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Fission product release in high-burn-up UO2 oxidized to U3O8
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Abstract

Results of oxidation experiments on high-burn-up UO2 are presented where fission-product vaporisation and release
rates have been measured by on-line mass spectrometry as a function of time/temperature during thermal annealing treat-
ments in a Knudsen cell under controlled oxygen atmosphere. Fractional release curves of fission gas and other less volatile
fission products in the temperature range 800–2000 K were obtained from BWR fuel samples of 65 GWd t�1 burn-up and
oxidized to U3O8 at low temperature. The diffusion enthalpy of gaseous fission products and helium in different structures
of U3O8 was determined.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Though the equilibrium thermodynamic proper-
ties of uranium dioxide are well established, the
rare-gas atomic mobility in the fcc lattice of
UO2+x is still matter of debate. This is principally
due to the variety of possible lattice defect configu-
rations influencing the atomic jumps, which are in
turn governed by the chemical activity of oxygen
and associated changes of the local uranium
valence. The problem increases in complexity as
more uranium atoms attain higher oxidation states.

The thermochemical stability of uranium dioxide
continuously decreases if more oxygen is added in
the UO2+x cubic solid solution up to the high O/U
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ratios at which the less compacted orthorhombic
structure of U3O8�x is formed, displaying a mark-
edly different physical character. Though the ther-
modynamic data of the stoichiometric uranium
oxides have been consolidated in comprehensive
databases (see, e.g., the analysis made by Gurvich
et al. [1]), the phase diagram of the U–O system still
presents some unknown aspects and unresolved
problems. A view of the present state of the art is
given by recent exhaustive review articles [2–4]. If
one considers the available data and their uncer-
tainty, for moderately high temperatures (up to
1500 K), the thermodynamic properties in the phase
diagram domain between U4O9 and U3O8 are
reasonably well known; whilst data regarding the
system U3O8–UO3 are not fully in agreement. Con-
versely, at higher temperatures, the entire U–O
phase diagram for O/U > 2 presents considerable
inconsistencies and lacunae. For instance, recent
.
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experiments [5] have shown that new accurate
solidus/liquidus data of the cubic solid solution
UO2+x differ from those obtained in the past with
conventional melting techniques, and that the extra-
oxygen effect on the free energy of the UO2+x solid
solution is stronger than previously assumed.

For the higher oxides, despite the extensive work
performed and the copious literature on the subject,
the properties are much more uncertain. Several
experiments, conducted under different oxidation
conditions, provide evidence for chemical dissocia-
tion of the orthorhombic or hexagonal U3O8 with
a measured decomposition temperature – i.e., the
temperature at which formation of a cubic phase
starts – ranging from 1300 K to 1700 K. Endeav-
ours to measure the triple point of U3O8 failed so
far.

A characteristic high-temperature feature of ura-
nium oxide with O/U > 2 is the predominance of
UO3(g) among the uranium-bearing components
of the equilibrium vapour, as well as a much higher
oxygen partial pressure. This is due to intricate non-
congruent surface vaporisation mechanisms where
oxygen diffusion and activation of hexa-valent ura-
nium bonding play a key role. As a consequence,
maintaining at high temperatures a constant O/U
composition may require a control of the oxygen
partial pressure at levels which are hardly practica-
ble in a number of laboratory experiments; and
when this is possible, sublimation rate and oxida-
tion kinetics are so fast that oxygen pressure control
becomes anyway very difficult. In the reported
work, two different approaches were pursued,
described in some more detail in a previous paper
[6]: in a first type of experiments, the composition
of the oxide was kept as far as possible constant
in the explored temperature range, in the second
one, the oxygen partial pressure was fixed, and the
changes in composition with temperature were
analysed. This made it possible to establish a tem-
perature range where fission-gas diffusion measure-
ments could be carried out under conditions close
to thermochemical equilibrium.

