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Abstract

The recent drive towards extending the average buraup of nuclear oxide fuels has lead to the need to assess
the chemical state of fission products in highly irradiated rods. Modelling of fuel chemistry is indeed essential in
order to shed light on mechanisms such as those that lead to cladding failure or the effect on conductivity of the
O/M ratio. Using Lindemer's analysis as a starting point, a comprehensive description of the chemical state of the
fluorite fuel matrix along with the most abundant fission products has been developed. The model was then
implemented within the framework of an upgraded version of the SOLGASMIX program known as SAGE. In
addition to approximately seventy solid compounds, three different mixture phases are modelled. The first one
is the gaseous phase and comprises roughly sixty different compounds. The second is made up of noble metals
such as Mo, Ru, Tc, Pd. The third mixture phase is a representation of the fluorite fuel matrix. Since SAGE is
a code which calculates chemical equilibria by minimising the Gibbs energy of the system, it is essential that
reliable free energies of formation be used as data. This is relatively straightforward with regard to most
compounds and thermochemical data are readily available in the open literature. As regards the fluorite phase
however, the basic hypothesis is that it is possible to model the effect of defects such as interstitials (in the
hyperstoichiometric phase) and vacancies (in the hypostoichiometnc phase) by assuming the existence of
hypothetical solute compounds such as U2O4 5 that stabilise the hyperstoichiometric phase. As rare earths (Re) of
valence two or three are dissolved in the matrix, the hypothetical compounds RewO2 and URejO* are chosen to
reflect file behaviour of the ternary system. This description accurately predicts the hypostoicMometric region of
the phase diagram but underestimates the increase in oxygen potential in the hyperstoichiometric region. This can
be interpreted as resulting from the fact that rare earths of valence two or three have an effective negative charge
in the crystal lattice. Following Olander's analysis, mis results in a reduction of the number of sites available to
oxygen interstitials, hence an increase of the oxygen potential as compared to pure UO2. The novelty lies in the
implementation of mis concept within the framework of a fairly straightforward program. Two sets of calculations
were performed. The first was aimed at reproducing oxygen potential measurements performed on unirradiated
fluorite matrices such as UO^, UyPu^O^, UyRe^O^. The results of the second set of calculations were then
compared to oxygen potential measurements of irradiated specimens or specimens with a simulated burnup.

1. INTRODUCTION

There is still very much uncertainty 4s to the actual oxygen potential and oxygen over metal ratio
(O/M) of irradiated L.W.R. fuels. Generally speaking, the thermochemical state of the irradiated fluorite
matrix and fission products is a question still very much open to debate. Modelling is made all the more
difficult as the average burnup of fuel rods increases. Local phenomena such as the RIM effect (e.g. [1])
are also possible.
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The substantial increase in burnup associated with this phenomenon is bound to affect the O/M
ratio and hence the thermal behaviour of the fuel. The O/M ratio of the fuel is the result of a complicated
balance between fission products (such as rare earths) and plutonium atoms dissolved in the fluorite matrix,
oxygen atoms liberated by the fission of U235 or Pu239, and other elements found in relatively large
quantities such as noble metals, zirconium from the cladding, or volatile fission products (Cs, I, Te).
These could form separate oxide phases. Although these phases have not been observed under normal
operating conditions, it is rather interesting to be able to ascertain whether their presence is at least
thermodynamically possible. In addition, any mechanistic approach to stress corrosion cracking should
include a comprehensive thermochemical assessment of what occurs at the fuel-cladding interface.

In this paper, we present the work which has been carried out using the programme SAGE. The
programme, which calculates chemical equilibria based on free energies of reactions, has been used to
perform calculations which are then compared to the measured oxygen potential of fluorite phases such
as U].yGdyO2+x in both the hypostoichiometric and hyperstoichiometric regions of the ternary phase
diagram. After initial adjustments the model was used to calculate the oxygen potential of simulated high
burn-up fuels [3,4]. Lastly, an attempt was made at estimating the chemical state of a highly irradiated fuel
rod. Results were compared to measurements performed by Matzke [5].

