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Abstract

A thermodynamic assessment of the uranium-oxygen system is presented. A consistent set of experimental data is
selected among the numerous data in the literature on the phase diagram and oxygen chemical potential. The ther-
modynamic properties of the phases are described using the compound energy model with ionic constituents for the
solids and an ionic two-sublattice model for the liquid. For the uranium dioxide, the structure is described using three
sublattices, one for the cations U3*, U** and U%", one for the normal site of oxygen ions, and one for the interstitial
oxygen ions. Vacancies are included in both oxygen sublattices. In this first approach, the homogeneity ranges of the
U,0y_, and U;05_, compounds are not represented. A set of consistent model parameters that describes both the phase
diagram and the oxygen chemical potential data in the whole composition range is thus obtained. The description of
this basic binary system will be used to calculate higher order systems such as O-U-Zr and Fe-O-U which are im-

portant for simulating severe nuclear accidents.
© 2002 Elsevier Science B.V. All rights reserved.

PACS: 82.60; 82.60.Cx; 82.60.Fa; 82.60.Hc

1. Introduction

The uranium-oxygen system is a key system in the
nuclear material field. During a severe nuclear accident,
the material resulting from the reactor melting is desig-
nated as corium. To predict the heat transfer processes
in this complex mixture, the nature and relative fractions
of the phases in the solid, liquid or gas state must be
known as a function of its composition and temperature.
Furthermore, the high temperature evaporation pro-
cesses have also to be well described. The purpose of the
present study is to assess this binary in order to calculate
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E-mail address: cgueneau@cea.fr (C. Guéneau).

higher order systems such as Fe-O-U, O-U-Zr and Fe-
O-U-Zr which are important for the severe nuclear
accident studies.

The uranium-oxygen system is characterized by a
miscibility gap in the liquid state involving a metallic
uranium rich liquid and an oxygen rich liquid, close to
the UO, composition. The dioxide of uranium has a
wide composition range at high temperature in which
the thermodynamic properties depend on the O/U ratio.
The numerous oxidation degrees of uranium lead to the
existence of several complex oxides U0y, U3Og and
UO;. THERMODATA (France) and AEA Technology
(UK) have developed thermodynamic databases for the
corium [1,2] but the model for UO,., in these assess-
ments was not satisfactory. In fact, the UO,,, phase
boundary at low temperature (7' < 1400 K) and the
corresponding change of the oxygen chemical potential

0022-3115/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PIL: S0022-3115(02)00878-4


mail to: cgueneau@cea.fr

162 C. Guéneau et al. | Journal of Nuclear Materials 304 (2002) 161-175

are not well represented. Furthermore, in [1], THER-
MODATA proposed two sets of thermodynamic pa-
rameters for the U-O system corresponding to two
different descriptions of the miscibility gap.

The critical analysis of the experimental data by
Labroche and Baichi [3,4] allows us to propose a single
description of the U-O system. The phases are described
using the compound energy model with ionic constitu-
ents for the solid phases and an ionic two-sublattice
model for the liquid, in order to be consistent with
Sundman’s assessment of the Fe—O system [5] and the
recent work on Zr-O [6]. The present work focusses
on the modelling of the thermodynamic properties of
UO,4,. In a later paper, the solubility range of the higher
oxides will also be described.

2. Selected experimental data

In the present study, the experimental phase diagram
and thermodynamic data critically selected by Labroche
and Baichi are used for the optimization of the thermo-
dynamic properties of the uranium—oxygen system [3,4].
In the present section, only the selected experimental
data are indicated, without any explanation concerning
their selection criteria which are detailed in [3,4].

2.1. Phase diagram data

The experimental phase diagram data selected for the
optimization are listed in Table 1.

In the uranium rich side of the diagram, the experi-
mental data on the oxygen solubility limit in liquid
uranium show a strong disagreement [7—12]. The critical
analysis of all these experimental investigations has led
to select only Edwards and Martin’s [7] and Cleaves’s
[12] data for the optimization. These low oxygen solu-
bility data in liquid uranium are consistent with the
experimental tie-line in the liquid miscibility gap deter-
mined at 3090 + 100 K [13]. Experimental data on the
liquidus and solidus of the UO,_, phase above the mono
tectic reaction are available [14-16]. Only Latta and
Fryxell’s [16] experimental points have been chosen and
corrected using the Raoult’s cryoscopic law to take into
account the decrease of the melting temperature due to
the tungsten dissolution in the melt. These data are in
good agreement with the average value of 3138 + 15 K
selected for the melting point of UO, [16-19]. The ura-
nium dioxide presents large positive and negative devi-
ations from the stoichiometry. The compound presents
an hypostoichiometric domain at temperature above
1500 K. The low oxygen phase boundary data of UO,_,
[9,10,20,21] are in good agreement. Other experimental
data are rejected for the optimization. For the mono-
tectic reaction [liquid2 = liquidl + UO,_,], the reported
temperatures are 2773 + 30 K [7], 2743 + 30 K [9], and

Table 1

Selection of the U-O phase diagram data
Data Authors References
Melting Hein (1968), Kjaerheim (1969) [53,18]

point of
U0,
Solidus and  Latta (1970) [16]
liquidus of

U0y,

Liquid mis- Guéneau (1998) [13]
cibility gap

tieline

Latta (1970), Tachibana (1985)  [16,19]