2. Experimental setup

The experiments were carried out in a Knudsen-
effusion setup. Samples of approximately 10 mg
weight are contained in a small sample holder made
of platinum that is placed in an alumina Knudsen
cell (10 mm B and 5 mm h) with an aperture vari-
able between 0.3 and 1 mm. The cell is heated in a
vacuum by a tungsten coil surrounded by seven
thermal shields ensuring temperature homogeneity
in the cell. From thermocouple measurements, at
1900 K the dimensions of the homogeneous
(±5 K) zone in the furnace are 30 mm B and
60 mm h; above 700 K the effective thermal inertia
of the furnace is small, enabling steady state temper-
ature changes to be applied within a few minutes.
The bottom of the cell has a cylindrical aperture
into which an alumina capillary (1 mm B) is
inserted to enable a gas inflow in an antechamber
�labyrinth� where the gas is heated before entering
the cell. The gas is introduced from an external res-
ervoir at a controlled pre-fixed pressure, and the
relationship between the oxygen pressure in the
reservoir and that in the cell is obtained from lami-
nar flow equations. In order to provide a prompt
response, the volume of the reservoir is kept as small
as possible and its pressure is regulated by a gas
inlet, electronically steered micro valve. Since in
our case oxygen represents by far the major vapour
component in the Knudsen cell, a given constant
pressure can be established in the cell by using as
a feedback to the inlet valve either the mass spec-
trometer signal of oxygen or the vacuum gauge
current. The molecular beam effusing from the cell
aperture is directed through a sequence of apertures
in the thermal shields to the upper, water-cooled,
cover plate of the vessel where through a small hole
of 5 mm B the beam is collimated into the ion
source of a quadrupole mass spectrometer (MS)
placed in the otherwise separated upper chamber.
The ion source is surrounded by a large liquid-nitro-
gen trap, which, in conjunction with use of oil-free
turbo-molecular and rotary pumps, does effectively
remove from the rest gas most disturbing hydrocar-
bon components. The attainable pressure in the MS
chamber is of the order of 10�10 Torr, and increases
to the MS operation limit of 10�5 Torr as a gas
inflow is allowed in the underneath furnace vessel.
This is evacuated by an independent pumping sys-
tem consisting of two sequential turbo molecular
pumps connected to a Leybold �Dryvac� oil-free
primary vacuum pump.

In practice, the operating differential pumping
system makes it possible to maintain in the Knud-
sen-cell oxygen pressures up to of the order of
1000 Pa, however, limits for Knudsen-effusion con-
ditions were more restrictive than those necessary
to perform gas release measurements. Calibration
of the gas inflow producing the wished pressure
in the cell proved to be possible with suitable
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standards, by checking the stability of the steady-
state sublimation rate of pre-fixed UO2+x com-
pounds after manually establishing the O/O2 equi-
librium partial pressure expected at the given
temperature. The performance of the experimental
setup is described in more detail in Ref. [6].

3. Samples

A Boiling Water Reactor fuel rod irradiated up
to 65 GWd t�1 burn-up was selected for this investi-
gation. Samples were taken from pellets, where the
in-pile temperature was low enough to maintain
all fission products homogeneously dispersed or fro-
zen in the lattice. In particular, fission gas is present
at the end of irradiation in largely hyper-saturated
concentrations of the order of 15000 at. ppm. For
these samples, the experiment shows that during
thermal annealing, in a vacuum and over times of
a few hours, fission-gas release and volatile fission
products like caesium starts at �1000 K, and is
effectively complete below 2000 K.

Under oxidation conditions, diffusion processes
become faster; nonetheless, if the oxidation temper-
ature does not exceed 750 K, most fission products
are entirely retained in the matrix. Even the fission
gas precipitated in-pile in grain boundary pores
did not escape in a significant amount during low-
temperature oxidation. This was attested by moni-
toring 85Kr release during oxidation: only 2–5% of
the gas initially present in the fuel was released. In
view of that, samples oxidized at these low temper-
atures are in a suitable state to investigate fission-
product diffusion by subsequent thermal treatments.
Yet, the essential prerequisite is to bring about envi-
ronmental conditions apt to sufficiently maintain
the preset sample stoichiometry.

3.1. Reference compounds

Definition of a reference oxide phase correspond-
ing to a highly oxidized state of fission-product
doped UO2 is not straightforward, all the more
since U3O8 presents a pronounced polymorphism
in its crystal forms (see, e.g., [7]). The first question
to answer concerns the type of structure expected
from oxidation of irradiated UO2 containing a total
concentration of fission products of the order of
magnitude of 10 at.%. The correspondence between
the oxidation behaviour of the irradiated fuel and
that of pure UO2 was, therefore, investigated under
similar conditions.
If one just considers the three more common
forms of U3O8 – a (face-centred orthorhombic, with
two types of U-positions), a 0 (hexagonal high-tem-
perature modification of a, with one type of U-posi-
tions) and b (trigonal, of lower density) – different
phase transitions can occur during thermal anneal-
ing, even if the oxide composition is kept constant,
depending not only on temperature, but also on
the applied temperature programme.

Our reference samples were prepared from a
U3O8 sintered powder (crystal grains of a few
micrometers size) oxidized at 700 K. XRD analysis
indicates the presence of a single phase with an
orthorhombic structure of space group C222, with
parameters {a,b,c} = {0.6715,1.1959,0.4146} nm,
which closely corresponds to the a-phase reported
in the literature [8].

