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Abstract

Oxygen potentials of UC>2-ThC>2 solid solutions (Thi_vUvO2+i) were retrieved
from literature and stored in a database. For each datapoint the oxygen pressure
Po2, the nonstoichiometry x, the temperature T and the uranium concentration
y was specified. The data were analyzed using a defect model, which includes
electronic disorder, point defects and cluster formation. In addition, the thenno-
chemical representation of Lindemer and Besmann [1] for UO2+* was extended
for the analysis of the Thi_yUyO2+* data. The solid solution is regarded as an
ideal ternary mixture of UO2, ThO2 and a hypothetical compound UOCV The
thermodynamic properties of this compound Uo0j, were determined in two oxy-
gen pressure ranges of the database. In both the defect model and thennochemical
approach ThO2 is treated as an inert compound that does not participate in any of
the chemical equilibria describing the oxygen potential.
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1. INTRODUCTION

Thorium-based nuclear fuels may contribute to the reduction of the amount of
actinides produced in a nuclear fuel cycle. Since thorium (232Th) is not fissile,
thorium fuel must contain some startup material such as uranium (235U) or plu-
tonium (239Pu). Therefore, mixtures of UO2 and ThO2 are considered as good
candidates for thorium-fuelled reactors. For the fabrication of the fuel and the
behaviour under normal and off-normal conditions, it is important to know the
chemical characteristics of Thi_yUyO2+*. One of the important quantities in
the thermochemistry of Thi_vUvC>2+a! is the oxygen potential, which plays a
decisive role in the interaction of the fuel with the cladding (corrosion) and the
formation of fission product compounds. The oxygen potential depends on the
uranium content y, the amount of excess oxygen x and the temperature T. Only
hyperstoichiometric oxides were considered in the present assessment, oxygen
potential measurements of hypostoichiometric (x < 0) Thi_yUyO2+x were not
found in literature. Data of both hypostoichiometric urania (uranium oxide) [1]
and hypostoichiometric thoria (thorium oxide) [2] are available in literature, how-
ever. The oxygen potential of Thi_yUyO2+x increases with temperature and with
increasing amount of excess oxygen x, as was found for UO2+X [ 1]. Furthermore,
the oxygen potential increases with decreasing amount of uranium y.

The oxygen potential of nonstoichiometric oxides can be modelled effectively
by defect structure models. These models are based on chemical equilibria of
defects, such as the equilibrium between gaseous oxygen and oxygen on interstitial
positions in the lattice. One interesting aspect of defect models is that these models
relate structural information to oxygen potentials, nonstoichiometry and electrical
conductivity. The defect structure of UO2+X was determined by Willis 13] using
neutron diffraction. Most defect models of UO2+X [4, 5, 6, 7, 8] include the
so-called Willis oxygen cluster in the defect equilibria. In section 3.1 a simple
defect model for Thi_yUyO2+x is presented, in which a neutral cluster instead of
the Willis cluster is considered. An analytical expression for the oxygen potential
as a function of x, y and T has been derived and fitted to the experimental data.

In section 3.2 a more empirical approach is presented. Lindemer and Besmann
applied a thermochemical model to the oxygen potentials of UO2+J [1] and
Pui_yUyO2+x [9]. It was shown that Pui_yUyO2+ I could be described as a
quaternary mixture of UO2, P11O2, and the hypothetical oxides PU4/3O2 and
either U2O4.5 or U3O7 [9]. Similarly, we will assume that Thi_yUyO2+x can be
described as a mixture of UO2, ThO2 and UaO t . The stoichiometric coefficients
a and b determine the slope of the oxygen potential curve. The stoichiometric
coefficients and the enthalpy of formation of UaOb are extracted from the database
for two composition ranges. The advantage of the latter method is that it gives a
single expression for the oxygen potential of the solid solution while for defect
models in general numerical calculations are required.