2. MODELLING THE UyRE^O^ x FLUORITE PHASE

2.1 INTRODUCTION

It is assumed that the irradiated oxide fuel may be described as comprising several phases in
thermodynamic equilibrium. The first phase represents the fluorite matrix which contains a proportion
of dissolved plutonium atoms along with fission products which are known to have a tendency to remain
in the original matrix. The gaseous phase is modelled as an ideal mixture phase containing approximately
60 compounds. A separate noble metal phase is included to account for the possible presence of metal
inclusions. Finally, around seventy separate solid compounds are modelled. The general approach is very
similar to that presented by Ball et al. [6] and it is fairly straightforward to account for the gaseous mixture
phase and the solid compounds. Indeed, the calculations are performed using the SAGE programme [7]
which minimises the Gibbs energy of the system. Hence the main difficulty lies in establishing a reliable
set of thermodynamic data [8].

However, one of toe main stumbling blocks regards the oxygen potential modelling of the fluorite
phase. This phase was first represented by Lindemer et al. using an ideal solution model [9]. The
representation we have chosen is largely inspired by this work, but we have introduced additional
hypotheses which somewhat improve the modelling in the hyperstoichiometric region of the phase
diagrams.

2.2 BASIC ASSUMPTIONS OF LINDEMER'S APPROACH

The starting point of the analysis is that UO2+X crystallises in a fluorite phase which can
accommodate relatively large deviations from stoichiometry. The UO2+X phase is reported to be stable
for O/M ratios ranging from 2 to 2.25 at temperatures above 940cC [10]. The stability of the UO2+X

phase is usually ascribed to die propensity of uranium atoms to acquire a valency greater than 4, i.e. 5 or
6. Simply speaking, the interstitial oxygen atoms are stabilized by an increase in valency of a proportion
of uranium atoms. Lindemer's analysis of experimental values [9], available in the open literature, shows
that oxygen potential measurements are accurately reproduced using simple chemical equilibria, by
assuming that the fictitious solute compounds U2O45 and U307 form an ideal solution with the UO2 species
as solvent. Lindemer derives a value of the Gibbs free energy of formation for these two hypothetical
solute compounds. The stability of the hypostoichiometric phase UyPuj.yO2.x is modelled in much the same
way. That is to say that the solute compound Pu^O; in equilibrium with PuO2 and UO2 accounts for the
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presence of oxygen vacancies for O/M values below 2. The results obtained using this model are on the
whole quite satisfactory. We refer the reader to Lindemer's original papers for further details [9,11].

In a similar way, for the ternary < UyRe1_yO2+/_x > system, where Re represents a trivalent rare
earth, Lindemer and Brynestad [12] use the following equilibrium to account for the variations of the
oxygen potential wilh the O/M ratio:

2UO2 + SRe^C^ + O2 «• 2UR6A

The latter compound is the association of a rare earth atom of valence three with a uranium atom
in an oxidised state. Its role is to stabilize the <UyRej.yO2+/.x> fluorite phase at an oxygen potential
lower than what it would be, were the rare earth atoms present in a separate sesquioxide phase.

It is important to note that by applying Gibbs' rule of phases to these systems, be it UO2+X, UyPu,_
yQ2+x o r Uy^

ei-y^!2+/-x> o n e shows that the oxygen potential is a function of temperature, oxygen over
metal ratio, and rare earth or plutonium content only. This justifies assessing the validity of the models
used by comparing measured and calculated oxygen potential values.

The results of calculations performed using U2O4 5 and U3O7 as the hyperstoichiometric species
along with the fictitious compounds Gd^O, and UGd2O6 are shown in Figure 1. The results are compared
to oxygen potential measurements carried out by Une et al. [13,14] for an oxide containing 14%
gadolinium at 1273K. Values for pure urania and an 11 % plutonium mixed oxide, taken from [13,14] and
[15], are also reported. The characteristic oxygen potential transition around an O/M value of 2 is properly
reproduced for both the U-Pu-0 and U-Gd-0 systems. Although calculated values are satisfactory in the
hypostoichiometric region, the increase in oxygen potential for the hyperstoichiometric Gd solid solution
is underestimated by about lOOkJ/mol as the value of O/M approaches 2. The model presented in the
following section is based on oxygen potential measurements for Gd doped urania although Gd has a fairly
low fission yield. However, Gd is known to be representative of other trivalent rare earths and oxygen
potential measurements for the UyGd,.yO2+/.x system have been performed over a wide range of
temperatures, deviations from stoichiometry and rare earth contents because of the possible use of Gd as
a burnable poison in LWR fuels.

At this stage two important questions need to be examined. The first one regards the actual reason
behind the increase in oxygen potential of oxides containing trivalent rare earths. The second one relates
to the reason why a simple model gives results which show no substantial increase of the oxygen potential
in the hyperstoichiometric region.

