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Abstract

The TANOX analytical irradiation device is presented and the first results concerning
stoichiometric and hyperstoichiometric uranium dioxide fuels with two different grain sizes are given.

The TANOX device is designed to obtain rapidly significant burnups in fuels at relatively low
temperatures. It is placed at the periphery of the SILOE reactor and translated to adjust the irradiation
power. The continuous measure of the centre-line temperature allows to control the experiment and to
evaluate the thermal behaviour of the rods. A TANOX fuel rod has a length of 100 mm with 20 fuel
pellets in a stainless steel cladding and is inserted in a thick aluminium alloy overcladding which is cooled
by the primary water circuit reactor. These conditions of small size pellets and improved thermal
exchanges have been designed to dissipate the heat power due to fission densities three to five times higher
than in a PWR.

The first analytical irradiation was devoted to the study of U020o, UO2.01 and UO2.02 fuels with
standard and large grain sizes obtained by annealing. A burnup of about 9000 MWd.t,/1 was reached in
these fuels. The thermal analysis shows a degraded conductivity for the UO202 fuel rod due to the
hyperstoichiometry. The released fractions of 85Kr during irradiation are negligible as expected (lower
than 0,1%). Some of the pellets were heat treated at 1700°C for 5 hours. The gas release was analysed
after 30 minutes and at the end of the treatment. The main results are as follows: the fission gas release
(FGR) of the standard UO2 varies from one sample to another; the FGR of the hyperstoichiometric fuels
is of the same order of magnitude than that of the stoichiometric UO2 fuel of normal grain sizes; the grain
size increase has no effect on FGR for UO200 but considerably decreases the FGR for UO201 and UO202
fuels. These heat treated samples are also observed to characterize the inter- and intragranular fission gas
bubbles.

1. INTRODUCTION

The purpose of this article is to present the TANOX irradiation device and the first
analytical study performed on stoichiometric and hyperstoichiometric UO2 fuels.

The TANOX device has been specifically designed for work on innovative fuels to test
a lot of samples. It is a facility for characterising and selecting potentially advantageous
microstructures. In view of the fact that these new microstructures are required, among other
things, to withstand high burnups ( > 60000 MWd/tU) with optimum fission product retention,
a second device allows to check the behaviour of the most promising microstructures under
high burnup conditions. In both cases, the fission densities are higher than in a PWR whereas
the fuel temperature is of the same order of magnitude or even lower: significant burnups are
rapidly obtained. The release of gaseous and volatile fission products is provoked by
post-irradiation heat treatment. Numerous fuels have been irradiated in TANOX within the
context of various research programmes, each of which is aimed at enhancing a particular
aspect of fuel performance [1].
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The UO2+X fuels study is justified by the fact that irradiation tends to increase the O/U
ratio. It is also necessary to know their thermal behaviour and their capacity for retaining
fission gas.

2. DESCRIPTION OF THE TANOX DEVICE

2.1. TANOX fuel rod

The 100 mm long fissile column contains 20 pellets of 5 mm height and 4.9 mm
outside diameter. The 10 pellets in the top half of the stack always have an annular shape
(diameter of central hole 1.3 mm) allowing the introduction of a Cr-Al centre-line
thermocouple. The cladding is made of stainless steel with possibly a platinum internal
coating, if necessary (case of the study presented in § 3 below) in order to maintain the
hyperstoichiometry of the fuel. The fuel rod equipped with its thermocouple (Fig. 1) is placed
in an overcladding made of aluminium alloy which isolates it from the primary coolant of the
reactor and allows a significant increase in fission densities in the fuel (3 to 5 times greater
than those of a PWR). The fuel/cladding and cladding/overcladding gas gaps, filled with
pressurised helium (2 and 3 bars respectively) are reduced to 20^m and 10/*m at the diameter
respectively in order to dissipate the heat generated in the fuel by improving heat transfers
(Fig- 2).

