pellet kernels retained the original ratios of
pellet geometry suggesting that air had similar access to the sides and ends
(28), and in fact it was generally observed that UqOg powder did not signif-
icantly limit access of air to underlying IK^/U^Og. This Is elaborated
upon, and is illustrated in photographs of oxidized pellet kernels in
reference 14 (see also Section 3.10). These experiments used imposed
airflows. Preliminary experiments in nominally static air in large muffle
furnaces, show inhomogeneous oxidation indicated by conical kernels.



3.4 Oxidation at 700°C

Oxidation at this temperature is significantly different to that at
lower temperatures. The kinetics of oxidation, visual appearance, and
metallography of oxidized pellets are all noticeably different from those at
lower temperatures.

Relative to 600°C, oxidation at 700°C was very slow with complete
conversion to UjOg requiring up to 10 hours at 50 mL/min and 7 hours at
500 mL/min (Figure 27). Both weight gain versus time curves begin with
approximately the same rate of oxidation, indicating that the first part of
the reaction is independent of the oxygen supply. After a plateau at about
0.5% weight gain, the slopes of both curves increase indicating a change in
reaction; also, the reaction becomes slightly more oxygen dependent. The
exit gas analysis showed no significant oxygen depletion at either flow rate
of air.

Although the second half of the plot for 50 mL/min is lacking in detail
(Figure 27), it was visually observed to be significantly slower than the
corresponding weight gain curve for 500 mL/min: complete oxidation took more
than 8 hours.

Metallographic examination revealed that, after 60 minutes and a flow
rate of 500 cc/min, a thin layer (40 )jm) of material was bonded around the
perimeter of the pellet. This material responded to polarized light but did
not etch after one minute in the standard UO2 etchant. These characteristics
are typical of U^Og. Underlying the l^Og layer was the Widmanstatten
structure of U4O9 (Figures 28 and 29). This structure gradually changed
to that of unoxidized UO2 in the centre of the pellet (Figure 21). This
continuous tight layer of l^Og observed at 700°C, contrasts markedly with
the loose aggregates of powdered l^Og observed at lower temperatures (see
Figure 20).

After 180 minutes at 7OO°C and 500 mL/min of air, the U-jÔ  layer
had grown to 60 ym thick and was breaking away from the DiOn in the form
of loose flakes (Figure 30). Much of the U^Og fell off as lup.ps and
flakas while handling the pellet. The U^Og phase had grown in thickness
to about 0.9 mm. In subsequent oxidation runs, the UßOg continued to
spall from the pellet and the U^Og phase remained at 0.9 mm in thickness.
By comparison, in a sample oxidized with 50 cc/min of air, UßOg formed
more slowly after the initial spall ing and the IJ^g layer grew to 0.45 mm
in thickness. These -results are summarized in Table 4.

Figure 31 shows typical coarse particles spalled from a pellet at
700°C.

X-ray diffraction confirmed the metallographic identification of
U^Og and U3Og.



3.5 Oxidation at 8Q0"C

The kinetics of weight gain at 800°C (Figure 32) are very similar to
those at 700°C (Figure 27), however, fragmentation of the pellet is more
rapid; and there is a more pronounced plateau in the weight gain curve.
Oxidation at this temperature is slow compared to that at 400-600°C and is
only slightly dependent on airflow, with faster oxidation at the higher
airflow (Figure 32).

At early times, the pellet surface appeared shiny and brittle (Figure
33) and an oxidized surface layer was clearly observed. At longer times
large pieces spalled off ultimately ending up as coarse lumps of U^Og
(see Figure 34). Pellet cores were brittle and had a shiny appearance when
broken for examination (Figure 35).

Oxidized samples were mounted and examined under polarized light,
revealing a columnar grain structure of l^Og surrounding both the pellet
and large spalled fragments (Figures 36 and 37). Another important feature
was that stresses generated by the U3Og had CIRCUMFERENTIALLY cracked the
pellet core as illustrated in Figure 37. This did not occur at lower
temperatures.

Metallography of the core of a pellet after 150 minutes oxidation
revealed a structure attributed to U4O9 (Figure 38), and similar structure
was observed in spalled fragments (Figure 39). This identification of
U^Og was confirmed by X-ray diffraction. There appeared to be three phases
in some samples: one is clearly UßOg while the other two are tentatively
attributed to U02 in Ü4O9 and U4O9 in UO2 (Figure 39).

3.6 Oxidation at 900"C

The weight change curve is closer to linear at 900°C than at 800°C, and
the overall rate is slower (Figure 40). This is compatible with the visual
and metallographic observations.

After 30 minutes a tight and complete layer of UßOg had formed around
the pellet (Figure 41). This layer bonded strongly to the pellet core. At
longer times, the expansion of this tightly bound UßOg generated sufficient
stresses to cause RADIAL cracking of the pellet core, and consequent
fragmentation of the pellet into large pieces (Figure 42). X-ray diffraction
confirmed the large fragments to be mixtures of 1130g, U^Og and UO2, while
small fragments were 100% U3Og. The final completely oxidised sample
consisted of U3O3 in a whole range of sizes from <1 ym up to 4 mm, most
of it being on the large side (Figure 43).



Examination of samples under polarized light showed that the UßOg
grows in long needles from the surface and in the direction of the oxygen
concentration gradient. Figure 44 shows the long columnar grains of 1130g
in a metallographic cross section parallel to the direction of growth, while
Figure 45 shows the equiaxed grains of l^Og in a metallographic cross
section at right angles to the direction of growth. A Widmanstatten grain
structure readily attributable to l^Og in UO2 was observed when metallography
was performed on some oxidized fragments after partial oxidation (Figure 46).
X-ray diffraction confirmed the presence of U^Og. In other cases,
particularly at longer times, a layer of dark grains was observed underlying
the l^Og (Figure 47). This is also attributed to U^Og, or some higher oxide
with a similar X-ray diffraction pattern.