2.3 MODELLING THE HYPERSTOICHIOMETRIC PHASE.

2.3.1 Introduction

Many authors have attempted to address the first issue (e.g. [16]). Olander's analysis seems to
offer the most simple and probable scenario. Indeed, if one assumes the valency of gadolinium atoms to
remain at 3, then their effective charge in the fluorite matrix is negative and is worth -1 . Hence, rare earth
atoms will tend to repel oxygen atoms thus reducing the number of sites available to them, in turn
increasing the effective oxygen activity and potential. Answering the second question open to debate is

now fairly straightforward. In the hyperstoichiometric region of the AG(O2) vs. O/M diagram,

Lindemer's model predicts that out of the two fictitious compounds UGd2O6 and Gd^Oj, UGd2O6 is by
far the more stable. In this model, the oxygen potential is therefore the result of the activity of the U2O«.S
species and the following equilibrium:

8UO2 + O2 - 4U2O4.5
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In terms of free energies of formation and activities, this equates to:

( 1 ) AG(O2) = 4AG°(U2O45) - 8AG°(C/O2)

According to ideal thermodynamics, the activity of a species which enters into the composition of
an ideal solid solution is equal to its molar fraction. Hence, if gadolinium is introduced in moderate
quantities, and supposing the O/M ratio of the solution is close to stoichiometry, then the activity of the
UO2 species is more or less unchanged. Since the molar fraction of H Q 5 is in effect an indication of
deviation from stoichiometry, equation (1) predicts that the oxygen potential of the fluorite solution with
or without gadolinium should remain almost the same.

Using SAGE to compute chemical equilibria requires the use of Gibbs free energies. It seemed
therefore natural to us to turn to Wadier's work regarding the behaviour of neodymium doped urania [ 17].
Trivalent rare earths in a UC>2+X fluorite structure, are known to occupy the same positions as any ordinary
uranium atom. Generally speaking, there are five basic possible configurations, each corresponding (for
all but pure urania) to the substitution of one or more uranium atoms for an equal number of rare earth

atoms. Let E/ ( o s / <4) be the energy of formation of the hyperstoichiometric defect for the i-th

configuration and Ef their average value. E can easily be expressed as a function of £ / and y the

proportion of rare earth:

(2) £ , = EC 4 ' .E / . y ' . ( 1 - y)4"'
i-0

In our representation of the fluorite matrix, we take the free energies of formation of both
hyperstoichiometric species U2O4.5 and U3O7 to be given by equation (2). However, since our aim is to
model solid solutions containing much less than 30% rare earths, the analysis was performed, using only
the first three terms in equation (2). Equation (2) thus becomes:

(2a) , = E,°(7).(1 - y)4 + 4E,1(7).y.(1 - y)3
 + 6E2(7).y2.(1 - y)

In the above equation, Ef is taken to be the free energy of formation of the hyperstoichiometric defect

in pure urania. The problem now consists in computing values for £ / (1 <, i < 2) based on measurements

performed at different temperatures and for different values of y.

2.3.2 Exact stoichiometry

Our aim here is to briefly outline the method employed both to obtain values for £ / and to

ascertain the validity of the model. Firstly we need to establish the basic equations which govern the
system. Let XI, X2, X3, X4, X5 be the respective molar fractions of the following compounds: UO2,
U2O4.j, U3O 7 , Gd^ O2 , and UGq\ Q . Conservation of mass, gadolinium and oxygen yields three
independent mass balance equations:

(3) XI + X2 + X3 + X4 + X5 = 1
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(4) (4 / 3)X4 + 2X5

XI + 2X2 + 3X3 + (4/3)X4 + 3 X 5

(5) 2X1 + 4.5X2 + 7X3 + 2X4 + 6X5

XI + 2X2 + 3X3 + (4 /3 )X4 + 3X5

Three more independent equations may be obtained by expressing the equilibrium between the relevant
compounds. This yields:

(6) 2AG°f(uo2) + 2RTIn(X1) + -AG(o2) = LG°\u2oAS) + RTIn{X2)
4

(7) lAG^iufi^ + 2RTln(X2) = AG^upy) + RTln(X3) + AG^fuoJ + RTinQCl)