O solubility  Cleaves (1945), Edwards (1966), [12,7,8]

in liquid U  Blum (1963)
Guinet (1966), Pattoret (1969),  [9-11]
Garg (1980)

U0, Martin (1965), Guinet (1966), [20,9,10]

phase Pattoret (1969)

boundary Ackermann (1965), Ackermann  [21,72]
(1969)

UOy,. Kiukkola (1962), Markin (1962), [29-31]

phase Saito (1974)

boundary Marchidan (1972, 1973, 1974, [71-74,32]
1975)

Gronvold (1955), Schaner (1960) [33,34]
Aronson (1961), Anthony (1962) [35,36]
Kotlar (1967a,b, 1968) [22-24]
Hagemark (1966), Blackburn [25,26]
(1958)

Roberts (1961), Picard (1981) [27,28]

2693 £+ 70 K [14]. The composition of the liquid2 phase
is found at O/U = 1.3 £ 0.1 (xo = 0.435) [7], 1.18 (xo =
0.541) [9] and 1.53 +0.05 (xo = 0.605) [14]. The O/U
ratios of the solid dioxide are in good agreement (1.64
(xo =0.621) [7], 1.60 (xo =0.615) [9] and 1.62+
0.06 (xo = 0.618) [14]).

In the UO,-O part of the diagram, the UO,,, phase
boundary is well known experimentally from 500 to 1950
K [22-36,72-74,86]. The oxygen content in UO,,, in-
creases with temperature up to 1400 K. At this temper-
ature, the UsOy phase decomposes to form U;Og and
UQO,,, peritectoidally [26,27,37-40]. The temperature of
this peritectoid decomposition of U;Oy is fixed to
1398 £+ 8 K [37]. The higher oxygen content of UO,,, is
close to the U;O9 composition, measured up to 1950 K.
No information is available between 1950 and 2800 K for
the UO,,, composition range and for the invariant
reaction [liquid2 = UO,,, + Gas|. The U404 oxide pre-
sents two second-order transitions at 345+ 10 K [41,
82-84] and 850 + 20 K [42,82,85]. The experimental in-
vestigations show that this oxide is slightly hypostoi-
chiometric [22,26-28,34,40]. The temperature of both
second-order transitions vary slightly with the O/U ratio.
For the U3;Og oxide, some authors report the existence
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of a second phase with the UsO;; formula [43-45]. The
composition range of U;Os_, has been investigated by
several authors [23,26,33,44,46-48]. Four crystalline
structures of U;Og are reported [67]. UO; does not pre-
sent any deviation from the stoichiometry. Five crystal-
line structures are reported for this compound [67].

2.2. Thermodynamic data

The selected data for the optimization are listed in
Table 2. Numerous experimental data are available for
stoichiometric UO,. The selected melting enthalpy of
UO, is equal to 75.4 £ 2.3 kJ/mol. This value is consis-
tent with the data reported by Hein, Leibowitz and
Rand [49-51]. UO, heat capacity has been directly de-
termined by Affortit, Mills and Ronchi [79,87,88]. Below
2800 K, Baichi’s critical analysis has led to select data
from Fink’s expression [52]. Above 2800 K, the heat
capacity has been deduced from the heat content data of
Hein and Leibowitz [53,50]. It gives a constant value of
the heat capacity equal to 165.1 £ 3.3 J/mol/K of UO,
between 2800 and 3137 K. The peak corresponding to
the lambda transition was not taken into account as we
consider that this transformation does not occur for
stoichiometric UO, [4]. From 3138 to 3523 K, the heat
capacity of liquid UO, has been taken constant and
equal to 131.4 £+ 3.8 J/mol/K of UQO, according to Hein
and Leibowitz [53,54]. Bober and Singer’s [55] data

Table 2
Selected experimental U-O thermodynamic data
Data Authors References
H(T)-H(298 K) Moore (1947), Conway [75-77]
of UO, (1965), Ogard (1967)
Hein (1968), Leibowitz [53,50,78]
(1969), Fredrickson (1970)
Leibowitz (1971), Mills [54,79,80]
(1989), Takahashi (1993)
O chem. pot. Tetenbaum (1968), Pattoret  [58,10,59]
in UO,_, (1969), Javed (1972)
O chem. pot. Gerdanian (1965), Kotlar [56,22-24]
in UO,,, (1967a,b, 1968)
Hagemark (1966), Roberts [25-27]
(1961), Blackburn (1958)
Aronson (1961), Marchidan  [35,32,30]
(1975), Markin (1962)
Saito (1974), Kiukkola [31,29,57]
(1962), Nakamura (1987)
O chem. pot. Nakamura (1987), Kiukkola [57,29,30]
in UO,,,/UsOy  (1962), Markin (1962)
Blackburn (1958), Kotlar [26,22]
(1967)
O chem. pot. Pattoret (1969), Baichi [10,4]
in Liquid/ (2001)
UOZ—X

giving the boiling temperature of liquid UO, heated by
laser pulses as a function of controlled total pressure in
the range 0.025-1 MPa have been used. No other ther-
modynamic data are reported for the liquid phase.
On the contrary, in the solid state, the oxygen potential
across the whole composition range of UO,., has been
extensively investigated by the emf technique, high
temperature mass spectrometry, calorimetry and ther-
mogravimetry. Compatible oxygen chemical potential
data for the UO,,, range from 800 to 1800 K have been
selected from [22-27,29-32,35,56,57]. In the UO,_, side,
three authors have been chosen [10,58,59]. The oxygen
chemical potential data in the two-phase liquid U-
UO,_, domain, deduced from mass spectrometry mea-
surements performed by Baichi and consistent with
Pattoret’s data were selected [4,10].