3.7 Oxidation at 1000°C

Oxidation rates at this temperature were much the slowest of those
investigated. Oxidation was not complete after 10 hours. The weight gain
versus time curves for airflows of 50 mL/min and 500 mL/min are shown in
Figure 48. They begin with a rapid reaction, independent of oxygen supply
within experimental error. The rate then decreases with time, becoming
constant after 180 minutes. The final slope is slightly greater with the
higher airflow. No oxygen depletion was observed at either flow rate.

Visually the appearance of pellets after oxidation was similar to that
of pellets oxidized at 900°C for much shorter times. Figure 49 shows a
pellet oxidized for 180 minutes at 1000°C with an airflow of 180 mL/min. The
UßOg surface layer is cracked and beneath this layer are other cracks
many of which are radial penetrations into the pellet. During examination
and cutting, these pellets broke into large fragments up to 4 mm in size.
Figure 50 shows typical fragmentation of a pellet oxidized for 600 min at 500
mL/min airflow. Note the pellet core in the fragment marked with an arrow.

Metallography of a sample oxidized for 10 minutes with an airflow of
500 mL/min revealed a layer of columnar grains extending radially inward from
the pellets edge (Figure 51). This layer did not respond to polarized light,
in contrast to U^Og, and did not etch after one minute in the standard
etch, in contrast to U0£ and U^Og. It is therefore attributed to a
transition phase between U^Og and u^Og, although no such findings are
reported in the literature. After only 10 minutes, in the centre of the
pellet the structure of the Widmanstatten precipitate of l^Og in UO2
was observed (Figure 52). No well defined layer of U4O0, was observed at
1000°C. After 60 minutes under the same conditions, a layer of U^Og,
120 pm thick, had formed around the pellet. Under polarized light, the long
columnar grains of UßOg were visible (Figure 53). The centre of the
pellet had changed its structure to equiaxed grains with only traces of the
Widmanstatten precipitation (Figure 54) compared to 10 minutes (Figure 52).



X-ray diffractoraetry revealed that this contained approximately 70%
and 30% IK^. At the edge of the pellet, where the U^Og concentration
in UO2 should be higher, no Widmanstatten structure was evident (Figure
55).

After 180 minutes, the l^Og layer had increased in thickness to
450 pm and the pellet had developed large radial cracks in the UO2/U4OÇ)
extending inward from this layer (Figure 56). The pellet's interior was
almost completely made up of equiaxed grains (Figure 57). By X-ray
diffractometry, the composition was estimated at 85% U4OÇ, and 15% tK^.
After 600 minutes under the same conditions, the pellet was entirely broken
into pieces (Figure 50). The U^Og layer had grown in thickness to
900 um. The core of each fragment now had a completely equiaxed structure
(Figure 58) that could not be readily distinguished from the original UO2
(Figures 2 and 21). Both X-ray diffraction and diffractometry of the pellet
core in Figure 50 confirmed that this phase was pure U4O9.

These results demonstrate that oxygen can diffuse much faster through
UO2/U4O9 than through I^Og.

With a 50 cc/min supply of air, the reaction proceeded through the same
steps but at a slower rate and with thinner oxides. Results for both
airflows are summarized in Table 5.

3.8 Particle Size Analyses

Generally the size of spalled material increases with temperature as
illustrated in the photographs of oxidized samples (Figures 5, 17, 22, 2A,
25, 31, 33-35, 41-43, 49, 50). The spalled materials have been arbitrarily
divided into three general categories: fragments (>0.5 mm diameter),
particles (100-500 ijm diameter), powder (<100 ym diameter). Approximate
weight distributions in the three categories and typical sizes are given in
Table 6. Generally it was observed that the higher the oxidation rate, the
smaller was the product size. The smallest powder observed was from
oxidation at 400°C at 2 L/min (Figure 5). This was significantly smaller
than powder obtained at 400°C and 50 mL/min. Detailed results of particle
size analysis will be reported in a future paper.

3.9 Effect of Temperature Cycling

The oxidation rate data show that the best protective layer of 1130g
and the resultant slowest oxidation rate occur at 1000°C. One sample was
cycled at 1000°C +_ 30°C for 180 minutes with a period of ~30 minutes. The
sample fragmented considerably more than one held isothermally at 1000°C, but
the increased oxidation was only 7% (compare Figures 49 and 59).
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3.10 Uniformity of Oxidation

As stated in Section 3.3, UßOg powder did not significantly alter
oxidation rates by limiting oxygen access to the pellet cores, which
particularly in the range 400 to 600°C became surrounded or even covered by
U3O8 powder. Figures 17, 22, 24, 31, 33, 35, 41, 42, 49 and 50, all show
fairly uniform oxidation of the pellet surface, and it was generally
impossible to detect the side upon which the pellet lay in the furnace. Had
spalled material limited access of oxygen to the pellet, this would have
produced a non-circular cross section. This was not observed. Generally,
intact kernels of oxidation pellets retained the length/diameter ratio of the
starting pellet. Preliminary experiments show that this is not the case for
samples oxidized in the convective air movements of muffle furnaces ( 30L in
volume).

