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Abstract

In order to help understand the behavior of the UO2 fuel in a severe nuclear accident, the phase diagram data of the O–
U system in the U–UO2 composition range are reviewed critically, so that the most reliable set of original data can be
selected. In the course of this assessment, a special effort is made to evaluate as realistically as possible the associated uncer-
tainties, not only for reliable data selection, but also as weights in the procedure, which is used later to optimize phase
diagram and thermodynamic data. Among the criteria for selection, the non-congruent vaporization of the UO2±x phase
and the interactions between UO2 and the containment materials are discussed, together with a detailed analysis of the
experimental techniques used. A melting temperature for UO2 of 3138 ± 15 K is proposed, which is compatible with
the selected data for the liquidus and solidus temperatures in this composition range. The solubility limit of oxygen in
liquid uranium is selected as the smallest value among different and largely non-consistent values, and this selection
leads to the existence of a large miscibility gap in the liquid phase between one metal rich liquid and one oxide rich
liquid.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

In a severe accident within a nuclear power plant,
the high temperature behavior of the fuel as well as
0022-3115/$ - see front matter � 2005 Elsevier B.V. All rights reserved

doi:10.1016/j.jnucmat.2005.10.001

* Corresponding author.
E-mail addresses: mehdi@baichi.net (M. Baichi), chatil-

lon@ltpcm.inpg.fr (C. Chatillon).
1 Present address: IRSN, BP. 17, 92260 Fontenay-aux-Roses

cedex, France.
its interactions with the cladding materials are
important chemical features that govern the forma-
tion of different vapor, liquid and solid phases, that
in turn could lead to phase separation and conse-
quently to the so-called ‘delocalisation’ process,
i.e. a mechanical collapse of parts of the reactor
core. In this process, the thermodynamic description
of basic binary and ternary or more complex chem-
ical systems based on uranium is an important tool
in the predicting of phases that can be formed not
only in quasi-equilibrium conditions after a given
.
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time but also in terms of local equilibria enabling
the identification of the chemical forces that drive
different kinetic phenomena such as diffusion,
convection or interfacial reactions including vapori-
zation.

This paper is the first of this series dedicated to
the very high temperature thermodynamic behavior
of the UO2 fuel. Its aim is to collect and critically
assess the published phase diagram data in the U–
UO2 range of the U–O system, which includes an
additional thermodynamic and phase diagram opti-
mization using the Parrot software [1]. In this least
square fit procedure, weightings are given for each
original data point which are, in principle, based
on the uncertainties attributed to these data. For
this reason, efforts have been made not only to
analyze and select the most reliable data, but also
in the estimate of their associated uncertainties. This
paper forms part of the doctorate studies of one of
the authors (Baichi) [2], and will be followed by the
assessment of the published thermodynamic data.
The above mentioned doctorate studies are comple-
mentary to those of Labroche [3] on the UO2–U3O8

range of the U–O system.

2. Criteria for data and uncertainty analysis

2.1. Rules for the treatment of uncertainties

In the U–UO2 system, the two main quantities
that are measured for the determination of the
phase diagram are:

(1) the composition, often analyzed as UO2±x or
O/U = x with the associated uncertainty dx
and

(2) the temperature (T), always measured by
pyrometry due to the very high temperatures
of melting.

2.1.1. Compositions

Composition analysis of the samples may be
performed by gravimetry either after reduction
with pure H2 at T > 1173 K [4] to UO2±0.001 or by
oxidation to U3O8(s) at atmospheric pressure. For
this last case, Labroche et al. [3,5] proposed an anal-
ysis of the different causes of errors, based on the
Ackermann and Chang [6] work on the non-stoichi-
ometry of the compound U3O8�z. The main goal
of this analysis was to determine compositions
obtained:
(1) by oxidation in air or in pure O2 or Ar + O2,
that is by gravimetry after cooling and

(2) by oxidation in situ with a thermobalance at
constant temperature (thermogravimetry).

For oxidation at constant temperature in a ther-
mobalance, a formula was proposed and used in this
paper for correction of non-stoichiometry of the
final oxide U3O8�z, when oxidation is performed
at T > 873 K. For gravimetry after cooling, we have
chosen to split the correction into two parts:

(i) 50% is used to correct the authors’ composi-
tion values and

(ii) the other 50% is added to the causes of
uncertainty. The reason for this choice is
that there is very often no real information
about the cooling speed to warrant the com-
plete stoichiometry recovering as observed
by thermogravimetry when cycling the tem-
perature [7,8]. The different uncertainties
for composition analysis are summarized in
Table 1.