The powder was then cold-pressed in the form of
pellets and sintered at 1400 K in oxygen at 1 bar. In
the product, an almost complete phase change was
detected from the a- to the b-phase with space
group Cmcm, with parameters {a,b,c} = {0.7069,
1.1445,0.8302} nm. This is in agreement with
U3O8 structures found under similar conditions
[9]. With respect to that of the starting powder,
the crystal density decreases after sintering from
approximately 8.39 to 8.35 g cm�3. In the two ideal
structures, the uranium sub-lattice maintains the
same symmetry positions, whilst the oxygen sub-
lattice exhibits a markedly different coordination,
surrounding two U-atoms with a pentagonal di-
pyramid and three U-atoms with a deformed
octahedron. In fact, for both the a- and b-phase
the experimental XRD peak intensities could only
be approximately reproduced; indexing was also
incomplete. Fig. 1(a) and (b) show the respective
XRD spectra of the orthorhombic U3O8 with space
group C222 and Cmcm, compared with the theoret-
ical predictions calculated from the atomic positions
reported in the literature. One can see that the devi-
ations of some of the line intensities are appreciable;
however, the correspondence of the peak positions
is sufficient to ensure correctness of the deduced unit
cell. Further attempts to obtain a better fitting were
beyond the scope of our investigation.

The distinctive attribute of these structures is that
UO layers are formed in the basal plane between
which the remnant oxygen is distributed in chains
along the z-direction (Fig. 2). This lattice configura-
tion can easily adapt to fit in considerable oxygen
stoichiometric deviations as well as foreign atoms
that can be accommodated in the large interstitial



Fig. 1. XRD spectra of U3O8: (a) crystal phase with space group C222, (b) crystal phase with space group Cmcm.

232 J.Y. Colle et al. / Journal of Nuclear Materials 348 (2006) 229–242
voids, as shown in Fig. 2 for xenon. Furthermore, it
can be readily seen that creation of oxygen Frenkel
pairs of different crystallographic configurations in
such a structure is possible for adjacent uranium



Fig. 2. Lattice model of the orthorhombic lattice of a-U3O8. In the enlarged cell the probable position of a xenon atom (light grey sphere)
in an interstitial void is indicated.
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atoms can adapt by changing the oxidation state
from U4+ to U6+. It is, however, worth remarking
that, contrary to the cubic UO2+x, the orthorhom-
bic lattice is unable to sustain large strains pro-
duced by cationic defects, and lattice disruption is
observed when, for instance, U3O8 is submitted to
radiation damage.

3.2. Oxidation of irradiated samples

The structure of the oxidized irradiated samples
is affected by the presence of fission products. Fur-
thermore, U3O8 at temperatures below 400 K is
almost completely destroyed by radiation damage
already at doses of 1017–1018 fissions cm�3 [10,11].
Since thermal healing takes place only at tempera-
tures above 600 K [12], one should remark that a
fuel oxidation event occurring in-pile at low temper-
ature may lead to more complex oxidation and
fission product release conditions than those exam-
ined here.

An investigation of the oxidation behaviour in
air of samples of irradiated UO2 was performed in
the temperature range 400–670 K (Fig. 3) with a
sufficiently large sample (a few grams) so that the
weight gain could be measured at time intervals,
and XRD analysis was performed to record the pro-
gressive modifications of the cubic UO2+x phase and
the appearance of orthorhombic U3O8. Above
600 K the oxidation kinetics was fast at the begin-
ning, causing O/U ! 2.5 within a few hours treat-
ment. The oxygen intake became then slower, O/U
reaching the value of 2.66 after 10 h at 670 K –
but only after 50 h at 620 K. A further increase of
O/U up to 2.7 was measured for annealing times
up to 150 h. At lower temperatures, the cubic phase
persisted even after 500 h treatment with O/U
values just above 2.5, showing a small but constant
increase rate.

The XRD patterns indicate complete formation
of a U3O8 phase only for oxygen stoichiometry
slightly higher than that of the octoxide formula,
whilst at this composition traces of a cubic phase
were always detected. Due to the small practicable
size of the samples and the affordable measure-
ment times, only a restricted segment of the XRD
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spectrum could be accurately recorded. The peak
positions were in agreement with those of the a-
phase, however, the signal-to-noise ratio was too
low for a precise resolution of the bands of closely
spaced reflections characteristic of this structure.
Furthermore, there were indications that the
observed bands contained a larger number of reflec-
tions than those of the orthorhombic a-phase.
Based on these observations, the obtained irradiated
octoxide was identified as the monoclinic phase
found by Chodura and Mal [13]: space group P21/
m, with {a,b,c} = {1.191,0.671,0.827} nm and
c = 89�. This crystal structure is apparently very
close to that of the a-phase (by doubling the c

parameter), the angular asymmetry being small.
The Roentgen density is effectively the same.
800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Temperature, K

Fig. 5. Logarithmic plot of the fractional release of volatile and
less volatile fission products vs. temperature.
4. Experiment

The irradiated fuel samples were small pieces of
about 1 mm3 volume taken from the periphery of
a pellet; however, the external high-burn-up rim
was not encompassed in the extracted samples, so
that their ceramographic structure after irradiation
was similar to the ordinary one.