Sheath

A12O3

20 annular fuel pellets
or 10 annular + 10 full pellets

diameter 4.9 mm
height 5 mm

Cr-Al thermocouple

stainless steel cladding
(with or without Pt)

aluminium alloy overcladding

primary water circuit
of the SILOE reactor (35°C)

FIG. 1. Presentation of a TANOX rod
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FIG. 2. Geometry of a TANOX location

2.2. TANOX Device

The TANOX device can be used to irradiate up to 6 fuel rods simultaneously (Fig. 3).
The overcladdings are fixed in a sample chamber which provides a means of flexible device
management: overall rotation and permutation to homogenize the bumups, loading and
unloading of overcladdings. The entire assembly is placed in a sheath which channels the heat
carrying fluid, water at 35°C in contact with the external surface of the overcladding, and is
equipped with collectrons to measure the neutron flux. This sheath is fixed to a displacement
system which allows the device to be moved with respect to the reactor core so as to adjust the
irradiation power to the required level. Experimental control is based on the continuous
measurement of fuel rod centre-line temperatures by thermocouples.

$mm$*£. -. ••• ̂ I J i i i f g i i P i coUectrons
iililli- , ,ia^*l©g^fuel rods
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FIG. 3. Schematic view of the TANOX device (above view)
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2.3. Irradiation conditions

Two irradiation modes in TANOX were defined and used:

• in the so-called TANOX 1 conditions, which prevailed for the first experiment ( § 3),
the annular pellet temperature does not exceed 700 °C and the desired burnup is of the
order of 10 GWd/tj, (PWR equivalent value);

• in the so-called TANOX 2 conditions, the core temperature of the fuel may reach
1100°C (in annular pellets), a value which is close to that occurring in a PWR under
nominal operation, and the burnups aimed for are greater than or equal to 20 GWd/tU.

In both cases, fission products accumulate in the UO2 matrix without activating the
thermal release mechanisms, or just weakly activating them in the second case. Subsequent
annealing treatments are performed in order to quantify the fission gas release in well-defined
temperature and time conditions.

Irradiation at representative and controlled temperature gives valuable information on
the thermal response of fuel rods and the thermal conductivity of the fuels studied. For this
thermal analysis, the fissile power is readjusted at the end of the irradiation cycle on the basis
of a quantitative measurement of certain fission products by means of y spectrometry.

3. IRRADIATION OF UO2+X FUELS

3.1. Characteristics of fresh and irradiated fuel

Within the context of the UO2 advanced microstructure programme, the independent
and combined effects of grain size and hyperstoichiometry were studied by means of specific
fuel preparations. Six batches of fuel were used with two grain sizes, about 10 et 50jum, and
three stoichiometries with O/U ratios of 2.00, 2.01 and 2.02 (Tab. I). Grain growth is
achieved by annealing at 1800°C for 100 hours and hyperstoichiometry by controlled
oxidation. The microstructures obtained, observed on a polished section under optical
microscopy, show the presence of U4O9 precipitates in needle form in the UO2 0] and UO2^
fuels (Fig. 4).

TABLE I. CHARACTERISTICS OF THE STUDIED FUELS

Fuel

UO 2 00

UO2.01

UO2 .0 2

Grain size

standard: 13 um

large* : 50 um

standard: 14 um

large* : 50 um

standard: 13 um

large* : 50 |im

Bum-up (MWj/tu)

9090

9180

8756

85Kr release fraction

during irradiation

0.0007

0.00075

0.00088

* high grain size are obtained by annealing
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UO2.00

Standard grain size
UO2.00

Large grain size

uo2.01
Standard grain size

UO2.01

Large grain size

UO2.02

Standard grain size Large grain size 30 urn

FIG. 4. Microstructure of the UO2+xJuels before irradiation (with chemical etching)
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The irradiation cycle in the TANOX device covered a period corresponding to four
operating cycles of the SILOE experimental reactor for a total duration of 78 days equivalent
full power. The burn up reached by the three rods considered is 9000 MWd/tu on average
(Tab. I) under TANOX 1 conditions. At the end of irradiation, the cladding was drilled to
check that no fission gas release had occurred: the fraction of 85Kr released and measured is
strictly less than 10"3 which is negligible compared to the accuracy of the measurement (Tab.
I). The microstructural state of the UO2+X fuel observed by optical microscopy would not
appear to be modified to any great extent by the irradiation process, only the U4O9 precipitates
are no longer visible in the UO2_01 and UO202 whether before or after etching (Fig. 5).