3. Thermodynamic modelling of the phases

In the present study, the oxygen solubilities in the
orthorhombic, tetragonal and bcc uranium phases are
neglected. The U;0y, U305 and UO; oxides are treated
as single stoichiometric compounds. A future work will
consist in the description of the composition ranges of
U,0y_, and U,Os_,. The Gibbs energy functions for all
the phases are referred to the enthalpy of the pure ele-
ments, 7, in their stable state at room temperature 298.15
K and 1 bar ("H5ER(298.15 K)).

3.1. Pure elements

The Gibbs energy functions of the pure elements i at
temperature 7" and in their state ¢ are given by
°GY(T) — "HSER(298.15 K)

=a+bT+cTInT+>» d,T", (1)

where 7 is an integer (2, 3, —1, ...). In the present work,
Dinsdale’s parameters are used for pure uranium [60]
and oxygen’s data are from SGTE 1997 Substance data-
base [62].

3.2. Stoichiometric oxides

The oxides are described with two sublattices, one for
the cations and one for the divalent oxygen ions.

3.2.1. UO;

The UO; oxide is described with the (U%"),(0%),
two-sublattice model. The corresponding Gibbs energy
function has the same form as in Eq. (1):

GO(T) = _nf°H™®(298.15 K)

=a+bT+cTInT+» 41", (2)
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where n{ is the number of atoms of the ith element in the
oxide formula. The thermodynamic parameters have
been taken from the SGTE 1997 Substance database [62].

3.2.2. U409 and U30g
For both oxides, a mixture of uranium charged spe-
cies is assumed in the cation sublattice:

(U, U),(0*), for U0y,

(U, U),(0* ) for U;0x.

The free energy of the oxide with such a sublattice model
(U, U"),(0*), in the state ¢ is expressed by

G(T) — p"HEER (298.15 K) — ¢°HSER(298.15 K)
= yus Gunr g2 + ¥ Gyre 02

— PRT (yye- In yyur + yy= In ), 3)

where y;, are the site fractions of the cations 7 in the first
sublattice and the °Gur o>~ and °Gye 2 ; Gibbs energy
functions have the same description as in Eq. (2).

3.3. Non-stoichiometric dioxide of uranium UQO,.,

UO, adopts the fluorite structure which is typical of
ionic compounds. The nature of the bonding in UO, has
been controversial for several years. An appreciable
degree of covalence is expected in the material. UO; is
known to behave as a semiconductor. The charge-
transfer reaction 2U*" = U™ 4 U™ is usually consid-
ered [64]. This excitation process is thought to be
responsible for the high temperature specific heat excess
in the material. But the other charge states U?>* and U%*
may be also considered. In fact, it seems possible that
charge-transfer processes lead to the generation of U**
and U®" as well as U and U>" at elevated tempera-
tures. In the present study, the uranium dioxide is de-
scribed by using the compound energy model with ionic
species. The ideal structure of stoichiometric UQO, is
described with two sublattices, for U*" and O?  ions
respectively.

The hypostoichiometric side of UQO, is modelled by
introducing some oxygen vacancies in the normal oxy-
gen sublattice. The charge balance is maintained by the
presence of some U** ions in the uranium sublattice.
The experimental studies of the hyperstoichiometric
oxide show the presence of two types of interstitial oxy-
gen atoms O’ and O” in positions that do not corre-
spond to the classical interstitial sites of the fluorite
structure [65]. A third sublattice for these interstitial
oxygens is added to the two normal sublattices of the
fluorite. To maintain the electroneutrality, some U®*
cations are introduced in the uranium sublattice. In re-
ality, as reported before, all the charges of uranium +2,
+3, +4, +5 and +6 may be introduced in the cation

sublattice. But this would considerably complicate the
model by increasing the number of parameters to opti-
mize. The structure of the UO,.., phase is then described
by the following sublattice model:

(U*, U*, U), (0%, Va), (O, Va),.

The U®* cation was chosen instead of U* as it allows to
have a neutral end point (for the UO; composition).
Moreover, by taking U+, the end composition would be
equal to UO,;s that is very close to the real limit of
UO,,,. This could induce some troubles with the oxygen
activities in this composition range of the dioxide. We
have done a compromise by choosing U** to be con-
sistent with the charge transfer reaction.

The number of sites of the interstitial oxygen sub-
lattice is arbitrarily taken to be unity as neighboring sites
are excluded due to electrostatic forces and size mis-
match. The compound energy model gives the following
expression for the Gibbs energy:

G? = nf"H™(298.15 K)

= 1390¥4" Gz00 + ¥y  Grov + y3wye Gavo
+ 13 Gavy + 14y0¥ Gaoo + 1ayody’ Gaov
+ 1o Gaveo + 1w Gavy + yevoye Geoo
+ ¥6yoy ' Geov + Yoy Gevo + Yl Gevy
+ RT(ysIny; + yalnys + ys Inyg) + 2RT (o Inyo
+wvinyy) +RT (v Inyg + 34 Inyy) + G5 (4)

where y3, y4 and ys represent the fractions of uranium
with different charges on the metallic sublattice, yo and
yy are oxygen ions and vacancies respectively on the
normal oxygen sublattice, y;, and y;, are oxygen ions and
vacancies respectively on the interstitial oxygen sublat-
tice. The °G terms correspond to the Gibbs energies of
the different compounds formed by considering one