The fission product fractional vaporisation
curves were first measured in non-oxidized samples
until complete sublimation. The results, plotted in
Figs. 4 and 5, provide information on the different
release stages of the fission gas. Analysis of these
curves indicates presence of gas on grain boundaries
in fractions ranging from 5% to 10% of the
inventory.
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4.1. Thermal treatments and oxidation conditions

Three types of experiments have been carried
out.

(A) Vaporisation of non-oxidized reactor-irradi-
ated samples: they were stepwise annealed in the
Knudsen cell (KC) in a vacuum up to 2800 K.
Selected nuclides were continuously detected by
MS until full sublimation of the sample. Analysis
of the UO(g) and UO3(g) were carried out. The
method was based on selective ionization of UO,
UO2 and UO3 at increasing electron collision ener-
gies from the mono- and dioxide ionization poten-
tial (�5 eV) upwards. The precision of the
calibration is proportional to that of the MS signals
of UO+ and UOþ

2 at low ionization energies
(�20%). The concentration of the mono- and diox-
ide molecules in the vapour indicates that the
sample was initially stoichiometric, undergoing,
however, significant reduction above 2200 K. The
ceramographic structure of the sample at different
stages of the annealing programme is shown in
Fig. 6. It can be seen that the initial grain size of
approximately 5 lm is maintained up to 2400 K,
since formation of large intergranular pores pre-
vents diffusion-driven grain growth.

(B) Oxidation in the KC and subsequent thermal

annealing under fixed oxygen pressure: samples
(20 mg) of fuel under end-of-life conditions were



Fig. 6. Micrographs (SEM) of UO2 fuel under end-of-life
(65 GWd t�1) conditions (top) and after treatment in vacuum at
1900 K (middle) and 2400 K (bottom).
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annealed at temperatures between 750 K and 850 K
in the KC for 4 h under an oxygen partial pressure
corresponding to an equilibrium oxygen potential
slightly higher than that of U3O8, as reported in
Ref. [4]. After this oxidation stage, the samples were
submitted to a linear heating programme under
1000 Pa oxygen until complete sublimation.

(C) Oxidation of irradiated samples in a furnace in

air and subsequent thermal annealing in the KC:
small fragments (10–20 mg) of previously oxidized
samples were subsequently treated in the KC under
vacuum up to temperatures at which the measured
fractional fission product (FP) release attained sig-
nificant values without effective changes of the
oxide stoichiometry. The composition stability in
this temperature range was previously checked [6].
The thermal annealing programme was finally ter-
minated at higher temperatures, where the sample
was completely sublimed in a progressively reduced
form. This terminal stage had the sole scope to
determine for each nuclide the total amount
released, and to make it possible to normalise the
measured fractional release curves to the initial
inventory. In addition, the total amount of krypton
and xenon isotopes escaped during these treatments
was captured in a cold trap and measured after-
wards by mass spectrometry by using a spike
method. From the obtained absolute concentra-
tions, we could confirm that the fraction of fission
gas escaped during the previous oxidation in air
was less than a few percents of the fuel inventory
at end-of-life. Fig. 7 shows the porous ceramo-
graphic structure of the sample after low-tempera-
ture oxidation and after a treatment at 1850 K,
where the release process is completed. At this tem-
perature the grains are intersected by �woodworm
channels� and a sub-grain structure is formed, with
cells of less than 1 lm size. Actually, we often
observed high gas retention in spongy structures
consisting of small grains with homogeneously dis-
tributed spherical pores (like, for instance, the oxi-
dized fuel, and the high-burn-up rim structure).
Percolation patterns and venting of these pores
occurs at higher fractional porosities than in cus-
tomary sintered structures. The results reported in
the following sections show that the highly oxidized
fuel retained approximately 20% of the fission gas,
which escaped at temperatures higher than that of
oxidation.