(8) 3AGo ' (Gd^02) + 2AGof(uo2) +AG(o2) -2AGof(UGd206) ^ )
x12.x33

This adds up to 6 independent equations. However, the problem lies in computing values for
(U2O45) and AĜ CUsO-O from measured oxygen potentials, for a given proportion of gadolinium and at a

certain temperature. Since AG(O2) is known, there are 7 unknown quantities, i.e. XI through X5, and

the Gibbs free energies for both supposed hyperstoichiometric defects. One more equation is therefore
needed. In equation (7), the oxygen potential does not appear explicitly, hence it is in principle true
whatever value of y. We therefore postulate that 2AGof( U2O4J) - AGof (U3O7) is independent of y which
finally yields the elusive seventh equation necessary to entirely solve the problem:

(9) 2AGof(u2o4.5)[y,T] - AGof(u3O7)[y,T] = 2AGof(u2o4.5)[y=0,T] - AGof(u3o7)[y = 0,T]

Measured oxygen potential values were taken from those reported by Lindemer [18] and Une &
Oguma [13,14]. Around 20 different values of AGot(U2O4.5) and AGof (U3O7) were thus computed, over
an 800K temperature range (from approximately 1000.K to 1800.K) with y ranging from 4 to 30%. At
a given composition and whenever possible, a linear regression was used to extend values of AGof(U2O45)
and AGof(U3O7) to all temperatures. Using equation (2a) and values obtained from experimental results
at a given temperature, a second order least squares fit is performed to yield values

for Ef (7) and Ef (7) . A linear regression with respect to temperature, using seven values for

each Ef(T) , eventually yields:

Ej(T) = -1704.6 + 0,21877

forU,O45:

E,2(7) = -3304.3 + 0.6028T

E,1(7) = -2366.4 + 0.2149T

for U3O7:
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Ef(J) = -5132.1 + 0.96847

where Ef'(T) are expressed in kJ/mol and T in K.

2.3.3 Deviation from stoichiometry

The approach chosen for the hyperstoichiometric region is essentially the same. That is to say that
only equation (5) is modified to give:

2X1 + 4.5X2 + 7X3 + 2X4 + 6X5
(11) m_ m__ m_ m_™ m_ = 2 + x

XI + 2X2 + 3X3 + (4 / 3)X4 + 3X5

where x represents deviation from stoichiometry.

Not surprisingly, applying the analysis described in the previous section to values of x strictly positive,

yields a different set of results for each Ef (7) and for each defect. Hence we define the function f(x,T),

a priori independent of y, as:

AGof(UaOb)(v,x,T) - AGof(UaOb)(y = 0, x = 0,T)
f(x,T) =

AGof(UaOb)(y,x = 0,T) - AGof(UaOb)(v = 0, x = 0,T)

Figure 1 shows that as die O/M ratio increases, the oxygen potential of a solid solution containing
some proportion of gadolinium approaches that of pure urania. This is a general tendency. Hence, one
may expect f to decrease with increasing values of x. The simplest form f may take is a polynomial
function of x, e.g.: f (x, T) = 1 - a(T)xb(T). At a given temperature, AG°f (UaOb )(y, x, T) is computed
as detailed in the previous section for as many values of x as possible. The function ln(I-f(x,1273.))
(computed from values taken from [13,14,18]) is plotted against ln(x) in figure 2 for the U2O4 5 species to
substantiate the underlying assumptions of the model. Several comments are in order. Firstly, the
assumed expression for f is apparently well suited. Secondly, as foreseen, f is indeed independent of y.
Values of a and b are then calculated by performing a logarithmic regression with respect to x.

Performing the above exercise at various temperatures enables us to plot a(T) and b(T). A
quadratic temperature dependency for a and b was found to be quite satisfactory. The results regarding
the U2O4 5 species are shown in figure 3.

2.3.4 Discussion

Establishing a range of temperatures, gadolinium concentrations and deviations from stoichiometry
over which one may be sure of the results the model yields is a rather arduous task. Experimental results
may differ according to the technique employed, e.g. thermogravimetric (TGA) or solid electrolyte
galvanic cell (EMF) measurements. Most authors though (e.g. [14]) agree that the error in measuring the
O/M ratio is roughly ±0.001 to ±0.002 at 1273K. However, such an error will lead to a greater
uncertainty in terms of oxygen potential, especially close to exact stoichiometry. So strictly speaking, the
error made when announcing an oxygen potential value is a complex function of y, x, T, and the
experimental technique. Roughly speaking though, it is reasonable to assume that the oxygen potential of
the fluorite matrix is known to within 50kJ/mol for an O/M value approaching 2.