In chapter 2 a description of the data retrieval is given. In chapter 3 both models
for the oxygen potential of Thi_yUyO2+x are derived. A comparison with the
valency control mode! and the discussion of the results is given in chapter 4.
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2. DATABASE

Oxygen potential data were either read from tables or taken from graphs. The
graphs were digitized and then analyzed using a digitizing programme. The error
that is introduced by the digitizing procedure, either resulting from low resolution
of the original or from deformation of the graph copy, was not larger than 1%
relative error. These errors were estimated by measuring reference points on the x-
and y-axis of the graphs. A total of 315 x-y-T-po2 datapoints were retrieved from
literature (Table 2.1). Some of the oxygen potential data are not presented as a
function of x but as a function of the uranium valency Vy. The data of Anderson et
al. [10] were read from a graph of the oxygen pressure versus the mean uranium
valency for different values of y and T. The amount of excess oxygen x was
calculated using the relation for the mean uranium valency: Vy = 4 + 2x/y
(see Discussion). The measurements of Roberts et al. [11] were tabulated as
the oxygen pressure versus the uranium concentration y. The excess amount of
oxygen was calculated from the uranium concentration y and the fixed uranium
valency of 4.35 [11]. The retrieved oxygen potentials are related to the oxygen
pressures by the expression for the oxygen potential:

AGo2 = RT In po2 (2.1)

where P02 is the oxygen pressure in units of the standard pressure (0.1 MPa). Plots
of the oxygen potential versus the coordinates x, y and T are shown in Figure
2.1. The temperature range of the database is 1000-1500 K, the excess oxygen
composition range 0 < x < 0.25 and a wide range of y values is covered.

Table 2.1 Oxygen potential measurements ofTh\-y

Authors
Anderson et al.
Roberts et al.

Reference
[10]
[11]

Aronson and Clayton [12]
Tanaka et al.
Ugajin et al.
Matsui and Naito

[13]
[14,15,16]
[5]

Year
1954
1958
1960
1972
1982
1985

y-range
0.03-0.244
0.0053-0.0597
0.29-1
0.048-0.295
0.05-1
0.2-1

method"
TGA/V
PM
EMF
EMF
TGA
TGA

T/K
1000-1200
1123
1250
1250
1273-1473
1282-1373

1 EMF = electromotive force measurements; TGA = thermogravimetric analysis; V = gas
volumetric method; PM = pressure measurement

ECN-RX-96-010
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3. OXYGEN POTENTIAL MODELS FOR

The oxygen potential curve of Thi_yUvO2-fx has features that are very similar to
U02+x- Therefore, UO2+a; will be used as a starting point for the evaluation of the
Thi_ yUvO2+x measurements. A plot of the oxygen potential of VO^+x versus x
is presented in Figure 3.1 at comparable temperatures. The data are taken from
the present database (Table 2.1). The nonstoichiometry (x) axis can be divided in
three regions. For very small values of x (< 10~3) the slope tends towards a value
of 2, although there are very few data in this composition range to confirm this. For
10~2 < x < 10"3 a slope between 6 and 8 [8] is found. Finally for larger values of
x again a slope of approximately 2 is found, with a pronounced upward curvature
at the highest x values which will be explained later. The slope of the In po2 - In x
curve is very important, for it can be used to identify composition ranges where
either point defects, clusters or electronic disorder control the oxygen potential.
A large amount of data of oxygen potential data of UO2+X is available in literature
(see [1] and references therein). Urania exists both in hypostoichiometric as well
as hyperstoichiometric oxide. Thoria, however, exists as the hypostoichiometric
oxide only at high temperatures. Ackerman and Tetenbaum [2] have measured the
oxygen potential of substoichiometric thoria in the range 2400-2655 K. They state
that the upper phase boundary of thoria is generally considered to be stoichiometric
thorium oxide. The lower phase boundary is located at O/Th = 1.985 ± 0.01 at
2008 K. The maximum temperature of the datapoints in the database is 1473 K and
therefore it will be assumed that thorium oxide only exists in the stoichoimetric
form.