4.2. Gas release in the three experiments

Evaporation of most volatile fission products
does not take place according to classical Knudsen
mechanisms based on definite equilibrium pressure
conditions. Therefore, gas release processes were
measured by maximizing the cell aperture to obtain
high MS signals. On the other hand, this limited the
achievable oxygen pressure in the cell to approxi-
mately 1000 Pa, corresponding to the equilibrium
partial pressure over U3O8 at about 1500 K. There-
fore, above this temperature the sample underwent



Fig. 7. Micrographs (SEM) of UO2 at 65 GWd t�1 oxidized in
air (top) and after annealing under 1000 Pa oxygen at 1850 K.
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progressive chemical reduction due to non-congru-
ent sublimation. In the graph of Fig. 8 the measured
equilibrium partial pressure of UO3(g) illustrates
how the stoichiometry of the sample decreased
with increasing temperature. These data are
further explained and commented in Ref. [6].
The measured fractional release curves are plotted
in Figs. 9–11, and compared with those obtained
by vaporising non-oxidized fuel in a vacuum (Figs.
4 and 5).

4.2.1. (Case A): Release in a vacuum from

non-oxidized samples
Fission-product vaporisation from irradiated

UO2 under end-of-life conditions was previously
investigated in an extended experimental pro-
gramme involving different fuel types in the burn-
up range up to 100 GWd t�1. In this context, the
results plotted in Figs. 4 and 5 are typical for a fuel
of 65 GWd t�1 burn-up, irradiated at temperatures
below 800 K. The graph of Fig. 4 gives us an idea
about the temperature interval in which effective
release or vaporisation of the various fuel compo-
nents occurs, from the fastest (helium) to one of
the least volatile phases (e.g., ZrO2). This tempera-
ture interval extends from approximately 1000 K
to 2800 K. The plotted UO(g) curve describes the
uranium oxide vapour species which is detected to
the last during the ultimate sublimation stage of
the dioxide, which under high vacuum is reduced
below the congruent vaporisation composition.
The release/vaporisation behaviour of the sample
can be summarised as follows:

• Iodine, 129I(g), is the first FP to be detected above
800 K in comparatively large fractional amounts,
but its initial release stage terminates at approxi-
mately 1000 K. Above 1300–1400 K caesium
becomes the predominant vapour species and is
the first to reach total release at approximately
1800 K.

• Release of xenon starts also at 800 K, but it aug-
ments less with temperature and its fractional
value remains below that of 129I and of all Cs
isotopes. Kr is slightly faster released than Xe,
but the difference is sometimes within the experi-
mental error.

• Tellurium (130Te) release is similar to that of all
Cs isotopes. Above 1000 K its volatility in both
the elementary and oxide form is sufficiently high
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to produce instant vaporisation when Te reaches
a free surface.
• The strontium and barium curves are similarly
displaced towards higher temperatures; substan-
tial release starts above 1800 K.

• Rare Earth oxide vaporisation rate approxi-
mately coincides with that of the dioxide matrix.

• The fission-gas release curve as a function of
temperature is almost symmetrically intermediate
between that of helium and the least volatile
components.

• After total UO2 sublimation, in the KC it
remains only ZrO2, which completely vaporises
at 2800 K, and some metallic fission products
(Mo, Ru, Pd, Rh), which at 2500 K are less
volatile than UO2.
4.2.2. (Case B): Release in samples after oxidation
to U3O8 in the KC under controlled atmosphere

The samples were oxidized under controlled con-
ditions at 750 K during 4 h. Negligible release was
detected by MS during this stage. In the following
annealing programme, release/vaporisation curves
indicate higher in-solid mobilities in the oxidized
than in the non-oxidized samples. Furthermore,
some relevant changes in the vaporisation sequence
of the various components were observed:

• For fission gas and very volatile fission products,
the onset temperature of release (Fig. 9) is only
slightly lower than in case (A). The negative shift,
however, increases to approximately 200 K
during the bulk release stage. Remarkably, the
relative trend of the Cs- and Xe-release curves
remains the same as in case (A), with fractional
release starting later for Cs (around 960 K vs.
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800 K), but increasing faster and exceeding that
of Xe above 1000 K.

• The release of helium in the oxidized sample is
not much faster than in the non-oxidized fuel,
terminating at temperatures above 1600 K, where
U3O8 was progressively reduced to cubic UO2+x.

• Molybdenum and technetium appear in the
vapour in the form of oxides. About 1% is
released below 1000 K in a well separated stage.
The mass is released between 1200 K and
1800 K. Barium exhibits a similar behaviour.

• Lanthanides are absent in the vapour, and their
oxide gaseous species appear only at tempera-
tures where U3O8 is completely vaporised, indi-
cating that they are not affected by over
oxidation of fuel UO2.

4.2.3. (Case C): Release in samples after oxidation

to U3O8 in air
The results of release from the a 0-U3O8 phase are

plotted in Figs. 10 and 11, where one can see that:

• Release of fission gas and volatile fission prod-
ucts is markedly faster with a shift of the
fractional release curves from 200 K to 400 K
towards lower temperatures. The enhancement
is larger for xenon than for iodine and caesium.

• The less volatile fission products behave similarly
in the two phases oxidized in air and in the KC.