4. DISCUSSION

4.1 Comparison With Other Data

4.1.1 At temperatures below 400°C, oxidation rates monotonically increase
with temperature and can be expediently displayed in Arrhenius
plots (3,15-17). A turnover in the Arrhenius plots for one set of
data at 300°C has recently been postulated as due to air starvation at
the faster oxidation rates above 300°C (15). This is borne out by the
present work at 400°C: the linear oxidation rate obtained at the
highest airflow of 2 L/min fits on a linear extrapolation of slow rate
data obtained below 300°C (Figure 60). The dependence of oxidation
rate en airflow is more complex than simple oxygen starvation (see
Section 4.3).

4.1.2 Above 400"C an Arrhenius treatment is meaningless because of changes
in the rate determining step as a result of changes in the microstruc—
ture of the U^Og and UßOg. The detailed weight change curves
presented in this paper are qualitatively in remarkably good agreement
with those of Parker et al. (1), the only difference being that oxida-
tion rates in this work are much slower probably as a result of the
higher density of the fuel used in this study (see Figure 61). The
following features are common between the two studies:

1. There is an induction period at 400°C.

2. Kinetics at 500 and 600°C are linear from time zero.

3. Oxidation is fastest at 500°C.

4. At 700° and 800°C there are obvious inflections in the oxidation
kinetics which are much slower than at 600°C.

5. At 900°C there is only a small inflection and the time required
for complete oxidation is similar to that at 800°C.
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6. At 1000°C the initial oxidation rate is rapid and similar to that
at 500°C; then it slows down very markedly so that even arter 10
hours only 50% of a pellet is oxidized at 50 mL/min of air.

4.1.3 The results of Peakall and Antill (2) are slightly different in that
induction periods are observed up to 600°C; inflections are less well
defined; and the dependence of reaction rate on temperature is
slightly different. Such differences are probably to be expected in
UO2 from different sources (6,7).

4.1.4 The oxidation kinetics at 400°C and 500 mL/min are in good agreement
with other Canadian measurements done at 100 mL/min using CANDU-PHW
U02 fuel pellets (3).

4.1.5 The results of Iwasaki and Ishikawa (4) at 800°C and 900°C are not in
good agreement with the results presented here, or those of any other
investigation. Oxygen starvation may be the reason for this as these
experiments were done in static air (5). This effect has been noted
to decrease oxidation rates in this work and at lower
temperatures (15) (see Sections 4.1.1 and 4.3).

4.1.6 Qualitatively the results of Tennery (25) using fragments of IK>2 of
95% density, are in agreement with the data presented in this paper.
An induction period observed at 400°C gradually disappeared as the
temperature was raised to 480°C, and at the same time the reaction
became slightly faster. It then slowed down on raising the tempera-
ture to 600°C; was slower still at 700°C; and small inflections were
observed at these temperatures.

4.2 Rate Determining Steps in the Mechanism

At temperatures less than 400°C previous interpretation of the
mechanism of oxidation has revolved around the early formation of U3O7
followed by conversion to U3Og (3,16-19). In this work, however, it
appears that both U3O7 and U^Og play an important role in the
kinetics of oxidation at temperatures >400°C. This is in accordance with the
metastable nature of U3O7 which is normally grown at lower temperatures,
<350°C, and which decomposes to U400 an<l U3O8_Z at T < 500°C (20-22);
also V^Og has been identified at T < 409°C ;8,3) and may have remained
unidentified in other work because of the difficulty of discriminating
between U3O7 and U^Og in small concentrations.

U3O7 was observed at 400-600°C, but in the company of ^ g
This mixed oxide UßO^/U^Og is further referred to as U^Og in discussion

ß ^ ^ g ^ g
of the data. U3O7 was not observed at T > 700°C.

The induction period (Figure 3) observed at 400°C in this work appears
to be associated with the nucleation of U^Og which is a necessary precursor
to the formation of U3Og. Both ifyOg and U3Og were observable during the
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induction period (Figures 6-8). At the lowest flow rate cf air a protective
layer of l^Og/UjOg developed. At higher flow rates, both UO2 and U4O9
oxidize faster in the higher partial pressure of oxygen and continual
spalling of the U^Og as a fine dust prevents the formation of a more
protective layer.

At 600°C, the Ö^Og starts to change its form. It no longer spalls
as a powder as soon as it is formed, but rather in the form of flakes (Figure
24) which braak up into fine needles when touched (Figure 25). The growth of
these UßOg crystals and their adhesion to each other creates a protective
layer which limits the diffusion of oxygen to the U^Og so that the overall
oxidation rate of the pellet slows down. The kinetics still appear to be
linear, due to frequent and continual spalling of the U-jOg layers (Figure
26). When the temperature is further increased to 700°C the U^Og forms
even larger crystals (Figure 29, 31); and with stronger inter-crystal bonding
the diffusion of oxygen becomes much more limited; consequently the reaction
rate becomes much slower until breakaway of the U^Og occurs exposing
fresh UC^/ö^Og, and the reaction goes into conventional breakaway kinetics
(Figure 27). At 800°C, bonding is sufficiently strong between the U3Og
and the U^Og/lK^ that when a layer of the former breaks away, it can
circumferentially crack the core of U^Og/lK^ (Figure 37). Relatively
early in the oxidation, about 0.7% weight gain, U^Og can be found
throughout a pellet (Figure 38). On increasing the temperature to 900°C,
rapid expansion of the UßOg and strong bonding to the U^Og/lK^ causes
radial cracking of the UO2 (Figure 42). Further increase in temperature to
1000°C rapidly produces a layer of U30g (Figures 49, 53, 56) which is so
impermeable to oxygen, that reaction becomes very slow and the kinetics
become slow and linear (Figure 48).