(U*3,U*,U*),(02,VA),(O2,VA),

(3.4,6),(0,V),(0,V), (-2)

(+3) (+6)
3w 6VV

Fig. 1. The sublattice model for solid UO,,.
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specie in each sublattice. The model is shown as a prism
in Fig. 1. The triangular surfaces represent the change of
uranium valency with constant occupancy of the other
sublattices. Most of the corners correspond to unphys-
ical compounds with a net charge. Among the com-
pounds, the following ones are neutral:

40V: (U*"),(0%),(VA),, the ideal fluorite struc-
ture of UO;,;

600: (U*"),(0%),(0%"),, fully filled with the in-
terstitial oxygen ions, of UO3; composition.

By combining oxygen ions and vacancies on the
second and third sublattices, other neutral compounds

can be generated:

(U*"),(0575, VAg2s),(0%), with composition UO»;

(U*),(0575, VAg2s),(VA),  with  composition
UOys;
(U*"),(0555, VAg15),(0*7),  with  composition
UO;s.

By combination of these compounds, the area where the
model for the dioxide of uranium is neutral can be de-
termined (the two dashed surfaces with the ‘600’
common corner). In each domain, the composition of
the phase ranges from UO, s to UO;. The presence of
these two domains shows that with the present model,
the dioxide has several internal degrees of freedom,
which can give some troubles in the optimization pro-
cedure. The surface with the ‘4OV’ corner corresponding
to the UQ; ideal fluorite represents the correct domain
of stability of the phase. It shows that the most impor-
tant thermodynamic parameters to optimize are those of
the ‘40V’, ‘600’, 30V’ and 3VV’ compounds. It was
necessary to add an excess Gibbs energy term G® to
describe correctly the phase boundaries of UO,.,. Some
interaction terms L; were optimized:

G* = (133’ Lygov + 1V Lagon + y3y60L3,e:o:v)yoy(/-
(5)

The Gibbs energy model for UO, must be minimized in
order to find the fractions of ionic constituents which
give the lowest Gibbs energy for each composition.

3.4. Liquid phase

The ionic two-sublattice model [66] was adopted for
the description of the liquid, with one sublattice for ca-
tions and one for anions, hypothetical vacancies with an
induced charge and neutral oxygen atoms. The model is

(U4+)P(O277 VA?Q7 O)Q:

where yx2-, wwa and yo denote the site fractions of di-
valent oxygen ions, vacancies and neutral oxygens on

the second sublattice. P and Q are equal to the average
charge of the opposite sublattice:

pP= QyVA + 2y02’7
0=4.

The induced charge of the vacancies corresponds to the
average charge of the cation sublattice: Q = 4. P varies
via the site fractions y,:- and yya with the composition
in order to keep the phase electrically neutral. The Gibbs
energy of the liquid phase is given by the following ex-
pression:

(6)

Gl = J’OZ*OGU‘”:OZ* + A Gyseya +0"Go
+ ORT (yoo- Inyo>- + yva Inyva + 3o Inyo)
+ 0 WALyt va) + 0or- —wa) Lyt o2 ya
+ 0o — J’VA)2 (ZLU4+;02<VA)
+ Yo Y0 Lyt 02 05 (7)

OGueroos "Guarya and °Go are the reference terms,
corresponding to the Gibbs energy of respectively pure
UO,, uranium and fictitious oxygen liquid phases.
OLyss.02- yas 'Lyse.or- ya and 2Ly g2y, are the interac-
tion parameters describing the liquid phase in the U—
UO, composition range. "Ly o2- o is added to describe
the oxygen enriched liquid.

3.5. Gas phase

The gas phase is described as an ideal mixture con-
taining the gaseous species U, O, O,, O3, O,U;, O,U;
and O;U,. The Gibbs energy of the gas phase is given as

G*=>"3"G! +RTY yiny + RTInP/R, (8)

where y; is the mole fraction of the specie i in the gas
phase. °G? represents the standard Gibbs energy of
specie i of the gas phase. R is the gas constant, P, the
standard pressure.

4. Selection of the adjustable parameters

The least-square optimization program PARROT
[63] included in the Thermo Calc databank system [61]
was used. The optimization was done in several steps.
First, the thermodynamic parameters of the UO,-, solid
phase were optimized from all the experimental data
selected for this phase. Then the equilibria of the dioxide
of uranium with U0y, U304 and the gas phase were
added. When the properties of the dioxide were correctly
described, then the parameters of the liquid phase were
optimized in order to fit the whole phase diagram data.
For all the pure oxide functions, starting values have
been taken from SGTE 1997 Substance database [62].
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The thermodynamic functions of all phases were allowed
to vary in the assessment except those of UO; that were
fixed. The Gibbs energy functions for UsOy and U;Og
compounds have been reoptimized by considering the
phase diagram data as well as enthalpy, entropy and
thermal capacity data from the SGTE 1997 Substance.
The enthalpy and entropy of transition for both oxides
are those of the SGTE 1997 Substance, except for the
transition at 850 K from U;04-S2 to U;09-S3 for which
an optimization was necessary as this transition is not
taken into account in the SGTE database. The adjust-
able variables are presented in the following section for
all the phases.