Figure 3.1 Characteristic slopes in oxygen pressure curves ofUO2+x-
 a •' Aronson and

Clayton, T=1250 K [12]; o: Ugajin et al., T=1273 K[14], [15]; x : Matsui
andNaito, 7=1282 K [5]; Dashed line: Defect model (Eq. 3.19), T=1250 K
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Oxygen potential models for Thi_yUyO2+:e

3.1 Defect models
Several defect models for UO2+X were published [4,6,7,8] but no defect models
forThx-yUyOa+a; were found in literature. Park and Olander developed a defect
model for UO2+X[4], for Gd and Eu doped urania [17], and Wang et al. [18]
published a model for urania-neodymia mixed oxides. All these defect models
consider the formation of so-called Willis clusters. Willis [3,19] studied the defect
structure of UO2.i3 using neutron diffraction and found that interstitial oxygen
forms a cluster with vacancies on regular oxygen sites. Two different interstitial
oxygen positions were found, O" and O*. Willis proposed that clusters VQ :O":Oj
with the ratios 2:1:2 and 2:2:2 may be present in urania. More recently, Murray and
Willis [20] performed new neutron diffraction measurements on UO 2 + I (x=0.11-
0.13) and found evidence for 2:2:2 clusters and cuboctahedral clusters.

A very important parameter in the defect models is the charge of the oxygen
cluster since the charge is directly related to the slope of the oxygen potential
curve (lnpo2 versus In x). Using the Kr6ger-Vink notation, we will assume that
the following equilibrium [5,21] in which the 2:2:2 Willis cluster is formed; can
be represented by:

2V? + 2V> + 1Oo + O2(g) = { 2 : 2 : 2 } m ' + mh* (3.1)

where m' is the negative charge of the cluster and m holes are required to maintain
electroneutrality. It can be shown that the oxygen potential for this equilibrium is
lnpo2 oc (m + 1) Ins . In the defect model of Park and Olander [4], the charge
of the Willis cluster is taken -1 (m=l), and the corresponding slope equals 2. A
slope of 2 is found experimentally for high excess concentrations in U02+s [5].
An accurate determination of the slope is often difficult due to curvature in the
In po2 — lnx curve at high oxygen pressures, as can be seen in Figure 3.1. In
fact, an accurate determination of the slope of the curve can be obscured by the
interference of defect equilibria in different composition ranges.

We will now introduce a simple analytical model for the oxygen potential of
Thi_yUyO2+x for x > 0. Only the excess oxygen range (x > 0) will be
considered and, in order to keep the solution of this model in analytical form, the
oxygen vacancies will be neglected. It is intended to study the qualitative features
of the thorium concentration on the oxygen potential and therefor, the amount of
uranium will be considered explicitly. For low oxygen pressures the formation of
interstitial oxygen sites is described by the following oxidation reaction [4]:

2U£ + | o 2 = o;'+2U^ (3.2)

Instead of introducing Willis clusters, we will choose a simpler approach and
consider the formation of an associate of one oxygen ion with two holes (U5+),
that was proposed by Hagemark and Broli [22]. This type of cluster could also
succesfully explain the behavior of the electrical conductivity of Thi_vUyO2+x

at high oxygen pressures (Lee [23]). The formation of this type of cluster is
described by:

02 = <U[,0J'Uy> (3.3)

The equilibrium constants of these reactions are given by:



Oxygen potential of Thi_yUyC>2+i

(3.4,

_ [<u;,o;% >]

where Kox is the equilibrium constant of the oxidation reaction [4], Kc is the
equilibrium constant of the cluster formation reaction and the brackets [...] denote
the absolute concentration of the defects in the solid. The electronic disorder
equilibrium is:

Ke = pT][e ] (3.6)

It is assumed that the holes are located on the uranium sites, and that the concen-
tration of holes can be replaced by the concentration of uranium with +5 oxidation
state: [h*] = [Uy]. Note that thorium does not appear explicitly in these equilib-
ria. It is assumed that thorium atoms are located on the regular uranium sites and
have the +4 oxidation state. In the KrOger-Vink notation this would be written as
Thy. The electroneutrality equation is:

and the site-filling condition for the cations is:

[U#y] + [Uy] + 2[<UyO;'Uy >] + fThy] = 1 (3.8)

where the thorium concentration in Thi_yUy02+x [Th^] = 1 — y. The oxygen
balance is:

] yO;'Uy>] = * (3.9)

where x is the total concentration of excess oxygen. We now have 6 equations
(equation 3.4-3.9) with 6 unknowns (Po2,[Uy],[Uy],[<UyO;'Uy >],[e'] and
[0 •']). In order to obtain the oxygen potential as a function of x, the expressions
for [Uy], [Uy] have to be evaluated. Insertion of equation 3.6 in 3.7 results in:

[V'u) = [O'l] jl + y'l + ̂ j (3.10)