4.3 Dependence of Oxidation Rates on Airflow

The effect of changing the airflow is to change the rate at which the
oxygen partial pressure rises in the system (Figure 1). An airflow of 50
mL/min simulates an accident in which a fuel pellet is slowly exposed to a
rising air pressure. The airflow also controls the maximum possible linear
rate of oxidation, which for 50 mL/min corresponds to a weight change of
8 x 10~2%/min, Or approximately 50 minutes for complete oxidation of a
pellet. This was in fact observed at 500"C. Otherwise oxidation kinetics
are sensitive to airflow at long times. Long after the system is at
atmospheric pressure, there appears to be a memory effect in the morphology
of the oxide layer.

4.3.1 The dependence on flow rate observed at 400°C for both kinetics
(Figure 3) and particle size (Section 3.8) and independence of the
induction period are compatible with a change in the rate of oxidation
of the U^Og. At low partial pressures of oxygen, the rate of
conversion of U^Og to UßOg is relatively slow and for a short period a
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protective layer of D^Og/U^Og limits oxidation. When higher partial
pressures of oxygen can build up during the induction period, the
subsequent conversion of UO2 to U4O9 and U^Og to l^Og is more rapid;
the U4O9 crystals are smaller; and the 1)303 spalls as a finer
powder than at lower airflows where the U^Og has more time to grow
before conversion to U3O3. The kinetics are simply represented
by:

°2 + U°2 - U4°9 *

°2 + ü4°9 - U3°8 "

The growth of the ifyOg layer with time (Table 2) indicates that
reaction I is slightly faster than II. Increase of [PQ„1
affects both reactions equally since the thickness of Ü4O9 is
independent of flow rate for a given oxidation period.

4.3.2 The results at 500°C and 50 mL/min show evidence of oxygen starvation
due to the rapid rate of oxidation (Figure 18). Oxidation occurs at a
rate close to the theoretical upper limit set by the rate of arrival
of oxygen in air at 50 mL/min. This is the only temperature and
flowrate at which this occurred. With an airflow of 500 mL/min, the
two oxidation reactions I and II proceed at the same rate, since the
thickness of the U^Og phase remains constant (Table 3); but with
an airflow of 50 mL/min, the U^Og builds up in thickness. It appears
that in the presence of excess oxygen, reactions I and II progress at
the same rate, while during conditions of oxygen starvation, reaction
II is slower than reaction I. This is logical because there is
probably a higher activation energy associated with the conversion of
the cubic structure of Ü4O9 to the orthorhombic and wider spaced
crystallographic structure of 030g, than there is associated with
oxygen atom insertion in the cubic lattice of IK>2 to give an
essentially cubic O

4.3.3 At 700°C and 500 mL/min of airflow the U^Og grows to a constant
thickness independent of time. The slower reaction rate at 50 mL/min
(Figure 27) corresponds with a longer time to breakaway kinetics and
thinner layers of U^Og and 1130g than at the higher flow rate
(Table 4).

4.3.4 The effect of changing airflow at 800°C is similar to that at 700°C:
a higher airflow leads to breakaway kinetics at an earlier time than a
slower airflow (Figure 32).

4.3.5 Results at 1000°C (Figure 48) are revealing: although the oxygen
content of the system is independent of airflow after one hour (Figure
1), it can be seen that after 10 hours the oxidation at an airflow of
50 mL/min is significantly less than that at 500 mL/min. The system
has a long-term memory.
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4.3.6 Generally it can be concluded that at all temperatures protective
layers grown under conditions of slowly increasing oxygen partial
pressure are more impermeable to oxygen than layers which are
initially grown more rapidly at faster rising oxygen partial
pressures. More ordered structures with fewer defects are grown at
slower rates, and this is remembered by the protective layers long
after the system is at atmospheric pressure.

Although no investigation of the effect of changing airflow is
reported in the literature, the conclusions reported here are borne
out by isobaric tests. Oxidation rates anil diffusion coefficients
were found to be pressure dependent in work at low temperatures (8),
and high temperatures (6,8-10,24,27), when air was admitted to samples
after heating in inert atmospheres.

4.4 Co-Existence of Oxides

It is obvious from the data presented in this paper, that at any time
during oxidation of a macroscopic sample in the temperature range 400 to
1000"C when the weight gain is between zero and 3.95%, i.e. intermediate
between U0£ and U^Og, several oxides are in co-existence, e.g.
IK^/lfyOoVu^Oy/^Og at 400°C and IK^/U^Og/U^Og at 1000°C. At no time
can a macroscopic sample in air consist of 100% U^Og or 100% U3O7.
Inflections observed in weight gain curves are due to protective layers of
higher oxides overlying lower oxides of uranium. Appearance of an inflection
point at a weight gain corresponding to 1.48% (U^O^) or 1.98% (U3O7)
is coincidence.

Investigations are continuing to determine the temperature range over
which U3O7 is stable.

5. RELEVANCE TO FISSION PRODUCT RELEASE AND REACTOR SAFETY ASSESSMENTS

The rate of oxidation of irradiated fuel fragments can be calculated
from the rates of propagation of oxidation fronts in this paper. In the
present work, the time taken for oxygen to penetrate the UO2 and form an
oxide layer 1 mm thick around a pellet circumference can be taken as
representative of the time required to fully oxidize a 2 mm sized irradiated
fuel fragment. 100% conversion of a 2 mm fragment to UjOg corresponds to
a pellet weight change of Sfl.5%. This can be seen by reference to Figure 62
which gives the radial penetration vs. weight gain for a typical pellet.