5. Analysis of the gas release stages

Analysis of the measured release curves is pres-
ently affordable for inert gases, where simpler diffu-
sion processes are involved. The gas is effectively
insoluble in the matrix and its migration or pre-
cipitation in bubbles is only governed by the Brown-
ian motion of the diffusing species and/or by the
matrix self-diffusion. No phenomenological forces
are supposed to be active, the diffusion flux being
merely given by Fick�s law in conjunction with the
assumed zero concentration at the external and
internal free surfaces. Generally, the measured frac-
tional release curves R = R(T, t) cannot be fitted by a
simple model of diffusion in a finite, homogeneous
medium. On the other hand, the observed good
reproducibility of the main features let us infer that
the ruling mechanisms, although difficult to quantify
from the atomistic point of view, are somewhat
simple.
5.1. Assumed diffusion equations

Numerous similar applications have shown that
assumption of three diffusion stages is in most cases
sufficient to reproduce the observations: apparently,
after an initial fast-release stage, the gas first diffuses
to free surfaces and sinks, and from these it follows
preferential patterns to reach the free surface. In
principle, to fit the experimental data we do not
need to specify a priori the nature of the sinks and
the morphology of the release patterns, although
we might conjecture them. The method of analysis
can be the same as that previously adopted for
fission gas and helium in non-oxidized fuels
[14,15]. Briefly, the diffusing gas is assumed to be
possibly distributed in three states, with concentra-
tions respectively pertaining to an initial location
on grain boundaries (c1), in the grain volume (c2)
and in, a priori non-specified, tapping sites (c3) from
which it can further escape with a different mobility.
The ruling rate equations of the normalised frac-
tional concentrations are assumed to have the form:

dc1
dt

¼ �H 1c1;

dc2
dt

¼ �H 2c2 � K2c2;

dc3
dt

¼ K2c2 � H 3c3;

R ¼ 1� c1 � c2 � c3;

c1 ¼ c1;0; c2 ¼ c2;0; c3 ¼ c3;0 at t ¼ t0; ð1Þ

where R represents the fraction released. The sketch
of Fig. 12 visualises the meaning of the terms in Eq.
(1).

The reaction-rate constant, K2, is expressed as
the product of a diffusion coefficient, D2 =
D2,0exp(�DH2/kT), times a sink-strength constant
k2s :

ks ¼ ðK2=D2Þ1=2. ð2Þ

To obtain ks one needs the full expression of the dif-
fusion coefficient, including the pre-exponential fac-
tor. Since the precision of this latter, as obtained by
numerical fitting, is low, D2,0 was assessed by aver-
aging the best fitting results on different curves. It
should be noted that D2,0 appears in the analysis
only through the following Eq. (3), where one can
see that its influence on the correlation between K2

and H2 is rather week.
The relationship between H2,0 and K2,0 as defined

by the assumed concomitant release rate from a
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Fig. 12. Schematics of the diffusion processes formulated in Eq.
(1). The mathematical formalism does not require any a priori
definition of the operating diffusion mechanisms, the only
assumption being their single-energy thermal activation. These
can be, for instance, a primary mechanism (1) based on atomic
gas volume diffusion, the flux of which is split between desorption
and precipitation in traps (bubbles); of a secondary mechanism
(2) involving bubble migration or �piping�, i.e., migration along
preferential patterns (dislocations); and a third mechanism
consisting in fast diffusion of gas previously migrated to grain
boundary. Each mechanism has an individual thermal activation
enthalpy and an (entropic) pre-exponential factor depending on
the size and morphology of the diffusion domain and on the �basic
jump� frequency of the diffusing species.
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spherical grain of size a (with coefficient H2) and the
capture rate by sinks (with coefficient K2) has the
expression [16]:

H 2 ¼
3K2

1� 3G
; G ¼ � 1

a2k2s
þ coth aksð Þ

aks
ð3Þ

The other coefficients of the reaction rate equations
are written as: Hj = Hj,0exp(�DHj/kT), where the
frequency Hj,0 is the ratio of the pre-exponential
constant of the ruling diffusion coefficient, Dj, and
the square of an effective dimension of the diffusion
domain. However, as long as a reaction is not corre-
lated with others, it is not necessary to provide this
expression of Hj,0. This is obviously meant for
purposes of numerical analysis, where one strives
for information on the ruling activation energies
of diffusion. A physical interpretation should be
further pursued. For instance, the gas diffusion
mechanisms examined here are certainly associated
with porosity growth and venting, and the signifi-
cance of the effective activation energy may not be
related to gas mobility only – as, for instance, in
experiment (A), where the third stage doubtless cor-
responds to release of gas in bubbles by matrix sub-
limation. However, as long as a thermally activated
process is governing matter transport, the coeffi-
cients Hj,0 may be qualitatively interpreted as the
product of the typical frequency of the elemental
�jumps� times the square of the consequent frac-
tional displacement of the gas over the size of the
diffusion domain. In some sense, the phenomeno-
logical coefficients have a far-reaching significance
that may help us in devising more detailed models.