By equating the oxygen potentials of equations 3.4 and 3.5 and inserting equation
3.9 we find that:

{g[y } (3.11)
and after insertion of (3.10) we find

{ S § F } (3i2>

ECN-RX-96-010



Oxygen potential models for Thi_j,UyO2+s

It is convenient to use [O"] as the coordinate for the calculation of the oxygen
potentials in order to avoid solving higher order polynomials analytically. Finally,
[Uy] can be obtained by inserting equation 3.9 in 3.8:

[ ; ] - [ U M (3.13)

from which it directly follows that:

[U*] = y - 2x - [O'l] | ^ / l + j | ^ - l } (3.14)

The variables [U^] and [Uy] can be expressed as functions of [O'l] and thus,
using (3.12), only as a function of x. Since, according to (3.4):

(3.15)

The final expression for the oxygen potential is:

1 2

lnpO2 = 21n * V ' ' T T T (3.16)

which can be calculated as a function of [O^ ]; the nonstoichiometry x is given by
equation 3.12.

We will now discuss the asymptotic behaviour of the oxygen potential (equation
3.16) in three different composition ranges. When x < \/TCe it can be shown that:

lnPo3=2ln- Z +21n-jfc (3.17)
(y - 2x - y/K)2 K

Inserting these concentrations in equation 3.16, readily shows that for small values
of x, electronic disorder prevails and the slope of the lnpo2 — lnx curve equals
2, just as for UO2.

For \JTTe <x< y/Kox/Kc we find

so that the resulting slope is 6. In this composition range the point defects O"
dominate the defect chemistry. The magnitude of lnpo2

 i s entirely determined by
Kox.

For x > \fK0Z/Kc the defect cluster regime is valid and we find

ECN-RX-96-010 11



Oxygen potential of Thi_yUyO2+a

Table 3.1 Oxygen potential behaviour in the different composition ranges

Composition range
x<y/K,

y/Ke < X < \JKoxjKc
x > y/Kox/Kc

Slope

2
6
2

Description
Electronic disorder
Point Defects
Cluster

The slope is two in this regime but for high values of x, the denominator becomes
small which results in an upward curvature of the oxygen potential curve which
is also found experimentally (see Figure 3.1). We note that in this model, the
uranium sites have either the +4 or the +5 oxidation state. This puts a restriction
on the y-range, and for y < 2x the present model is not valid. The asymptotic
curves 3.17, 3.18 and 3.19 are drawn in Figure 3.1. The equilibrium constants
parameters are #03=0.13, Kc = 1000 and Kt = 3 x 10"6. The dashed vertical
lines are located at the compositions x = y/Kl and x = y/Kox/Kc (see Table
3.1). This plot shows that both the absolute value of the oxygen potential and the
location of the different regimes are well described by the present defect model.
At the highest x values an upward curvature can be observed which is caused by
the (y — 2x) term of equation 3.19.

A plot of the oxygen potential versus x is shown in Figure 3.2. A manual data
fit was made using the parameters mentioned in the caption of Figure 3.2. The
oxygen potential data can be reasonably described using three fixed equilibrium
constants. The agreement with the model is not very good for y=0.05, but one
should keep in mind that this concentration corresponds to almost pure thoria
and that thoria does not appear explicitly in the defect equilibria. The electronic
disorder equilibrium constant Ke = 10~6 is in good agreement with the value that
Nakamura and Fujino found for UO2+X at T=1473 K: Ke = 1.8 x 10~6 [8]. The
value for equilibrium constant Kox (= 0.014) of the oxidation reaction 3.2 is of the
same order of magnitude as the results for UO2+1 of Nakamura and Fujino: 0.02S 1
(T=1473 K) [8] and of Park and Olander [4]: 0.0063 (T=1473 K). Apparently,
the equilibrium constant Kox and Ke still apply to Thi_yUvO2+x provided that
the amount of uranium does not become too small. The defect model predicts a
transition from point defect regime to cluster regime at x w \JKoxjKc — 0.012,
which agrees well with the point where the slope changes from ~ 6 to ~ 2.