4.1. UOsx,

The assessment started with describing the UO,..,
phase field. The experimental heat capacity, enthalpy
and entropy data of pure UO, and oxygen chemical
potential data covering the whole composition range of
UO,., were used in the optimization procedure. From
the model, the stoichiometric UO, compound is allowed
to exhibit some defects such as charge transfer on the
uranium sublattice, vacancies on the normal oxygen site
and interstitial oxygen ions. With the present model, the
heat capacity evolution versus temperature is directly
related to the defect fractions. In the composition range
of UO,., the oxygen potential Go, can be calculated as

for UOZ—m G02 = 4GU02 — 4GUO|,57

_ ©)
GOZ - 4'(;4:O:V - 3G3:O:V - G3:V:V7

for U02+x, Go2 = ZC;UO3 — 2GU()27

(10)
G02 = 2C;6:0:0 - 2G4:O:V‘

The chemical potential of one corner (A:B:C) can be
calculated by deriving the general equation:

oG? 0G* 0G* oG¢
G =Gw+—+—+——§ — 11
A:B:C va | Oys e i Bz ; (11)

Inserting Eq. (11) in Eq. (9) and neglecting the fractions
of U and O’ yields for UO,_,:

=42 4 g4
s 0o O 3
= (4y0 + 34 — 51¥0)"Grow
+ (4w — 34 — 39aw)  Gavy
+ (53 — 40 + 313)0) G0
+ (5ysv — 3 — 4w) Gy
ViVg
+ RTII’I% + 2RT(2y3 lny3 - 2y4 11’1)/4
W3

+wnyy —yolnyo) +2RT (23 — 2y4 + v — yo)
+ (4930 + y3ys — 4yavo — ¥3yay0) Ly so- (12)

3G 3G* 3G’ G aG*
Go, = 4207 867 3G G—Zfi

It shows that the parameters that control the oxygen
chemical potential in UO,_, are °Gyov, *Gavv, °Gs0:v,
9Gs.v.y and the interaction parameter °Ls 4.0.y.

For UO,.,, neglecting the fractions of U3* and V, the
same calculation gives the following expression:

G,
© i

=2 42
06 5 G2

2

oG? oG*? oG? oG*? oG”?
—250 >on
Yy i

= (206 + 20 — 496)5) Go00 + (4yary
— 214 — 2%4)  Gaov + (2% — 26)°Geow
Yevs

+ (2y4 — 2y6)0G4;o;0 + RTlnﬂ
Yav

+2RT (yaInyy — ysInys + 3y Inyy — 35 Inyp)
+ 20u% — Yol — Vs + yavery) Lasov- (13)

In the UO,,, side, the oxygen potential is related to the
0G6;0:O, 0G4;0;v, 0G(,;o;v, 0G4;0;0 and 0L4=(,;0;V parameters.

Each °Gy.p.c term is referred to the Gibbs energy of
one mole of atoms of UQO;:

'Gapc = nGU|/302/3 +V,+V,T, (14)

where 7 is the total number of moles of atoms in one
formula unit of °Ga.p.c and V; and V; are enthalpic and
entropic terms to be optimized. The Gy, ,0,,, reference
term depends on temperature by the following expres-
sion:

Gu, 0., = V70 + VIIT 4+ V72T In(T) + V73T?
+ V74T + V757" (15)

As starting values, thermodynamic parameters from
SGTE 1997 Substance database were used [62]. In Eq.
(4), among the twelve "Gap.c, five ones are indepen-
dently optimized:

'Gyov = 3Gy, 0., + VI + V2T, (16)
Geo0 = 4Gy, ,0,, + V3 + VAT, (17)
Geov = 3Gy, ,0,, + V5 + V6T, (18)
G0 = 3Gy, 50,, + V7 + V8T, (19)
Gaviy = Gu, 40, + V9. (20)

The °G terms with vacancies on the second sublattice
and interstitial oxygen anions on the third sublattice are
fixed to an arbitrary very high positive value as these
terms correspond to unphysical compounds:

'Gyvo = "Govo = "Gavo = 2GU1/302/3 + VI11. (21)
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The °Gy0.0 and °Gso.0 parameters are related to the
other ones by the following expressions:

'Gyo0 = "Grov + "Gaoo — *Geow + V13, (22)
Gy00 = "Grov + Groo — "Gaov- (23)
The °Gy.v.v and °Ge.y.v terms are connected to °Gs.y.y by
*Gavy = Gayy + V17, (24)
'Govy =Gy (25)

The interaction parameters are independently opti-
mized:

'Lygov = V20 + V21T, (26)
"Lygov = "Lagov = V23 + V24T, (27)

4.2. U409 and U303

The °G functions of both stoichiometric oxides (Eq.
(3)) are calculated to fit both phase diagram and ther-
modynamic data of the pure oxides:

For UsOy:
OGU4> :027 = OGU54 :027
= V79 + V80T + V81T In(T)
+ V8272 + V83T !, (28)
For U30gI
OGUH:OZ— = OGUM:OZ—
= V84 + V85T + V86T In(T)
+ V87T + V88T . (29)

4.3. Liquid phase

In Eq. (7), the Gibbs energy functions of pure ura-
nium and oxygen liquid phases are taken from the Sub-
stance SGTE 1997 database [61,62]. The Gibbs energy
function of stoichiometric UO, liquid is expressed as