The effect of burnup on oxidation rate has been found to be minor at
temperatures close to 400°C (3,15 and see Figure 60), 500°C (9,10), and
1000°C (23), although one investigation found a dependence for PWR fuel (1).
It was frequently observed in this work that the macroscopic 1)303 oxidation
layers would bridge small cracks and smooth out defects in UO2 surfaces.
There is therefore little reason why microscopic tunnels or porosity in high
burnup fuel should cause increased oxidation rates.
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As yet, there is no evidence that oxidation of UO2 to U^Og releases
fission products. It can be argued from "voloxidation studies" that
oxidation to U4O9 must release a considerably smaller quantity of fission
product than oxidation to U30g (9,10,28). Quantitative release of 100%
of the tritium accompanies U30g formation at 400-600°C, while <17% of the
Kr-85 and <8Z of the iodine is released (9,10,25,26,28) Similar results have
been found with mixed oxide fuels (24,26). understandably it is far easier
for tritium to diffuse than the much heavier krypton or even heavier xenon
isotopes. Only 90% of the tritium was released when a sample was oxidized to
U4O9. It follows that tritium is not released as readily in the trans-
formation of UO2 to U4O9 as in ITC>2 to 1130g. It also follows that the
fission product release will be considerably less than 17%, since any barrier
to tritium will be considerably larger to krypton, xenon and iodine isotopes.
Hence, fission product releases observed in the voloxidation studies at
400—600°C probably correspond to the grain boundary inventories.

Provided sufficient time was given for production of t^Og,
oxidation of irradiated CANDU pellets to Ü30g in the temperature range
900 to 1000°C caused 100% release of the volatile fission products, and
fractional release dropped rapidly as the temperature decreased below
800°C (23). These releases and the "voloxidation releases" (9,10,25,26,28)
are slightly higher than those of Parker et al. (1), whose samples may not
have been fully oxidized. All results confirm an increasing fractional
release as the temperature is raised from 400°C to 900°C.

There is good evidence that when Û£ migrates out of UO2 giving
substoichiometric U02_z it carries noble gases with it to the grain
boundaries (30). A similar effect was observed many times at CRNL when
U02+x »as reduced to U02 (31-33). The reverse can therefore be argued
that when oxygen diffuses into UO2 grains, it will carry the noble gases
farther into the grains, so preventing release of the intra-grain inventory
of volatiles. This appears to be what happened in the low temperature oxida-
tion regime at < 700°C, where the oxygen surrounds a grain before diffusion
occurs so that only the grain boundary inventory is released. In the region
T > 800°C, where substantial grain growth occurs, and the 1130g propagates
in a front, it seems logical that the noble gases are released at the inter-
face between the l^Og and the U^Og/UO2- They are then swept along in front
of the l^Og until vented through a crack. This mechanism explains the higher
releases observed from large fragments of t^Og formed at high temperatures,
compared to smaller releases from fine l^Og dust formed at lower
temperatures.

Based on the above discussion, an assessment of fractional releases of
volatile fission products as a function of temperature, suitably conservative
for safety assessments, can be made by assuming release of grain boundary
inventory for oxidation to 1130g at 500°C with a linear extrapolation to
100% release at 85O°C. An upper limit for releases is obtained by assuming
that all the oxidation product is UßOg rather than a mixture of

u4o9/u3o7/u3o8.
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A conservative assessment of the penetration of the U3O3 front into
a fragment at any temperature can be made by using Figure 62 in conjunction
with the % weight gain curves (Figures 3, 18, 23, 27, 32, 40, 48), e.g. after
one hour at 1000°C, the weight gain is ~1.3%, equivalent to 1/3 of the
pellet being oxidized to l^Og, which from Figure 62 implies a radial
penetration of 0.8 mm; it follows that a 1.6 mm fragment would release 100%
of its volatile inventory over one hour at 1000°C. The oxygen penetration
curve at 900°C is given in Figure 63, constructed from Figures 40 and 62.
Similar curves may be constructed at each temperature fro,u the other data in
this paper.

6. CONCLUSIONS

The rate of oxidation of UO2 in air in the temperature range 400 to
1000°C is controlled by the diffusion rate of oxygen through the oxidized
product layers, Ü^Og/UßOy and UßOg of which UßOg is of paramount
importance-

The rate of diffusion of oxygen into UO2 to give U^Og increases
with temperature. It is the subsequent conversion of U^Og to UßOg which
controls the overall kinetics of oxidation. The diffusion of oxygen through
IK^/U^Og is orders of magnitude faster than through t^Og (see results in 3.7).
As the temperature is raised, the UjOg forms larger crystals, and a
thicker layer is more strongly bound to the underlying U^Og/lK^. The rate at
which oxygen can penetrate this layer controls the oxidation kinetics of the
system. Oxidation of a pellet is fastest at 500°C and slowest for large
samples at 1000°C, but rates are generally not constant with time and can
speed up or slow down at longer times. They can exhibit features attribut-
able to parabolic and/or linear and/or breakaway kinetics.

The size of UßOg product increases with temperature from <1 ym at
400°C to 5 mm at 1000°C. Detailed particle sizing will be reported in a
future paper.

The rate at which a hot pellet is exposed to air is very important.
Better protective layers and slower oxidation are achieved when air is
introduced slowly rather than rapidly. At 400°C where spalling is most rapid
much smaller particles of l^Og were produced at 2 L/min than at 50 mL/min.
The effects of varying airflow and oxygen partial pressure require further
investigation.