Figures 4 through 6b illustrate results obtained using this model and an adequately modified
version of SAGE at various gadolinium concentrations, temperatures and O/M values. The calculated and
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experimental results seem to be in very good agreement. This, one could say, is hardly surprising since
tiie model was adjusted to fit these measurements. However, one may take heart from the fact the model
produces equally good results at low (4%) or high (27%) gadolinium concentrations. It is interesting to
note that most calculated values fall well within 20kJ/mol of the corresponding experimental value. A
maximum discrepancy of about 50kJ/mol is seen for a temperature of 1273K, a 27% gadolinium
concentration and an O/M ratio of about 2 (fig.6b). More importantly though, the main tendencies are
properly reproduced, i.e.:

sudden increase in oxygen potential for an O/M ratio of 2
increase in oxygen potential with temperature for a given gadolinium content
at a given temperature, increase in oxygen potential with increasing values of y.

It is however rattier difficult to give a physical meaning to the values of the various free energies
of formation that appear in the model. None the less the fact that f decreases with increasing values of x
corroborates the physical interpretation according to which, as the number of interstitial atoms increases,
they eventually become oblivious to the presence of trivalent rare earth atoms.

One must bear in mind die fact that the model has been adjusted to suit the results of experiments
whose temperatures (between 1000K and 1800K), O/M ratios (up to 2.2) and gadolinium contents (between
4% and 30%) are somewhat out of focus with the desired application range (i.e.: 700K < T < 1500K, O/M
around 2, 0<y<5%) .

3. CALCULATING SIMFUELS AND IRRADIATED OXIDES

3.1 INTRODUCTION

For completeness, a word needs to be said about the way other dissolved fission products are
treated. As regards trivalent rare earths for instance, it is widely known (e.g. [19]) that the U-Nd-0
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system shows striking thermodynamic similarities to the U-Gd-0 system. We thus model Nd and Gd in
exactly the same way. The equivalent lanthanum (La) system however shows a greater propensity to
increase the oxygen potential of the fluorite phase [20]. The element is nevertheless modelled according
to the same principles as Gd and Nd. Since very little data regarding yttrium (Y) is available, the
modelling chosen is the same as that for La. The works of Hagemark [20] in the hyperstoichiometric
region support this choice.

Europium (Eu) and Samarium (Sm) are both known to take on a divalent or trivalent state. They
are both modelled in the same way. Cerium (Ce) is represented by a trivalent (Ce^OJ and tetravalent
(CeO2) species, the energy of formation of which is adjusted to fit results from [26]. Ba and Sr are
modelled as forming monoxides which may remain soluble in the fluorite matrix.

As for Zr which is a relatively abundant fission product, our modelling is largely inspired by Ball
and presented by Potter [21].

3.2 MODEL CALCULATIONS OF WOODLEY'S AND UNE & OGUMA'S SIMULATED HIGH
BURNUP FUELS

Measurements performed by Woodley [3] and Une & Oguma [4] are of great significance if we
are to check the validity of the approach described in the previous sections, the ultimate aim of which is
to predict the thermochemical state of an irradiated uranium-plutonium oxide matrix. Woodley's
measurements pertain to U07jPuo.25O2.jc solid solutions whose burnup is simulated by adding various rare
earths and zirconium in proportion to their fission yields. The simulated burnup ranged from 0 to 10 at%.
Figure 7 is a plot of measured vs. calculated points for all of Woodley's results. Figure 8 compares model
calculations to oxygen potential values as a function of burnup, for various O/M ratios and at I373K.

The discrepancy between measured and calculated oxygen potentials at 0 at% burnup remains
largely unchanged at 10 at%. The most important deviation seen at 1173K ranges from around 50kJ/mol
to 80kJ/mol. Although calculations seem to systematically overestimate experimental values, agreement
is generally satisfactory. That is to say that the most important feature is properly reproduced, i.e. a
nearly linear increase with burnup of the oxygen potential. Differences observed are in any case very
much in line with Woodley's own account of the accuracy of the O/M measurements which is tiiought to
be roughly ± 0.002.

It is also ratfter interesting to compute the oxygen potential of solid solutions as prepared by Une
& Oguma which contrary to Woodley's are hyperstoichiometric and contain no plutonium.

Figure 9 shows a comparison of model calculations and experimental data points taken from [4]
at a temperature of 1573K. Again the agreement between the model and experimental results is excellent,
except maybe for O/M values very close to 2 i.e. x< 0.002. This value of x is within the range of
accuracy reported by Une et al., i.e. ± 0.00 1.