"Gy o~ = V90 + VIIT + V92T In(T)
+ V93T + V47" (30)

As starting values, parameters from the Substance
SGTE 1997 database [61,62] were used. The following
interaction parameters are optimized:

in the U-UO, part

OLysror ya = V30 + V3IT, (31)
"Lyt o> ya = V32 + V33T, (32)
Lyt ya = V34 (33)

in the UO,-0 part

Lyion- o = VAO. (34)

4.4. Gas phase

The Gibbs energy of all the gas species are taken
from the Substance SGTE 1997 database [61,62]. Some
variables have been added for some gas species in order
to allow a slight variation of these parameters to im-
prove the fit of the experimental data:

OGU103 = OGU103A,SGTE1997 + V62, (35)
°Gy,0, = "Gy, 0,s6TE1997 + V61, (36)
OGUIOI = OGUIOI.SGTEI‘)W + V60. (37)

5. Results and discussion

The resulting set of parameters for the U-O system
is shown in Table 3. The related calculated uranium-—
oxygen phase diagram at 1 bar is given in Fig. 2. The
calculated standard enthalpy, entropy and heat capacity
of the stoichiometric oxides at 298.15 K are presented in
Table 4. The properties of the stoichiometric oxides are
in good agreement with the experimental data selected in
[67] that are consistent with the Substance SGTE 1997
database and with the experimental data selected in the
present work.

5.1. Stoichiometric UO; properties

The calculated heat content H(T)-H(298 K) of stoi-
chiometric UQO, versus temperature is in good agreement
with the experimental data selected in the present study
as shown in Fig. 3. The calculated melting enthalpy
value of 78.7 kJ/mol of UO, is slightly higher than the
experimental one: 75.4 £+ 2.3 kJ/mol. Fig. 4 presents the
calculated heat capacity versus temperature in compar-
ison with the selected experimental data. The increasing
of the heat capacity around 2000 K is well represented
and can be directly connected to the corresponding
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Table 3

Calculated thermodynamic parameters of the U-O system (values in J, K, mol)
Liquid (U*),(0*,VAR,0),
Pure UO, OGysr g2 — 4 "HSER — 2°HSER = 2GUO,LIQ

Fictitious pure O G+ o — "HSER = OGEER — 2648.93 + 31.44T

Pure U 0Gys yp — CHSER = OGSER 4 123555 — 10.3239T
0Lyt o> ya = 1655637 — 483.896T
Lyt va = 169888.5 — 148.417T
e ya = —394257
OLyirgr o = —350000
with GUOLIQ = —1277931.2 + 1255.6513T — 176.41104T In T + 6.24183 107372 + 1.0533049 107!

FCC UO,., (U“, U*, U, (077, VA), (0>, VA),
0Gron — "HEPR — 2°HSER = 3Gy, 0, — 1680662 — 244.203T
'Gso0 — °HSER 3°HSER =4Guy, ,0,, — 1873393 — 295.669T
'Geow — OHSER 20HSER =3Gu, 10, — 1194847 — 209.893T
'Growv — OHSE“ 2°HSER = 3Gy, 50,, — 1713747 — 301.572T
Gy — "HYR = Gu, .0, +99409.77
"Gvio — VHEER — OH3™R = 2Gy, o, + 1000000
"Gyyo — "HIER — OHSER = 2GU,/,O, + 1000000
'Gavo — "H® — OHSER = 2Gy, ;0,, + 1000000
G0 — "HSER — 30H3ER =4Guy, ,0,, — 2788112 — 329.979T
0Gro0 — "HFPR — °HSER = 4Gy, ,0,, — 2821197 — 387.348T
Gy — "HS® = Gy, 0,, + 556545.7
OGS:V:V _ OH(SJER — 0G3:V:V
0L374:0:V = 767 521 + 13059T
YLssoy = Ligoy = 291812.2 — 30.3811T

with Gy, 0, = 187258.2 4 266.51073T — 31.08206T In T + 3.3558 10772 — 6.80382 107773 + 382076.4T "

UiOy (U, U%),(0% )y with yye = yyse = 0.5
0Gyor oo — AVHSPR — QVHSER — Gy o
OGUS’:OZ’ - 40HlSJER - 90H(§)ER = Gu,o,
Gy,0, = —4616473 4 1811.03827 — 311.2097 In(T) — 0.031137% + 17412697!
Gu,0,-s = Gu,0,
Gu,0,-s, = Gu,0, + 2594 — 7.45402T
Gu,0,-s, = Gu,0, +2684.25 — 7.5602T

U504 (U, U%),(0%)g with yys: = 2/3 and yyer = 1/3
0Gyse.or- — °HSER — 8YHSPR = Gy,
0Gyer.or- — HSER — 8P HSFR = Gy 0,
Guyo; = —3674804 + 1616.3775T — 276.748T In(T) — 0.013664T> + 2036 6677~
GU;Og*S = GU;Og
Gus05_52 = Guso, + 135 — 0.279503T
Gu,05-53 = Guso, + 283 — 0.5400665T
Gu,0,-s4 = Guso, + 597 — 0.9183797T

U103 (U), (07
*Guo,—s — "HEFR — 3°HSER = GEATE 7
G 7 = ~1260394.6 +6l6 WISTT — 105.737T In(T) + 0.01042772

—3.18099 1076 7% + 868736 T~!
Gas (U, O, O,, 03, U,04, U,0,, U,05)
Gy — CHSER = G%C(‘Q;E 97
0Gog — "HSER = G%GgTE 97
0Go, (g — °HSER = G(S)?('l;)i 97
0Go, (g — 3°HSER = GSGTE 97

(2

0 GU101 @ — UHSER OHSER G%(I}TF(gW 15000

OGuloz(g) _ ZOH(S)ER OHSER GSGE')E 97 + 3300

OGU103(g) _ 30HSER OHSER G%G;l')f 97 + 4800

For U species, SGTE 97: Thermo Center of the Russian Academy of Science
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Fig. 2. Calculated phase diagram for U-O at 1 bar.