In the temperature ranges 400 to 700°C where the UgOg is predominantly
a fine powder, significant quantities could be moved around in relatively
small airflows. The finest powder was entrained in the airstream when
samples were oxidized at 400°C in air with velocity ~170 cra/min. This
should be considered in accident analyses.
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The appearance of oxidized pellets changes sufficiently with the temp-
erature that visual examination is sufficient to establish the temperature at
which a sample has been oxidized, within +100°C. Examples are given here
while details are given elsewhere (14,29).

The Metallographie appearance of U^Og and UjOg is also reported
for samples oxidized at different temperatures and tiroes. These can be used,
for future reference, in hot-cell studies of the oxidation of irradiated
fuel. At >900°C samples of U4O9 were observed with an equiaxed grain
structure similar to UO2 rather than a Widmanstatten structure. The latter
is not observable in samples with U/fiy content >70%.

Although temperature cycling around 1000°C did not cause significant
increase of oxidation, it did cause increased fragmentation.

Based on the observed oxidation behaviour, and corresponding release
rates of fission products, two different oxidation regions have been
identified: in one, powdered UßOg releases the inter-grain inventory,
while in the other, grain growth additionally releases the intra-grain
inventory.

It is proposed that a conservative assessment of volatile fission
product releases can be made by assuming: 100% of the oxidized product is
U-jOg; the penetration rate of a U3O0 front can be calculated from Lhe
data in this paper; irradiated UO2 does not oxidize significantly faster
than unirradiated UO2 at T 2 400°C; releases of volatile fission products
can be quantitatively equated to the formation of U3O8» tne grain
boundary inventory is released at<500°C; this fraction linearly increases to
100% release of the inventory at 850°C. Further work is required to quantify
this in greater detail.
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TABLE 1

Characteristics of ÜOj Fuel Pellets

Fuel Natural UP?, Bruce Generating Station

Starting density (mg/nun3) 10.7

Starting O/U 2.0C5 + 0.005

Grain size (H) 10

Average pellet length (ram) 15.20

Average pellet diameter (mm) 12.15

Average pellet weight (g) 18.7

TABLE 2

Thickness of Layers After Oxidation at 400°C

Airflow mL/min

50

Time

10
20
30
60
85
100
150

U409 (um)

30
25-50
75-90
40-100
110
140
150

500 85 110

2000 30 60
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TABLE 3

Oxidation Products at 500*C

Time

(min)

15

60

500 cc/min

U4°9
Thickness (pm)

140

140

°3°8
Weight (g)

6.36

17.75

U4°9
Thickness

140

600

50 cc/min

U3°8
(ym) Weight (g)

3.59

12.27

TABLE 4

Oxidation Products at 700*C

Time
(mln)

60

180

300

0

0

0

U4

.5

.9

.9

500

°9

mm

mm

mm

cc/min

U3°8

40 u m

60 um

7.48 g

50

U4°9

—

—

0.45 mm

cc/min

U3°8

—

—

4.7 g

— not measured
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Time Time

(min)

10

60

180

600

TABLE 5

Oxidation Products at 1000*C

500 cc/min

Interior

UO with U^O

preclp.

70% U 40 9

30% U02

85% U409

15% UO2

100% V,On

U3°8

120 ym

450 ym

900 y m

50 cc/min

Interior

85%

U02

85% U40g

15% U02

U3°8

220 ym

700 ym

TABLE 6

Approximate Particle Size Analysis

Type of Material

Temperature
°C

400-600

700

800

900

1000

Figures

5,17,22,24,25

31

33,34,35

41,42,43

49,50

Fragments

Size

>0.5 mm

1*5 mm

3.5 mm

6.0 mm

wt%

0

20

50

80

90

Particles

Size

100 ym

330 ym

700 ym

700 ym

wt%

0

40

25

10

5

Powder

Size

<10 ym

112 ym

512 ym

16 y m

16 y ra

wt%

100

40

25

10

5
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APPROACH TO 1 ATMOSPHERE OF AIR

0 10 20
TIME (min)

FIGURE 1 Displacement of argon by air at different flow rates as measured
by mass spectrometric monitoring of the mass 32 peak of oxygen

(a) 2000 mL/min
(b) 500 mL/min
(c) 50 mL/min
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FIGURE 2 Metallographie section of ehe edge of a UO2 Pellet after heating
to and holding at 900°C in an argon atmosphere, showing no
evidence of oxidation.
Magnification = 500X; Etchanc. = H2O2/H2SO4;
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FIGURE 3 Oxidation at 400°C.

(a)
(b)

Airflow
Airflow

(c) Airflow «

2000 iflL/min.
500 mL/rain; not well defined: slope set between

those of (a) and ( c ) .
50 mL/min; Independent results of two experi-

menters using different flowmeters
gave similarly shaped curves probably
offset due to small differences in
flow rate. One average curve is drawn
through the data.
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FIGURE A Pellet after 30 minutes oxidation at 400°C in an airflow of 50
mL/min (Photo LP7) showing flocculent, easily detached surface
which spalls at longer times as a fine powder.
Magnification = X2.
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FIGURE 5 Example of powder from a completely oxidized and powdered pellet
after 120 minutes at. 400°C and an airflow of 2 L/min.
Magnification = 500X
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u3o8

ira.