In the course of the experiments performed for
phase diagram analysis, different causes for
uncertainties have to be taken into account, for
example

• The influence of humidity on the UO2 sample,
especially when used as a powder. To avoid this,
several authors used sintered pellets that are less
reactive. According to Schaefer [4], the influence
of humidity, when controlled, gave dx =
± 0.002.

• For the reaction of precipitated U metal with air
for UO2�x hypostoichiometric samples after
cooling: dx = ± 0.002 is taken.

• The reaction of predominately hyperstoichio-
metric UO2+x with the containers at high temper-
ature [9]. For the chemical analysis of the
samples after cooling, it was necessary to sub-
tract a contribution from the impurities (such
as W, Re) and their oxides in the resulting O/U
composition ratio. According to Latta and Fryx-
ell [9] dx = ± 0.01.

To take into account the different causes of
uncertainty – carefully chosen as independent –,
we use the law of propagation of errors as in Ref.
[10]. For example in case of composition O/U = x,
the relation given below can be written,



Fig. 1. Isothermal experiment performed by Knudsen cell mass
spectrometry [14,15]. The partial vapor pressures vary consider-
ably in the non-stoichiometric UO2�x domain, and the total
pressure has a minimum for UO2�x which corresponds to an
azeotropic composition. For this composition the gas and the
solid phases have the same composition. Full symbols are for
measured partial pressures; empty symbols are for calculated
partial pressures from known equilibrium constants as measured
by the authors.

Table 1
Intrinsic uncertainties as summarized from Refs. [3–5] attributed
to different analytical techniques used to measure the O/U (=x)
composition ratio

Analytical technique Uncertainty
dx = d(O/U)

Polarography ±0.005
Coulometry ±0.003
Gravimetry and thermogravimetry
without correction for non-stoichiometry
as done in this work

±0.003

Fusion in inert gas ±0.006
Reduction by H2 at T > 1173 K ±0.001
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dxtotal ¼ ðdx2expþdx2ref þdx2humidityþdx2airþdx2containerÞ
1=2

ð1Þ
exp is from the original data as published and is
often quoted as the reproducibility, ref is for the
composition of the final product, i.e. for oxidation
U3O8 or for reduction under H2 atmosphere UO2,
and humidity and air may be alternatively used.
According to uncertainties in Table 1, a minimum
total value dx = ± 0.015 is obtained without the
contribution of the reference compound. Further,
the total uncertainty will be estimated according
to each experimental method.

2.1.2. Temperature

The pyrometric measurements were performed
either on open systems for which the vapors may
change the emissivity, or on closed systems with a
cavity machined in the walls and used as a black
body. This later way is retained as the most reliable
method to measure the temperature. Some pyrome-
ters were calibrated at NBS (presently NIST) with
dT from 15 to 30 K or checked by measuring melt-
ing points of secondary standard materials in the
same device as for UO2 measurements. In the case
of secondary melting points, dTref was firstly calcu-
lated as a mean value of the observed deviations in
the calibration runs. Finally, we add to this dTref,
using the law of propagation of error, the original
uncertainties of the authors or an estimate based
on similar measurements.

2.2. Chemical criteria in the data analysis

2.2.1. Congruent vaporization

The first chemical criterion is related to the
behavior of the UO2�x or U + UO2�x samples when
analyzed in open systems. Many authors observed
that the samples showed composition changes due
to vaporization processes [11,12], even in Ar or He
atmospheres, or even when total time for analysis
was shortened to 20 s [13]. These composition
changes are related to mass losses due to vaporiza-
tion, the vapor composition being different from
that in the condensed phase. These features are
clearly demonstrated in mass spectrometric determi-
nations of partial pressures [14,15]; for 2250 K
(Fig. 1): the total pressure or similarly the total effu-
sion flow under vacuum conditions shows a mini-
mum for a UO2�x composition different from that
of stoichiometric UO2.