Table 4

Calculated standard enthalpy, entropy and heat capacity of the
stoichiometric oxides at 298.15 K in J/mol of atom-comparison
with selected data in [67] that are consistent with the SGTE
Substance database 1997 [61]

Oxide AH; (298 K)  S° (298 K)  CY (298 K)

U0, Cale. —361374 25.65 20.98

(s) Select. —361667+  25.68+£0.07 21.240.03
333

U,0, Cale. —346864 2573 22.35

(s) Select. —347077+  25.70+£0.5  22.57+0.05
523

U;05 Cale.  —325220 25.83 21.73

(s) Select. —324979+  25.68+£0.05 21.63+0.04
218

UO;  Cale.  —305950 24.03 20.42

(s) Select. —304375+  24.92+0.33 20.46+0.07
750

U Cale.  +534996 199.8 23.69

(2  Select. +533000+  199.84+0.1  23.69+0.04
8000

UO  Cale. +7954 126.1 19.67

(&)  Select. +15250+ 1244410 21.0£1.0
8500

U0, Cale. —158176 88.8 19.84

(8)  Select. —159267+  88.8+133  19.83+£0.67
6667

UO; Cale. —198613 774 16.12

(8  Select. —199800+  774+05  16.12+0.5
375

variation of the calculated U’ and U3* fractions as
shown in Fig. 5. With our sublattice model, it was im-

15 1 | |
O Moore (1947)
© O Conway (1965)
o) A Ogard (1967)
S + Hein (1968c)
?_ <O Leibowitz (1969)
O 10 - 4 Fredrickson (1970) -
S = Mills (1989)
£ % Takahashi (1993)
2 & Leibowitz (1971)
o
o))
N
T 5 -
E
I =]
0 T T T
@ 1000 2000 3000

Temperature (K)

Fig. 3. Calculated heat content together with experimental
data.
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[
s 60+ Y e =
Z Vo
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& \7)
8 8 )
-og 40 %_
T Vi
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20 T T T
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Fig. 4. Calculated heat capacity together with Ronchi’s data;
estimated values from Hein’s heat content experimental data as
well as Baichi’s fitting.

possible to have a constant value of the heat capacity
from 2800 K to the melting point, as it was recom-
mended in the critical review of the experimental data.
In fact, with our model, it is not possible to represent a
break point in the heat capacity curve without entering a
phase transformation. Furthermore, a constant heat
capacity may correspond to a constant defect fraction
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Fig. 5. Calculated defect fraction in stoichiometric UO, versus
temperature.
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Fig. 6. Calculated total pressure over liquid UO, versus re-
ciprocal temperature in comparison with Bober and Singer’s
data [55].

which is inconsistent with our model. Consequently, the
agreement between calculation and experiments is less
good from 2500 K to the melting point. The calculated
total pressure of the gas over liquid UO, versus recip-
rocal temperature is compared with Bober’s data in Fig.
6. The agreement is very good.

5.2. Oxygen chemical potential in UO,.,

In Fig. 7, the calculated oxygen partial pressures in
the single-phase UO,,, are compared to the experi-
mental data deduced from the critical review between
800 and 2700 K. The agreement is very good in the
whole composition and temperature range. The three
sublattice model used to describe the uranium dioxide
reproduces well the variation of the oxygen chemical
potential. Fig. 8 presents the corresponding variation of
the constituent fractions in the different sublattices of
the model versus oxygen concentration at 2400 K. The
major defects in UO,_, are the oxygen vacancies in
connection with a charge transfer in the cation sublat-
tice, leading to the presence of U3* cations. The fraction
of Ut decreases with oxygen concentration. In the
UO,,, composition range, the major defects are inter-
stitial oxygen anions in connection with the presence of
U in the cation sublattice. The calculated chemical
potential data in the two phase UO,,..—U;0, UsO09—
U305 and UO,,,-U;Og as well as liquid U-UO,_,
domains are in good agreement with the selected ex-
perimental data as shown respectively in Figs. 9 and 10.
The calculated oxygen partial pressures in all two-phase
regions of the phase diagram are presented in Fig. 11.