Hence both Woodley's and Une's results purport to show that our modelling of the oxygen
potential of the fluorite phase is reasonable.

3.3 OXYGEN POTENTIALS OF HIGHLY IRRADIATED FUELS

3.3.1 Possible buffering reactions

We have no intention of presenting here an exhaustive account of buffering reactions which may
occur in a highly irradiated fuel rod. We refer the reader to e.g. [6,22] for a more comprehensive
account. Nevertheless, in classifying fission products, some appear to belong to two categories at a time.
Molybdenum (Mo) and zirconium (Zr) show such a behaviour. If the oxygen potential is high enough,
Mo may oxidise to MoO2 or Cs2MoO4 thus depleting the metallic inclusions it usually makes up along with
Pd, Rh, Ru, Tc. Zr too may either be dissolved in the matrix or form a separate oxide. These two
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elements therefore appear to play a key role with respect to pur general assessment. Other possible
reactions which have been accounted for are those which lead to the formation of caesium uranates. Most
of the thermodynainic data used concerning separate oxide phases and gaseous species was either taken
from [6] or [8]. Noble metal inclusions are treated simply on the basis of results obtained by Yamawaki
et al. and presented in [23]. A more general approach could however be implemented following Gurler
and Pratt's contributions in this field [24,25].

3.3.2 High burnup calculations

Finally, calculations were performed at burnups ranging from 0 to 200 GWd/tM. The increase
in Pu concentration due to the RIM effect was accounted for on the basis of results taken from [2].
Concentrations for calculating points at 150 and 200 GWd/tM were 1.5 and 3% of initial heavy metal
atoms respectively. These figures are in line with Matzke's assessment [5]. Table I gives the quantities
of fission products and plutonium used in the calculation. These quantities are taken to be characteristic
ofL.W.R.

Although several calculations were performed only two are reported here. Figure 10 shows the
calculated change in oxygen potential as a function of burnup at a temperature of 750°C. Both sets of
calculations are reported. In the first case, Mo is allowed to oxidise. However we assume that at that
temperature, Cs, Mo and Ba are not mobile enough to form caesium molybdates in important quantities.
Molybdates are hence not permitted to form. Detailed results show that in this instance caesium uranates
become stable. The second calculation was performed assuming that no Mo whatsoever oxidizes. In the
first case, the O/M ratio decreased linearly with burnup from an initial value of 2 to just above 1.992 at
200 GWd/tM. Conversely, assuming no Mo oxidizes leads an increase of the O/M ratio and eventually
a slightly hyperstoichiometric fuel. Results from [5] also appear in figure 10. These suggest that an
efficient oxygen sink is at work. For the first set of calculations, after an initial rapid rise, the oxygen
potential stabilises at roughly -410kJ/mol. The oxygen potential values and the O/M ratios are both very
much in line with [5].
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FIG. 9. Oxygen potential of simulated high burnup juels T = 1573K
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If one accounts for a reasonable amount of oxygen to be transferred to the zircalloy cladding (in
line with experimental observations), a greater quantity of Mo is found in metallic inclusions
(approximately 65% of the total amount of Mo). More importantly though, neither the oxygen potential
of the fuel nor its O/M ratio fundamentally change. In short, measurements taken from [5] are properly
reproduced if either Mo or Mo and Zr from the cladding are allowed to oxidise. A majority of Mo is
found in the noble metal phase.

A comprehensive model describing the chemical behaviour of the fuel rod should be capable of
calculating oxygen transfer. Oxygen is known to migrate in a temperature gradient, but an extra driving
force for oxygen migration may arise as a result of cladding oxidation. The situation is somewhat
complicated by kinetic considerations. Indeed, it is quite probable that the cladding will only act as an
efficient sink if the fuel cladding gap is closed.

4. CONCLUSION

A model has been developed using the SAGE programme to assess the thermochemical state of
irradiated fuels containing a wide range of dissolved fission products (essentially rare earths). The model
has been used to compute the oxygen potential of Gd doped urania over a wide range of stoichiometries
(1.9-2.1) and temperatures (800K-1800K). Having extended the model to account for the presence of other
soluble fission products, on the basis of known experimental results, its validity was successfully checked
by calculating the oxygen potentials of simulated high burnup fuels. Finally, using readily available
thermochemical data, a general assessment of the chemical state of irradiated LWR fuels was attempted.
Calculations have revealed that some form of oxidation, either Mo or Zr, has to occur to fall within the
range of oxygen potential measurements reported by Matzke. The overall O/M ratio of the fuel decreases
linearly with burnup and the oxygen potential is rapidly stabilized. The fuel is thus seen to become slightly
hypostoichiometric (1.992 at 200 GWd/tM).
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table 1 : quantities of chemical elements considered in the calculations.