This minimum corresponds to an azeotropic or
congruent vaporization [16,17] composition. Any
sample the composition of which is richer with oxy-
gen than the congruent one will move by matter loss
[18,19] toward the congruent composition. For the
same reason, a sample richer in U than the congru-
ent composition will loss an excess of U (via UO(g)



Table 2
UO2(g) partial pressures over the congruent vaporization com-
position of OU2�x as calculated from Younés data [24] for
comparison purpose with p(O2) and p(H2O) impurities (10�6 and
10�5 bar respectively)

Heat treatment
Bates [23] T (K)

Calculated
pressure
Younés [24]
p(UO2) (bar)

Melting
temperature
Bates [23]
T (K)

Calculated
pressure
Younés [24]
p(UO2) (bar)

1873 9.62E�09 3023 1.84E�02
– – 3025 1.87E�02
– – 3002 1.56E�02
2073 3.77E�07 3118 3.77E�02
– – 2960 1.11E�02
2273 7.74E�06 3008 1.63E�02
2473 9.75E�5 2976 1.27E�02
2543 2.15E�04 2945 9.85E�03
2673 8.41E�04 2948 1.01E�02
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mainly), and finally will reach the congruent compo-
sition. These properties have been used:

• by Pattoret et al. [14,15] and Pattoret [20] in mass
spectrometric determinations, using calibration
procedures based on composition scaling
between the analyzed initial composition before
experiment and the final congruent composition,

• by Edwards et al. [21] in effusion measurements
with analysis of the O/U ratio of the residues in
order to propose a congruent composition line
in the UO2 non-stoichiometric domain (Fig. 2).

Working with open systems and with V shaped
tungsten ribbon heated by the Joule effect, small
samples in Ar, He or Ar + H2 atmospheres, Bannis-
ter [22] observed changes in composition that was
attributed to composition differences between vapor
and condensed phases, in agreement with this anal-
ysis, meanwhile Bates [23] attributed these changes
to impurities in Ar (p(O2) = 10�6 bar, or p(H2O) =
10�5 bar) acting either during temperature cycling
or during intermediate temperature plateaux.

The pressures of the impurities are compared
with the UO2(g) pressure (the most important
species at the congruent composition, other species
being lower by a factor of about 10) calculated in
compilation of Younés [24] or from the data of
Ackermann et al. [25] (the two relations lead to sim-
Fig. 2. Congruent vaporization line in the UO2�x domain as obtained fr
data according to the proposed formula by the authors.
ilar values) and given in Table 2. One can see that
the pressures of the above mentioned gaseous impu-
rities are generally at least 100 times lower than any
vaporization partial pressures at the melting tem-
peratures, therefore they could not shift the melting
composition by their dissolution. For the highest
temperatures of the intermediate heat treatments
between two melting observations the difference is
not always so large, and we can postulate that the
sample can be enriched in oxygen. Thus, even if
om Knudsen effusion [21]. (d) experimental data, (s) extrapolated
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the lower temperature treatments between two mea-
surements of solidus or liquidus temperatures can
catch gas impurities, the UO2�x samples which
return to the high temperature range of the thermal
analysis could change their composition more
quickly and ‘freely’ by vaporization towards the
congruent one along the solidus line.

The changes in composition of samples in exper-
iments toward congruent vaporising compositions
(CVC) can be analyzed in order to give specific
CVC’s compositions, which can be used in thermo-
dynamic treatments as independent data. From
Bates [23] data, the two trajectories 1 and 2 for tem-
perature cycling (Fig. 3) of original samples with
O/U = 1.97 and 1.927, led to the same final compo-
sition, O/U = 1.94 ± 0.02 (according to Bates),
located in principle on the solidus line. This compo-
sition corresponds to the intercept of the UO2�x

azeotropic (or congruent) line with the solidus. We
observe also that this O/U ratio is clearly different
from the one proposed by Edwards et al. [21] by
extrapolation: the difference is probably due partly
to the Knudsen flow relation used that is no longer
valid in the Bates experiments because the total
pressure exceeds clearly the molecular flow regime
in the reactor. The exact nature of this difference
will be analyzed in a further study from results of
Fig. 3. Schematic representation of the composition changes due to v
cycles close to the determinations of solidus temperature when star
compositions (trajectory 2). The final composition is always 1.94 ± 0.02.
[26] obtained a final composition 1.86 ± 0.02 by heat treatment of the
Stable solid and liquid congruent lines were calculated from thermody
the optimization of phase diagram and thermody-
namic data. Indeed, Edwards et al. [21] were not
successful in the use of congruent relations to solve
vapor phase thermodynamic discrepancies, because
a full thermodynamic description of the UO2±x

non-stoichiometric domain must be obtained as a
first and independent step before analysis of vapor
phase behaviour.