3.2. Thermal analysis

The thermal analysis was performed on the basis of the experimental values of
centre-line temperature Tc and corresponding fissile power Pf. These Tc(Pf) relationships
include all the elements of the relatively complex thermal chain (Fig. 2). For example, the
fuel contribution to the overall thermal response is not always predominant. The simplified
modelling process that has been developed to analyse the experimental results obtained takes
into account all these parameters and quantifies their relative importance. It consists in
integrating the static heat equation by considering the hot geometry of the device and the
temperature dependent change in thermal properties, expansion and conductivity. The
calculation of the fuel thermal conductivity integral makes allowance for power flux depletion,
a function of 235U enrichment, and the deterioration due to porosity and hyperstoichiometry
[2-3]. It has to be noticed that the single UO2+X (x < 0.02) compound exists at the irradiation
temperatures (> 400°C). The U4O9 compound forms at lower temperatures.

Figure 6 gives the experimental points and the laws calculated in the (Tc, Pf) plane for
the 3 fuel rods. It is worth noting that:

• rods UO200 and UO2 01 exhibit similar behaviour (~580°C at 170 W/cm) whereas rod
UO202 is hotter (+90°C at 170 W/cm);

• the deterioration in thermal conductivity of fuel rod UO2 m could well be due to the
hyperstoichiometry of the fuel because the calculation result coincides with the
measurements when taking Martin's degraded conductivity law [3];

• using this same law, the calculated centre-line temperature of fuel rod UO201 is
overestimated by 8%: either the UO201 does not have a deteriorated thermal
conductivity, or the power is not precisely known.

4. FISSION GAS RELEASE

The annealing operations are performed on the individual irradiated pellets to provoke
fission gas release. These operations are carried out under vacuum at 1700°C, last 5 hours and
include the collection of two gas samples, one after 30 minutes and the other at the end of heat
treatment. A distinction is made between the gas already existing in the grain boundaries,
which escapes at the very beginning of heat treatment (burst release), and the gas which comes
from inside the grains and which diffuses before escaping from the pellet (volume release).
The collected gases are analysed by gamma spectrometry in order to count the number of 85Kr
atoms. This number of atoms divided by the number of 85Kr atoms present in the pellet on the
date of heat treatment gives the fraction of 85Kr gas released. The mean values obtained for
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Standard grain size Large grain size

UO2.01

Standard grain size
uo2.01
Large grain size

UO2.02

Standard grain size
UO202 30 urn
Large grain size

FIG. 5. Microstructure of the UO2+X fuels after irradiation (with chemical etching)
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FIG. 6. Centre line temperature versus linear power diagram

the six batches of fuel used are listed in Table II. All results are reproducible except for the
UO2 reference fuel giving variable release values from one treatment cycle to another.

The one remarkable fact, made all the more remarkable because it was unexpected, is
that the hyperstoichiometric fuels have gas releases comparable to those of U020o in the case
of standard grains and much lower releases in the case of large grains. The difference already
exists at the burst release stage which means that the gas accumulation at grain boundaries of

TABLE II. MEAN VALUES OF 85Kr RELEASE FRACTIONS DURING ANNEALING TESTS
AT 1700°C

UO7 no '•> grain sizel3 \im

UO? nn ', grain size50 \im

UO9 01 > grain sizel4 fzm

UO? ni ; grain size50 \im

UO7 07 ', grain size 13 nm

UO2 02 '•> grain size50 |im

Mean values of 8 5Kr release fractions

1700°C - 30 min

0.10*

0.13

0.13

0.02

0.10

0.07

1700°C - 5 h

0.30**

0.29

0.39

0.03

0.24

0.08

The values vary from 0.02 to 0.26

* The values vary from 0.13 to 0.45

284



U02 + x does not increase during irradiation in unthermal conditions (T < 700°C). The burst
release is almost the only gas release type for UO201 and UO202- The gas release decrease due
to grain size increase is not checked for the UO2-00 standard fuel.