5.3. Phase diagram

Fig. 12 shows the calculated phase diagram in com-
parison with the experimental points in the U-UQO, part.
An overall good agreement is obtained. The calculated
compositions and temperatures of all invariant reactions
are presented in Table 5. The calculated congruent melt-
ing point of UO, is equal to 3142 K for a O/U ratio
of 1.98. These results are consistent with the selected
experimental data of 3138 + 23 K for the temperature.
The calculated O/U ratio is a little bit too low but is still
within the experimental uncertainty on the oxide com-
position at melting, £0.02 [4]. The calculated boiling
temperature of liquid UO, is equal to 3842 K which is
consistent with the experimental values of 3820 K from
Benezech [68] and of 3817 K from Breitung [69]. In our
study, the boiling point of liquid UO, is not congruent. In
fact, there are two azeotropic compositions, one maxi-
mum and one minimum (when regarding temperature) at
constant pressure. This behaviour corresponds to the
congruent vaporization as observed for UO,_, in exper-
iments under vacuum (or effusion) conditions [10,21,81].
This tendency goes on at high temperature for the equi-
librium between liquid and gas [4]. In our assessment, the
congruency liquid/gas appears for an oxygen mole frac-
tion of 0.58 for 1 bar total pressure as shown in Fig. 2.
Furthermore, in the experimental investigations of the
boiling point of liquid UO,, the congruency is supposed
but the final liquid composition is never measured. At
low temperature, the limit of the hyperstoichiometric
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Fig. 8. Calculated fraction of defects as a function of com-
parison at 2400 K in UO,.,.

composition domain of the dioxide is well reproduced as
shown in Fig. 13, displaying the domain of stability of the
uranium dioxide. In the (U;0y—-UO,.,) two-phase field,
the oxygen solubility limit remains relatively flat until
800-900 K. This can be related to a tendency to the de-
mixing of UO,, which is consistent with the oxygen
activity curves in Fig. 7. Moreover, experimental inves-
tigations show that the U;Oy structure can be described
as an arrangement of cuboctahedric oxygen defects in a
fluorite crystal with a parameter equal to four times the

-700 | | ! ]
© Baichi (2001)
-705 -

-710
=715
-720
=725
-730

Chemical potential O, (kJ/mol)

T T T T
2050 2100 2150 2200 2250
Temperature (K)

Fig. 9. Calculated chemical potential in the two-phase (liquid
U (sat. O)-UO,.,) domain versus temperature.

one of UO, and a composition of UO,,; (compared to
UO,,5) [70]. In this way, U409 could be modelled as the
same phase as UO, that would demix for a limiting
oxygen content. This could explain both phase diagram
and thermodynamics at low temperature in this compo-
sition range. It shows that the U,;Oy phase is complex and
requires other investigations to better understand this
domain of the phase diagram.
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Fig. 10. Calculated chemical potential in the two-phase (UO,.,—U;Oy) and (U;0y—U30g) domains versus temperature.
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Table 5
Calculated temperatures and oxygen compositions for all in-
variant reactions

T Invariant transformation (mole fraction O)
(K)

4252 Liquid (0.58) = Gas (0.58)

4182  Liquid (0.46) = Gas (0.46)

3142 UO, (0.664) = Liquid (0.664)

2727  Liquid (0.719) = UO,., (0.685) + Gas (0.875)

2719  Liquid 2 (0.594) = Liquid 1 (0.040) + UO,_, (0.628)

2032 U;05-S4 (0.727) = UO4,, (0.693) + Gas (0.996)

1408  Liquid (2 x 1077) = U-bee (0) + UO,_, (0.665)

1399 U409-S3 (0.692) = UO,,, (0.691) + U;05-S4 (0.727)

1049 U-bee (0) = U-tetragonal (0) + UO,_, (0.666)

942 U-tetragonal (0) = U-orthorhombic (0) + UO,_,
(0.667)

913 UO; (0.75) = U;04-S4 (0.727) + Gas (1.0)

850 U,404-S3 (0.692) = Us0,-S2 (0.692)

830  U;04-S4 (0.727) = U;08-S3 (0.727)

598 UO; (0.75) = U304-S (0.727) + Gas (1.0)

568 U;04-S3 (0.727) = U;05-S2 (0.727)

483 U;04-S2 (0.727) = U;04-S (0.727)

348 U,;0-S2 (0.692) = U,09-S (0.692)

1878  U;04-S4 decomposition in air

861 UO; decomposition in air

6. Conclusion

The uranium-oxygen system was assessed on the
basis of the critical review of the experimental data
performed by Labroche and Baichi in their thesis work.
A consistent set of experimental data was selected
among the numerous data on the phase diagram and
oxygen chemical potential. In the present work, these
experimental data are used to optimize the thermody-
namic properties of the uranium-oxygen system. The
properties of the phases were described using the com-
pound energy model with ionic constituents for the
solids and an ionic two-sublattice model for the liquid.
For the uranium dioxide, the structure is described using
three sublattices, one for the cations U?*, U*t and U%*,
one for the normal site of oxygen, and one for the in-
terstitial divalent oxygen ions. Vacancies are included in
both sublattices. A set of consistent model parameters
was obtained that describes successfully both the phase
diagram and the oxygen chemical potential data in the
whole composition range. It shows that the three sub-
lattice model is suitable to describe complex oxides such
as UOy.,. To continue this work, the homogeneity
ranges of the UsOy_, and U;Os_, compounds will be
represented in a future assessment. Concerning the ex-
perimental data critical review, there still remain some
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Fig. 13. Calculated phase diagram in UO,., domain with experimental data.

inconsistencies on the thermodynamic data of the gas
species UO, UO, and UQO; (enthalpy, entropy and heat
capacity and partial pressure). In the next assessment,
these gas properties are to be fixed on the basis of a
critical review in order to improve the description of the
congruent equilibria between the condensed and gas
phases. The present description of this basic binary
system will be used to calculate higher order systems
such as O-U-Zr and Fe-O-U which are important for
simulating severe nuclear accidents.
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