In Figure 3.3 the data of Aronson are shown which cover a wider x-range. The
oxygen potential does virtually not change with the thorium concentration for the
y-values 0.71,0.9 and 1.0. The model was fitted manually to the oxygen potential
data for y=\ and jpO.29. The prediction for j/=0.51 was then calculated, but is
apparantly not in very good agreement with the experimental data. The present
results indicate that a relatively simple analytical model can describe the oxygen
potential of Thi_yUyO2+a:. This model may serve as a starting point for more
detailed calculations including a charged Willis-cluster and oxygen vacancies.

3.2 Thermochemical description
A different way of describing the oxygen potential of nonstoichiometric oxides is
the thermodynamical model of Lindemer and Besmann [1]. Suppose that UO2+X
can be regarded as a mixture of stoichiometric UO2 and a hypothetical compound
UO(V The O/M (=2+x) ratio specifies the amount of UoOj, present in the mixture.
The oxygen potential can be evaluated from the equilibrium between both uranium

12 ECN-RX-96-010



Oxygen potential models forThi_yUvO2+a:

Figure 3.2 Oxygen potentials of Thi^vUvO2+x at T = 1473 K versus a linear and
logarithmic x-scale. Ugajin [14]',[15]',[16] o: y = 1; a : y = 0.2; A :
y = 0.1; o; y = 0.05; Solid lines: Defect model (Eq. 3.16) using Kc = 10~6,

KQX = 0.014 and Kc = 98.
0
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X

0.1

oxides:

(3.20)

The Gibbs energy of this reaction is:

irG = -RTln-^
PO;

so that the oxygen potential is given by:

(3.21)

ArH° - TArS° (3.22)

ECN-RX-96-010 13



Oxygen potential of Thi_vUyO2+i

Figure 3.3 Oxygen potentials of Thi-yUvO2+x at T = 1250 K. Aronson and Clayton
[12] o: y = 1; O ; y = 0.9; A ; y = 0.71; x ; y = 0.51; o; y = 0.29; Solid
lines: Eq. 3.16 using Kt = 10~6, Kox = 0.2 and Kc = 1400.
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where ArH° and ArS° arc the enthalpy and entropy of the reaction described in
equation 3.20. The brackets [...] denote the chemical activity of the compound,
and we assume that it equals the mole fraction in the present case (ideal model).
We will assume that TI1O2 cannot take up excess oxygen and therefore does not
appear in the chemical equilibrium. In this assumption, ThO2 is chemically inert,
but it does of course appear in the mass balance of Thi_yUy

V

2 + x

1 - V (3.23)

where mi refers to the number of moles of compound i (UO2, UoOb or TI1O2).
The amount of moles can be evaluated from solving the mass-balance:

ax

(3.24)

and the corresponding mole fractions are:

[UO2] =

[ThO2] =

y(b — 2a) - ax

b - 2a + (1 - a)x
(l-y)(b-2a)

b-2a + (l-a)x
(3.25)

14 ECN-RX-96-010



Oxygen potential models forThi_yUyO2+s

After insertion of equation 3.25 in equation 3.22 we arrive at:

2 . x{b-2a+{l-a)x}a~1 ArH° ArS°
= 6 ^ l a

 {(b-2a)y-ax}« +-RT ~ ~B~

The oxygen potentials are available in the temperature range 1000-1500 K and
the mean temperature is approximately 1250 Kelvin. In order to compare the
measurements at different temperatures the following scaling function is used [1]:

lnpO2(1250) = InpO2(T) + ̂ ( ^ 5 - | ) (3-27)

When a scaling function for the concentrations f(x, y, a, b) is inserted we arrive
at:

lnpO2(1250) = 2f(x,y, a,b) + ̂ ^ - ^ p (3.28)

with

- 2 a
In

{{b_2a)y_ax}a

equation 3.28 is the fit equation that will be used to obtain the stoichiometric
coefficients a and 6 of the compound UoOj, and the Gibbs energy of reaction 3.20:
(ArH

o-TArS°).

The best fit results were obtained by taking the oxygen potentials larger and
smaller than -100 kJmol"1 separately. First, we consider the data smaller than
-lOOkJmol""1. The data of Matsui and Naito [5] were discarded in the fitting
procedure, for their oxygen potentials for y = 0.2 and 0.4 (see Figure 2.1) are
exceptionally low and, in addition, inconsistent with the general observation that
the oxygen potential increases with decreasing concentration of uranium. The fit
results are shown in Figure 3.4. The following fit parameters were obtained:

a = 1.336 (3.30)

b = 3.323

ArH° = -393400 J-mol"1

ArS° = -198.01 J-K-^

The average relative error of this fit of 179 datapoints is 6.3%. The resulting fit
equation for the oxygen potential smaller than -100 kJmol" 1 is:

RTlnpo, = 3.07flTlo g ^ Z ^ } - 393400+198.017 (3.3!)