The irradiated fuels are once more observed by optical microscopy after heat treatment
(Fig. 7). The fission gas bubbles inside the grains and at grain boundaries are clearly visible.

'2 .00

Standard grain size
Annealing: 1700°C-5h

Standard grain size
Annealing : 1700°C - 30 min

mmmm
UO2,02

Standard grain size
Annealing: !700°C-5h

••7.00

Large grain size
Annealing: 1700°C-5h

UOZ01

Large grain size
Annealing : 1700°C - 5h

:•!-:•'• V ' - . " s . 7 - y . : • • . - - • . . , . . • • , ••.•;•• . > • . _ v .- . . - v ^ v . ; . : • j

Biiiiliiiil

UO2.02

Large grain size
Annealing: 1700°C-5h

FIG. 7. Microstructure of the UO2+X fuels after irradiation and annealing (without
chemical etching)
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The intergranular bubbles may coalesce, forming labyrinths on grain boundary planes and
channels at triple boundaries (Fig. 8). Gas release appears to be closely related to the
existence or not of this interconnection. It is difficult to associate a bubble configuration and

Annealing at 1700°C
for 30 minutes

Annealing at 1700°C
for 3 hours

FIG. 8.

Annealing at 1700°C
for 5 hours

Scanning Electron Microscopy observation of the standard UOZ00Juel after
irradiation and annealing
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density with a release rate. However, in the light of the observations made, the following
correlations can be established (cf Fig. 7):

• when the release rate is low, fine dense intragranular bubbles and relatively discrete
intergranular bubbles are observed;

• when the release rate is high, the intragranular bubbles are bigger and less numerous
and the intergranular bubbles are quite widely connected.

The preliminary conclusions drawn from the results include the following:

• the intragranular storage of gas is potentially greater for large grains but appears to
depend on the existence of preferential gas bubble nucleation sites which would be
crystal lattice defects or the solubility decrease in the case of hyperstoichiometry;

• after burst release, fission gas release is related to the proportion of connected
intergranular bubbles which may be reduced because of a lower intergranular area
when the grain size increases or because of resintering promoted by the
hyperstoichiometry (increase in uranium diffusion coefficients).

5. CONCLUSION

The originality of the TANOX irradiation device lies in considerably reduced
irradiation times thanks to the fission densities which are 3 to 5 times greater than those
obtained in a conventional PWR. This is possible with the presence of an overcladding
between the small-size fuel rod cladding (6 mm diameter, 170 mm high) and the primary
cooling water circuit of the reactor.

The first research fuels irradiated in TANOX have illustrated the role played by
hyperstoichiometry and grain size on UO2 thermal conductivity and on the post-irradiation
release of krypton 85. Our thermal analysis shows a significantly deteriorated conductivity for
UO2.oa compared to UOj.oo a s a result of the hyperstoichiometry. Fission gas release is
provoked by annealing at 1700°C. The six fuel batches studies are divided into two
categories:

standard UO2 (small and large grains) and small-grained UO2+X release 85Kr fractions
greater than 0.2 and the release takes place throughout the duration of the heat
treatment process;
large-grained UO2+X release 85Kr fractions less than 0.1 and the release takes place
mainly at the start of heat treatment (burst release).

Consequently, under the specific post-irradiation heat treatment conditions considered,
a very clear reduction in fission gas release is observed with hyperstoichiometric UO2 fuels
with large grains. This reduced release is linked to the presence of numerous fine
intragranular bubbles and intergranular bubbles with few connections.
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DISCUSSION
(Questions are given in italics)

The result reported on UOj+Xfuel are somewhat consistent with ramp test results reported at

Halden Bolkesjo meeting in 1994. The absence of U^Og precipitates in the micro structure was also

noted. Could you speculate on a reason for this?

We think that nucleation of U4O9 needles can not occur in the presence of fission products.

Excess of oxygen should be useful for the formation and the stability of a solid solution between UO2

and some fission product. The same controlled oxidation was performed on an unirradiated pellet
containing impurities: no U4O9 needles appeared.
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