Bu (GWdAM)

u
o2

Pu+Pr

Nd+Gd+Pm

Y+La

Ce

.m.;Eu+Sm

Zx+Nh

Ba+Sr

Cs

Te

I

Mo

W

Ru+Tc+Rh

1

0.998548

1.

5.10

1.97

7.3

1.28

4.6

2.76

1.41

1.53

3.3

1.5

2.46

8.5

2.28

io-4

io-4

10-5

10-4

10-5

10-4

10-4

10-4

10-5

10-5

10-4

10-5

10-4

10

0.985933

1.

4.646

1.968

7.35

1.282

4.64

2.761

1.405

1.530

3.29

1.54

2.455

8.55

2.282

10-3

10-3

10-4

10-3

10-4

10-3

10-3

10-3

10-4

10-4

10*3

10-4

10-3

40

0.9496

1.

1.2'

7.9

2.9

6.4

1.9

r io-2

10-3

10-3

10-3

10-3

1.10 10-2

5.6

6.1

1.3

10-3

10-3

10-3

6 IO-4

9.8

3.4

V.I

10-3

10-3

10-3

80

0.9061

1.

1.85 10-2

1.57 10-2

5.8 10-3

1.03 10-2

3.7 10-3

2.21 10-2

1.12 10-2

1.22 10-2

2.6 JO"3

1.2 10-3

1.96 10-2

6.8 10"3

1.83 ID"2

90

0.8953

1.

1.99

1.77

6.6

1.15

4.2

2.48

1.26

1.37

3.0

1.4

2.21

7.7

2.05

10-2

10-2

10-3

10-2

10^3

10-2

10-2

10-2

10-3

10-3

10-2

10-3

10-2

100

0.8845

1.

2.13 10-2

1.97 10-2

7.3 IO-3

1.28 10-2

46 10"3

2.76 10-2

1.41 10-2

1.53 10"2

3.3 10-3

1.5 10-3

2.46 10*2

8.5 10-3

2.28 10-2

150

0.8350

I.

2.37

2.95

1.13

1.92

10-2

10-2

10-2

10-2

7.0 10-3

4.15

2.11

2.30

4.9 1

2.3 1

3.68

1.28

3.42

10-2

10-2

10-2

0-3

0-3

10-2

10-2

10-2

200

0.77

1.

4.16

3.94

1.51

2.56

9.3 1

5.53

2.81

3.06

6.6 1

3.1 1

4.91

1.71

4.56

10-2

10-2

10-2

10-2

0-3

10-2

10-2

10-2

0-3

0-3

10-2

10-2

10-2

However, any conclusive account will need to encompass a realistic description of the mobility
of fission products and oxygen in a temperature gradient. Also the chemical state of Zr in die cladding
must be properly modelled if progress is to be made, as should the state of fission products which are
generally regarded as insoluble. Little for instance is known of the position Cs atoms occupy in the
irradiated fluorite lattice (or the energy of formation of their associated defects). Furthermore, SAGE only
performs equilibrium calculations which take for granted the availability of chemical species. However
it is by no means certain that an equilibrium situation is reached, especially in the RIM area. It is also still
unclear what effect an irradiation environment has on the system. One must therefore remain cautious in
extrapolating the calculations presented in this paper to an in pile situation.

ACKNOWLEDGEMENTS

The authors are pleased to express their gratitude to T.B. Lindemer for having supplied the
experimental data base much of this work is based on. Electricite de France and Framatome are also
thanked for their financial support.

REFERENCES

[1] MATZKE, Hj., "On the rim effect in high burnup UCL, LWR fuels", J.N.M. 189 (1992) 141-148.
[2] GUEDENEY, P., TROTABAS, M., BOSCHIERO, M., FORAT, C , BLANPAIN, P.,

"Fragema fuel rod behaviour characterization at high burnup", International topical meeting on
LWR fuel performance, Avignon (April 1991).

537



[3] WOODLEY, R.E., "Variation in the oxygen potential of a mixed-oxide Fuel with Simulated
Burnup", JNM 74 (1978) 29()-296.