For a constant temperature and given initial
values of the variables, equation system (1) has the
simple general integral:

c1 ¼ c1;0e�H1t;

c2 ¼ c2;0e�ðH2þK2Þt;

c3 ¼ e�H3t c3;0 þ
c2;0K2

H 2 �H 3 þK2

� c2;0K2e
ðH3�H2�K2Þt

H 2 �H 3 þK2

� �

ð4Þ
that can be applied to any arbitrary sequence of
temperature steps, where the exponential T-depen-
dence of the coefficients H and K is expressed
through their respective activation energies.

Thus, the resulting expression of R(T) was used
to fit the experimental curves with a computer pro-
gramme where a numerical calculation strategy is
devised to obtain the most robust solutions. The
results are collected in Table 1 for xenon and
helium.

5.2. Fitting results (Table 1)

For experiment (B), where the irradiated sample
was initially oxidized in the KC to a-U3O8, only
�2% of the xenon appears to be early released start-
ing from grain boundary positions (first stage,
DH1 = 0.75 eV). The central second stage, with acti-
vation energy DH2 = 2.07 eV, is split between direct
migration of gas to the open surfaces (63%) and an
intermediate precipitation into sinks (35%) from
which it finally escapes with an activation energy
of 0.9 eV (third stage). The activation energy of
the second stage is clearly lower than that of
3.25 eV measured in the non-oxidized sample in
experiment (A). This latter is in agreement with pre-
vious measurements in irradiated UO2 [17], which
indicate a progressive decrease of the fission-gas



Table 1
Fitted parameters of Eq. (1)

Activation energy/k, K Time constant, s�1 Yield Mechanism

Diffusion of xenon (136Xe, 134Xe)

Experiment (A): UO2 DH1 = 35190 H1,0 = 5.2 · 105 0.20 g.b. diffusion
DH2 = 37650 ± 100 H2,0 = (6.0 ± 0.05) · 104 0.56 Volume diffusion

K2,0 = (2.58 ± 0.05) · 104 0.24 Precipitation
DH3 = 70450 ± 200 H3,0 = (8.9 ± 40) · 1010 0.24 Vaporisation

Experiment (B): a-U3O8 DH1 = 8700 H1,0 = 5.12 0.02 g.b. diffusion
DH2 = 23170 ± 240 H2,0 = (6.0 ± 0.3) · 103 0.63 Volume diffusion

K2,0 = (3.5 ± 0.5) · 103 0.35 Precipitation
DH3 = 11540 ± 2000 H3,0 = (6.6 ± 40) · 10�1 0.35 Sub-g.b. diffusion

Experiment (C): a 0-U3O8 DH1 = 13320 H1,0 = 1.8 · 105 0.2 g.b. diffusion
DH2 = 14000 ± 100 H2,0 = (6.0 ± 0.3) · 103 0.27 Volume diffusion

K2,0 = (1.1 ± 0.2) · 104 0.53 Precipitation
DH3 = 8580 ± 850 H3,0 = 2.3 ± 19 0.53 Sub-g.b. diffusion

Diffusion of helium (4He)

Experiment (B): a-U3O8 DH1 = 17350 H1,0 = 2.33 · 105 0.10 g.b. diffusion
DH2 = 18420 ± 300 H2,0 = (6.00 ± 0.1) · 103 0.11 Volume diffusion

K3,0 = (4.55 ± 0.2) · 103 0.79 Precipitation
DH3 = 10150 ± 300 H3,0 = 0.63 ± 1.32 0.79 Sub-g.b. diffusion

Experiment (C): a 0-U3O8 DH1 = 5365 H1,0 = 8.64 · 103 0.4 g.b. diffusion
DH2 = 7947 ± 120 H2,0 = (6.00 ± 0.1) · 103 0.14 Volume diffusion

K3,0 = (2.03 ± 0.2) · 104 0.46 Precipitation
DH3 = 2500 ± 280 H3,0 = (3.8 ± 7) · 10�3 0.46 Sub-g.b. diffusion

n.b.: The errors represent the correlated fitting stabilities. For the first stage the error is not given since this quantity is obtained
independently of the second and third stage.
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diffusion enthalpy with burn-up. The results of the
analysis for 136Xe are shown in Fig. 13.