u4o9/u3o7

Mount

FIGURE 6 Thin U^Og/U3O7 layer revealed by metallographlc
examination of a pellet surface oxidized at 400°C for 10 minutes
at 50 mL/min of airflow. At the surface, structureless UjOg
is mixed in with the U^Og/l^Oj.
Magnification = 500X; Etchant = H2O2/H2SO4; Photo LP 9-1
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FIGURE 7 Thicker UAOÇ layer shown after 20 minutes oxidation at 400°C
and 50 tnL/min airflow.
Magnification = 200X; Photo LP 8-3

FIGURE 8 As Figure 7 but magnification = 500X showing a layer of readily
detached U3O8 w h l c h is f u l l o f c r a c k s > b u t s h o w s n o f l n e

structure.
Photo LP 8-2



30

uo,

u3o8

FIGURE 9 Surface of a pellet after 30 minutes oxidation at 400°C and
50 mL/min airflow.
Magnification = 200X; Photo LP 7-2

u4o9

FIGURE 10 As Figure 9 but magnification = 500X showing Û Og and

u 3 o 8 .
Photo LP 7-3
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FIGURE 11 Surface of a pellet after 60 minutes oxidation at 400°C and
50 mL/mln airflow.
Magnification = 500X; Photo LP 13-2

FIGURE 12 As Figure 11 but magnification = 1000X. Photo LP 13-1
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FIGURE 13 Surface of a pellet after 150 minutes oxidation at 400°C and
50 mL/min airflow.
Magnification = 500X; Photo LP 10-3

FIGURE 14 As Figure 13 but magnification = 1000X. Photo LP 10-1
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FIGURE 15 Surface of a pellet after 85 minutes oxidation at 50 tnL/min
airflow.
Magnification = 750X; Photo LP 32-1

FIGURE 16 As Figure 15 but 500 mL/min airflow. Photo LP 30-3
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* 50

T-- .y
b C VV..A

FIGURE 17 This is a typical example of a pellet oxidized at 400°C. The
pellet gradually #ets smaller and smaller with time as fine powder
spalls off. This sample was oxidized for 150 minutes at an
airflow of 50 mL/min.
Magnification = 2X



35

COa
Id

o

CD

LJ
O

or
Q.

5.a,
OX IDRTION RflTE OF U02 PELLETS

T = 500°C

Airflow = (a) 500 tnL/min
(b) ">0 iriL/min

84-10-17

0. 60. 120. 180. 240. 300. 360. 420. 480. 540. 600.

TIME (HIN)

FIGURE 18 Oxidation at 500°C.
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FIGURE 19 Edge of pellet oxidized 15 minutes at 500°C and 50 mL/min airflow
showing layers of UßOg, U
in 9:1 H2O2 and H2SO4.
Magnification = 250X

and UC^- Etched one minute

FIGURE 20 As Figure 19, but magnification = 500X, showing Widmanstatten
structure of U^Og.
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FIGURE 21 Interior of pellet oxidized 60 minutes at 500°C and 50
airflow showing equiaxed UO2 structure. Etched 1 minute in 9:1
H2O2 and H2S0^; magnification = 500X.

V

I
1
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FIGURE 22 This is a typical example of a pellet oxidized at 500°C. The
pellet gradually decreases in size as powder spalls off. This
sample was oxidized for 45 minutes at an airflow of 500 mL/min.
Magnification = 3X. Compare with Figure 17.
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FIGURE 23 Oxidation at 600°C.



FIGURE 24 Example of a pellet oxidized at 600°C for 120 minutes at an
airflow of 50 mL/min. Most of the UjOg spalls in the form of
flakes, which break up into powder when very lightly touched.
Magnification = 2X
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FIGURE 25 Powder from a pellet completely oxidized to powder after 180
minutes at 600°C with an airflow of 50 mL/min.
These are needles of U-jOg, Magnification = 500X



42

FIGURE 26 Pellet oxidized for 180 minutes at 600°C with an airflow of 50
mL/min. This pellet was restrained laterally by the quartz
crucible. The accordion-like structure resulted from successive
spalling of layers of
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5.0_
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FIGURE 27 Oxidation at 700°C.
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u3o8

FIGURE 28 Edge of pellet oxidized 60 minutes at 700°C and 500 mL/min
airflow. Etched 1 minute in 9:1 H2O2 and H2SO4;
magnification = 100X. The pellet is surrounded by a layer of

u3o8.

FIGURE 29 As Figure 28 but magnification = 500X. This clearly shows the
Widmanstatten structure of U^Og lying inside a layer of



FIGURE 30 Edge of pellet oxidized 180 minutes at 700°C and 500 mL/min
airflow. Etched 1 minute in 9:1 H2°2

 and
magnification = 250X.
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FIGURE 31 Example of a pellet oxidized at 700CC for 300 minutes at an
airflow of 500 mL/min. A significant proportion of the spalled
UßOg is in the form of small flakes and coarse particles, in
contrast to lower temperatures where the UßOg particles are
mostly 10 pm diameter (c.f. Figures 5 and 25).
Magnification = 3X.
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FIGURE 32 Oxidation at 800°C
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«> -f/ou> - 5 0

FIGURE 33 Pellet oxidized for 90 minutes at 800°C with an airflow of 50
mL/rain. A shiny surface layer is observed at these relatively
short times.
Magnification = 2X.
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r |lou> - 50

FIGURE 34 Pellet oxidized for 1010 minutes at 800°C with an airflow of 50
mL/rain. This sample is 100% ViO^.
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Air = 50

t '- i

FIGURE 35 Pellet oxidized for 150 minutes at 800°C with an airflow of 50
raL/mln. This pellet broke open during examination exposing a
brittle, shiny core. See also Figure 38, which shows U4O9 in
the core.
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FIGURE 36 Metallography under polarized light of a sample oxidized at 800°C
for 150 minutes at an airflow of 50 rnL/min. The columnar grain
structure is t^Og. Note the crack scaled off
between the two grains.
Magnification = 500X.
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FIGURE 37 Metallography under polarized light of a sample oxidized at 800°C
for 300 minutes at an airflow of 50 mL/min. U^Og is shown in
adjacent columnar and equiaxed grains. Note the cracking of the
pellet core. Unoxidized material is pulled off with the

u3o8.
Magnification = 500X.
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FIGURE 38 Pellet core oxidized for 150 minutes at 800°C with a flow rate of
500 mL/min. This is a mixture of U02 and IĴ Og (confirmed
by X-ray diffraction).
Magnification = 500X.