[4] UNE, K., OGUMA, M., "Oxygen potentials of UO, fuel simulating high burnup", Journal of
Nuclear Science and Technology, 2n (1983) 844-851.

[5] MATZKE, Hj., "Oxygen potential in the rim region of high burnup UO2 fuel", J.N.M. 2()8
(1993) 18-26.

[6] BALL, R.G.J., BURRS, W.G., HENSHAW, J., MIGNANELLI, M.A., POTTER, P.E., "The
chemical constitution of the fuel-clad gap in oxide fuel pins for nuclear reactors", J.N.M. 167
(1989) 191 -204.

[7] ERIKSSON, G., Chem. Scripta 8 (1975) 100.
[8] CORDFUNKE, E.H.P., KONINGS, R.J.M., "Thermochemical data for reactor materials and

fission products", Elsevier Science Publishers (1990)
[9] LINDEMER, T.B., BESMANN, T.M., "Chemical thermodynamic representations of UO2±I",

J.N.M. 130 (1985) 473-488.
[10] SCHANER, B.E., Metallographic Determination of the U02-U409 Phase Diagram, JNM 2 (1960)

110-120.
[11] LINDEMER, T.B., BESMANN, T.M., "Chemical thermodynamic representation of <PuO2.x>

and <U1.,PuzOw>, J.N.M. 130) (1985) 489-504.
[12] LINDEMER, T.B., BRYNESTAD, J., "Review and chemical thermodynamic representation of

<U^CezO2±x> and <U^2Ln202±x>;Ln=Y,La,Nd,Gd", J. Am. Ceram. Soc. 69 (1986) 867-876.
[13] UNE, K., OGUMA, M., "Thermodynamic properties of non stoichiometric urania-gadolinia solid

solutions in the temperature range 700 - 1100°C", J.N.M. 110 (1982) 215-222.
[14] UNE, K., OGUMA, M., "Oxygen potentials of (U,Gd)O2±x solid solutions in the temperature

range 1000 - 1500°C", J.N.M. 115 (1983) 84-90.
[15] MARKIN, T.L., MCIVER, E.J., "Proceedings of the third international conference on

plutonium", Chapman and Hall, London (1967) 845-857.
[16] OLANDER, D.R., PARK, K., "Defect models for the oxygen potential of gadolinium and

europium-doped urania", J.N.M., 187 (1992) 89-96.
[17] WADIER, J-F., "Diagramme de phase et proprie'te's thermodynamiques du systeme

uranium-ne'odyme-oxygene", These, University Paris VI, 1973.
[18] LINDEMER, T.B., SUTTON, A.L., "Study of nonstoichiometry of < U,.zGdzO2±x>. J- Am.

Ceram. Soc. 71 (1988) 553-561.
[19] UNE, K., OGUMA, M., "Oxygen potentials of (U,Nd)02±x solid solutions in the temperature

range 1000 -1500°C", JNM 118 (1983) 189-194.
[20] HAGEMARK, K., BROLI, M., "Equilibrium oxygen pressures over solid solutions of

urania-yttria and urania-lanthana 1100°C to 1400°C", J. Am. Ceram. Soc. 50 (1967) 563-567.
[21] POTTER, P.E., "The chemical constitution of irradiated nuclear fuels", Thermochemistry and

chemical processing (Proc. Symp. Sundaram, 1989), 107-129.
[22] KLEYKAMP, H.( "The chemical state of fission products in oxide fuels", JNM 131 (1985)

221-246.
[23] YAMAWAKI, M., NAGAI, Y., KOGAI, T., KANNO, M., "Thermodynamic studies on

molybdenum/noble-metal alloys", Thermodynamics of nuclear materials (Proc. Int. Symp.Julich,
1979), Vol. 1, IAEA, Vienna (1980), 249-261.

[24] GURLER, R., PRATT, J.N., " A computer assessment of the ternary Ru-Rh-Pd system", JNM
199 (1992) 22-28.

[25] GURLER, R., PRATT, J.N., "A computer calculation of the ternary Mo-Pd-Rh phase diagram",
JNM 200 (1993) 16-23.

[26] DUCROUX, R., JEAN BAPTISTE, Ph., "Mesure du Potentiel d'Oxygene dans le Systeme
U07Ceo.302±x a I'aide d1 une Minisonde a Electrolyte Solide", JNM 97 (1981) 333-336.

538