In experiment (C), where the oxidation state cor-
responds to the less dense a 0-U3O8 crystal phase,
�20% of the gas is released from initial grain
boundary positions (DH1 = 1.1 eV), whilst 27%
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Fig. 13. Typical analysis of a xenon release curve in experiment
(B), based on the integral of Eq. (1).
reaches the free surface in the second stage (D
H2 = 1.27 eV) and 53% is first trapped and then
released with a low energy activation (DH3 =
0.74 eV).

These results were obtained from a sufficiently
robust numerical fitting; however the interpretation
of the parameters is still conjectural. In our case, the
instability of the crystal and of the sintered structure
makes the analysis more complicated. Actually, the
results of rare gas diffusion measurements in U3O8

published in the literature show a great scatter that
can be only explained by a shortcoming in the raw
data analysis. For instance, from repeated measure-
ments in reactor irradiated U3O8 Lindner and Mat-
zke [18] found a Xe-diffusion enthalpy ranging from
0.75 eV to 1.1 eV, with, however, uncommonly low
pre-exponential factors (10�14–10�15 m2 s�1). How-
ever, values closer to ours were obtained by Kennett
and Thode (1.74 eV) [19] from fission product
extraction experiments. In this regard, one should
consider that in the former experiments the lattice
was highly damaged, whilst in the latter the sample
was treated similarly to ours. Furthermore, it is
worth remarking that in subsequent experiments
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with ion-implanted gas, Matzke measured a diffu-
sion activation energy of 222Rn in undamaged
U3O8 of 3.8 eV [20] that is larger than that obtained
in our experiment (B), and is hardly compatible with
his previous results on xenon.

The data reported in Table 1 are certainly reliable
in the given interpretation context. However, by
applying these data to other cases, the relevance of
possible variations of the frequencies Hi,0 must be
considered. These depend not only on the atomic
relaxation time of the diffusing species, but also on
dimensionless structural parameters that can be
expressed in terms of grain and sub-grain size, dislo-
cation density and porosity distribution. In Figs. 14
and 15 are respectively shown, the Arrhenius plots
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Fig. 14. Xenon diffusion coefficient in a- and a0-U3O8 in the
second stage. The lines are plotted in the experimental temper-
ature interval in which the sample composition could be kept
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Fig. 15. Idem as in Fig. 14, for helium.
of the measured xenon and helium diffusion coeffi-
cients in the second stage that likely corresponds
to atomic diffusion of gas. The dashed lines repre-
sent the probable error including an uncertainty of
a factor of two in the effective grain size. The error
affects mainly D2,0 and only marginally the activa-
tion energy. The values of D2,0 averaged over differ-
ent experiments are in the range 10�4–10�5 m2 s�1

(see Fig. 14).
The release curves for helium could be precisely

analysed for experiment (B), whilst the data
obtained in experiment (C) are less reproducible.
In the former experiment, however, one can note
that in the second stage (volume-diffusion) the acti-
vation energy is 1.6 eV, and those of first and third
stage are similarly low (1.49 eV and 0.87 eV, respec-
tively). In experiment (C) the diffusion energies are
markedly lower, with 0.7 eV for the second stage
and a few tens of eV for the first and third stage.

One should finally point out that general applica-
tions of these results for gas release prediction are
possible if the integral of Eq. (1) is used, and the
above mentioned rate coefficients are representative
for the given conditions. For the case of U3O8,
where release is completed before the matrix subli-
mation stage, the coefficients of Table 1 can be
reasonably applied to describe in-pile events.

6. Conclusions

Samples of a BWR fuel rod irradiated up to
65 GWd t�1 were oxidized in laboratory at low
temperature up to formation of U3O8. Vaporisation
and release phenomena were investigated in a
Knudsen cell with on-line mass spectrometer.

Oxidation conspicuously increases atomic mobil-
ities of volatile species dissolved in the matrix,
including molybdenum oxides. Lanthanides oxides,
however, remain in the solid phase even after
complete sublimation of U3O8.

Analysis of the fission-gas and helium release
curves was carried out under defined starting condi-
tions with large concentrations of gas homoge-
neously dispersed in the matrix. Under thermal
annealing conditions with increasing temperature
programmes, release was observed to occur in three
subsequent stages. In the first one, gas is released
starting from grain boundary positions; in the
second stage, volume diffusion takes place leading
in part to release and in part to trapping on sites
from which release is further taking place with
different activation energy (third stage). Only the
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second stage can be identified as an atomic diffusion
process in a perfect U3O8 lattice, whilst the third
stage is probably associated to a development of
sub-microscopic cells on the interface of which gas
migrates with low activation energies.

In practice, use of diffusion data to predict gas
release in oxidized fuel is not straightforward, since
it requires a sufficiently accurate formulation of the
three stages, for instance, as summarised in the
analytical part of the paper.
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