A plot of this equation is given in Figure 3.6. This shows the x- and y-dependence
of the oxygen potential at a fixed temperature of T=1250 K. For small values of y
the oxygen potential becomes very large.

_________ __



Oxygen potential of Th1_vU!/02+i
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Figure 3.4 Scaled oxygen potential ofThi-yUtO2+x-
 D-' Aronson and Clayton [12]; o;

Ugajin et al. [14.15,16]; A : Tanaka et al. [13]; Solid line: equation 3.28.
Fitparameters, see text.
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Figure 3.5 Scaled oxygen potential of Thi-yU^+s. +Roberts &al. [11]; o: Anderson
et al. [10]. Solid line: Thermodynamic model 3.28. Fitparameters, see text.

2 4
f(x,y,a,b)

The data of Roberts et al. [11] and Anderson et al [10] refer to small values
of y and slightly lower temperatures. These oxygen potentials are larger than
-100 kJmol"1 and were fitted separately. The results are shown in Figure 3.5 .
The fit parameters are:

a
6

ArH°

1.974
5.219
-176000 J-mor1

(3.32)

Ar5° = -t

For this fit, 38 datapoints were considered, and the average relative error is 22%.
The fit equation for the oxygen potential larger than -100 kJmol"1 is:

16 ECN-RX-96-010



Oxygen potential models forThi_vUyC>2+i.

xi 1 271 — 0 Q74x\0974:

RT\nPO2 = 1 . 5 7 3 i ? T l n { [ 2 7 1 y 1 9 7 4 : c j 1 9 7 4 - 176000 +81.5T (3.33)

The present approach can easily be used for further thermochemical calculations
using for example programs like ChemSage [24]. The solid solution can be
modelled as an ideal ternary solid solution of UO2, TI1O2, and the compound
UaOt. The Gibbs energy of formation of UaOb can be calculated from the Gibbs
energy of the reaction (3.20):

A/G°(UaOfr) = ^ ^ A r G ° + aA/G°(UO2) (3.34)

For oxygen potentials smaller than -lOOkJmol"1 the reaction Gibbs energy is
A rG° = -3934000 + 198T, and using A /G°(UO2) = -108000 + 169T, we
find:

A/G°(f7i.336O3.323) = -1575000 - 166T (3.35)

For oxygen potentials larger than -100 kJmol"1 the formation Gibbs energy of
U1.974O5.219 is:

A/G°((/i.974O5.2i9) = -2249000 - 288T (3.36)

The entropies and the enthalpies of formation are summarized in Table 3.2. The
results of the thermochemical model are shown in Figure 3.7.

Table 3.2 Enhalpy and entropy of formation of the compounds of the ternary system UO2,
ThO2 and UaOb.

Compound Z5
UO2

ThO2

U1.336O3.323
U1.974O5.219

ifHVU-mol-1

-1083
-1220
-1575
-2249

A /57J-K-1.mol-1

172
178
166
288
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Oxygen potential ofThi_yUvO2+s

-100

-500
0.20

0.00

0.00 1.00

0.40
0.60

0.80 <j

Figure 3.6 Oxygen potential versus x and y. The experimental datapoints (T=l 000-1473
K) are specified in Table 2.1. The solid surface is a plot of equation 331 at T
= 1250K.