FIGURE 39 Spalled fragment from a pellet oxidized at 800°C for 285 minutes
at an airflow of 500 mL/min. This fragment appears to be a
mixture of three different phases: 1 and 2 are probably mixtures
of U02 and U^Og while 3 is U3O8.
while 2 is U02 in U^Og.
Magnification = 500X.

One is probably in U02
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FIGURE 41 Example of a pellet oxidized ac 900°C for 30 minutes with an
airflow of 1 L/min. A cightly bound layer of U^Og can be
seen. Exposure of the pellet core and some fragmentation
occurred during handling.
Magnification = 2X
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Air
T- 900*0 t -

FIGURE 42 Example of a pellet oxidized ac 900°C for 180 minutes at an
airflow of I L/min. The U^°g layer is clearly observable,
also the RADIAL CRACKING which it has induced in the pellet
core.
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FIGURE 43 This is a typical distribution of fragments, largely U 30 g,
after oxidation of a pellet at 900°C for 300 minutes with an
airflow of 1 L/rain.



59

# . : . '•>.:

FIGURE 4A Columnar grains of U3OQ revealed by polarized light in a
cross-section perpendicular to the surface of a sample oxidized
for 180 minutes at 900°C with an airflow of 1 L/min.
Magnification = 500X
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FIGURE 45 Bquiaxed grains of U3Og revealed by polarized light in a
cross-section parallel to the surface of a sample oxidized for
395 minutes at 900°C with an airflow of 1 L/min.
Magnification = 500X
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FIGURE 46 Grain structure of a large fragment from a pellet oxidized at
900°C for 180 minutes In an air flow of 1 L/mln. X-ray
diffraction confirmed this structure as a mixture of U4O9 and
UÛ Th Wid f U ° c bUÛ2» The Widmanstatten structure of
Magnification = 500X

can be seen.
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FIGURE 47 Layer of dark oxide grains observed under the UßOg layer in a
fragment from a pellet oxidized for 395 minutes at 900°C in an
airflow of I L/min. X-ray diffraction suggests that this is
U40g.
Magnification = 500X
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FIGURE 48 Oxidation at 1000°C.
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IOOO°C
cc/mîn

FIGURE 49 Pellet oxidized at 1000°C for 180 minutes with an airflow of 500
mL/min. The surface layer is ^j°g' Beneath this layer,
radial cracks partially penetrate the centre of the pellet.
Magnification = 3X
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FIGURE 50 Fragmentation of a pellet oxidized for 600 minutes at 1000°C at
an airflow of 500 mL/min. The arrow marks a section containing
the pellet core which was found to be 100% U^Og.
Magnification = 3X
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FIGURE 51 Edge of a sample oxidized for 10 minutes at 1000°C with an
airflow of 500 mL/niin. The columnar grains did not respond to
polarized light, in contrast to 030g, and did not etch after
one minute in the standard etch, in contrast to U4O9 and
UC>2» It is therefore attributed to a transition phase between
U40g and U3Og.
Magnification = 500X



67

FIGURE 52 This is the Widmanstatten structure of U^Og in U02 observed
in the centre of a pellet oxidized for 10 minutes at 1000°C in an
airflow of 500 mL/min.
Magnification = 500X
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FIGURE 53 Polarized light revealed the columnar grains of l^Op on the
edge of a sample oxidized for 60 minutes at 1000°C in an airflow
of 500 mL/min.
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FIGURE 54 This is the Widmanstatten structure of U^Og in UO2 observed
In the centre of a pellet oxidized for 60 minutes at 1000°C In an
airflow of 500 mL/min. This sample is 70% U409 and 30%
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High
u4o9
content

u 3o 8

FIGURE 55 This is the edge of the same pellet shown in Figure 54.
the sample is largely U^Og, this is not evident from
metallography.
Magnification = 500X

Although
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FIGURE 56 Edge of pellet oxidized 180 minutes at 1000°C and 500 mL/min
airflow. Expansion of the U^Og layer has caused radial
cracking of the substrate. As polished, polarized light.
Magnification = 100X
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FIGURE 57 Centre of a pellet oxidized for 180 minutes at 1000°C and 500
mL/min airflow. This sample was 85% U4O9 and 15% U02«
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FIGURE 58 Interior of a pellet oxidized fir 600 minutes at 1000°C and 500
mL/min airflow. This sample was 100% U^Og, as is the pellet
core marked in Figure 49.
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iooo*c

I
FIGURE 59 This pellet was temperature cycled at 1000°C _+ 30°C for 180

minutes with a period of 30 minutes. Fragmentation is much
greater than observed at isothermal temperature (Figure 49).
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FIGURE 60

Rate of weight increase as a function of reciprocal absolute heating
temperature, unirradiated and irradiated fragments, 175-4OO°C in air,

data from Reference 13.
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