O -400 i
-400 -300 -200 -100 0

Experimental oxygen potential (kJ/mol)

Figure 3.7 Result of the thermochemical description. The data below and above

100 kJmor1 are calculated using different sets offitparameters.
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4. DISCUSSION

Pronounced differences between the oxygen potential of Thi_vUvO2+a; were
found in the work of different authors. The data of Matsui and Naito [5] for y=0.2
and 0.4 were not considered in the present analysis with the thermochemical model
because of the fact that the oxygen potentials were much smaller that of UO2+X,
which is inconsistent with work of all other authors that were considered in this
assessment The results for y = 1 of Matsui and Naito, however, agree very well
with existing other measurements (see Figure 3.1). The differences may be related
to the inaccuracy in the nonstoichiometry x [4]. The thermogravimetric measure-
ments start with the preparation of stoichiometric mixed oxide Thi_yUtf O2, which
is done by exposing a pellet of this substance to a gas mixture with a specified
oxygen potential. This a crucial step, for any change in the oxygen potential close
to stoichiometry has a significant effect on the value of x. More series of oxygen
potential measurements forThi_yUyO2+x at fixed values of y would be required
to solve these inconsistencies.

A very simple scaling model for the oxygen potential of nonstoichiometric solids
is the valency control model in which it is assumed that the oxygen potential
is fully determined by the mean valency of uranium [5, 14]. As was pointed
out by Ugajin [14] the oxygen potentials of UO2+1 and Thi_yUyO2+x are equal
at a given uranium valence only if the (U,Th)O2 solution is ideal. Close to
stoichiometry the uranium valence seems to be a good scaling parameter for
Thi_yUyO2+x [14]. For Pui_yUvO2+x a similar observation was made for the
hypostoichiometric oxide [25]. The mean uranium valence can be calculated from
the thorium concentration, the oxygen concentration and the thorium and oxygen
valence, V77, and Vb:

(1 - y)VTh + yVv + (2 + x)Vo = 0 (4.1)

If the thorium valence Vph = 4 and the oxygen valence and Vo = — 2 are
inserted, it can be shown that the mean uranium valence is Vy = 4 + 2x/y for
the mixture Thi_yUyO2+x. The valency control model [5] can easily be extended
for the Thi_yUvO2+x. In this model, that was applied to UO2+X [5], the oxygen
potential is assumed to be controlled by the following reaction:

2f/4+ + i o 2 = O2~ + 2f/5+ (4.2)

then the oxygen potential is given by:

(4.3)

After applying the mass balance for uranium and oxygen and the electroneutrality
equation, it can be shown that the oxygen potential is given by:

AGo2 = 4RT In — ^ + 2RT In (2(1 - y) + ̂ ) + Constant (4.4)
5 — vy \ 2 /
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Oxygen potential of Thi_vUv02+x

This equation directly shows that the oxygen potential is not a unique function of
the uranium valence Vy, for the oxygen potential depends on both the uranium
concentration y and the uranium valence Vy. In the present assessment, it was
found that for the oxygen potential database the scaling with the uranium valence
is only applicable at low values of x, and y values close to unity.

Both the defect model and the thermochemical model rely on the assumption
that ThO2 can be considered as an inert compound that does not take part in
the chemical equilibria that describe the oxygen potential. This is justified by the
measurements of Aitken et al. [26], who measured the activity of uranium oxide in
Thi_yUvO2+i using the transpiration method and found that ihe stoichiometric
UO2-ThO2 solution is ideal at T=1573 K. In agreement herewith both models
describe the thorium concentration dependence of the oxygen potential quite well.
It this context it is interesting to note that UO2 and ThO2 mix in all proportions,
and that the cubic (fluorite-type) solutions follow Vegard's law closely.
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5. CONCLUSION

A large database of oxygen potential data of Thi_yUv02+a; was constructed and
analyzed with two different models. The oxygen potential of
Thi_vUyO2+i increases with (i) increasing temperature, (ii) increasing x, and
with (iii) decreasing uranium concentration y. A defect model forThi_yUy02+:e
was developed and fitted to experimental data. The model can effectively de-
scribe the x and y dependence of the oxygen potential using three equilibrium
constants. The model expression for the oxygen potential is analytical and three
different regimes could be identified: electronic disorder, point defects and clus-
ters. The empirical approach of Lindemer and Besmann was applied succesfully to
Thi_vUvO2+a. This thermochemical model assumes that Thi_yUvO2+» can be
described as an ideal mixture of UO2, ThC>2 and a hypothetical compound Uo0t,.
Using this approach analytical expressions for the oxygen potential were derived
that describe the oxygen potentials smaller than -lOOkJ-mol"1 with an accuracy
of 6.3%, and oxygen potentials larger than -lOOkJ-mol"1 with an accuracy of
22%.
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