In the liquid phase, for a temperature close to or
along the liquidus line, Bates [23] observed that the
congruent composition is between O/U = 1.78 and
1.927, which is in reasonable agreement with the
data of Anderson et al. [26]; O/U = 1.86 ± 0.02
and of Rothwell [27]; O/U = 1.885 ± 0.01. These
latter values were obtained when maintaining a
liquid UO2 sample under Ar for a long time at a
temperature slightly above the melting one point
in an electric discharge furnace, and are shown in
Fig. 3. Uncertainties either come from the authors
or are evaluated according to relation 1, using a cor-
rection for calcination temperature. It is important
also to quote that in such experiments, performed
as a totally open system, any impurities in the neu-
tral atmosphere can enrich the liquid phase with
oxygen, and consequently these experimental values
can be higher O/U values for the azeotropic compo-
sitions of the liquid.
aporization losses as observed by Bates [23] during temperature
ting from O rich compositions (trajectory 1) or from U rich
For the liquid, trajectories 3 and 4 were explored: Anderson et al.
liquid phase, and similarly Rothwell [27] obtained 1.885 ± 0.01.
namic data in Ref. [28].
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The relative position of the solid and liquid
congruent lines has been already calculated for the
As–Ga system [29] in which the transition from
the congruent compound AsGa to the liquid was
also observed in the measurements of thermo-
dynamic properties or the determination of the
phase diagram. Thermodynamic arguments can be
developed to analyze the relative positions of the
congruent lines when crossing the two phase
domain liquid « solid solutions in the following
way. In Fig. 4, at the intercept S of the solid congru-
ent line with the solidus, the vapor composition
equals the solid UO2�x composition at S. Mean-
while the first liquid droplet formed according to
the tie line has a composition L1 richer in U than
the solid with which it is in equilibrium. Increasing
slightly the temperature or causing the solid phase
to disappear, the liquid at L1 will vaporize with a
vapor composition richer in oxygen (vapor compo-
sition must be the same as in point S, due to the
equality of chemical potentials all along the line).
Consequently any liquid sample with a composition
close to L1 will move by vaporization losses towards
compositions as L2 richer in U. At this point, the
vapor composition becomes richer in U, and the
Fig. 4. Relative positions of the solid and liquid congruent composition
solid–liquid equilibria represented by tie-lines. We observe some discrepa
line and the Bates [23] and its agreement with the liquid azeotropic comp
already been presented in Fig. 3.
liquid phase will reach its own congruent line by loss
of the excess of oxygen. Thus, we can deduce that
the liquid congruent line is necessarily in the U rich
side of the L1–S tie-line, and the UO2 stoichiometric
compound cannot vaporize congruently, not only in
the solid phase as observed experimentally but also,
and with a O/U << 2 composition, in the liquid
phase. According to this thermodynamic analysis,
the congruent composition as determined by Ander-
son and al. [26] in the liquid phase should be
compatible with the tie-line L1–S based on the S

composition as determined by Bates [23]. This
constraint must be compatible with our present
selection of phase diagram data.

The present analysis shows that we cannot retain
phase diagram data performed under these condi-
tions because uncontrolled composition trends are
occurring. By considering these uncontrolled
changes of composition, the selected data must only
be taken from investigations using closed systems.

2.2.2. Chemical compatibility of UO2 with containers

Owing to the very high temperature range of any
phase diagram or thermodynamic data determina-
tion in the U–UO2 system, difficulties were encoun-
s for vaporization (CVC as explained in the text) as a function of
ncies between the extrapolated Edwards et al. [21] solid congruent
ositions of Anderson et al. [26] and Rothwell [27] data, which have
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tered with the U–UO2/container interactions from
the beginning of the high temperature studies
because U is very reactive and difficult to contain.
Tungsten appears to be the best material container,
at least in the U–UO2 range, but still the physico-
chemical compatibility remains dependent on the
quality of the sintered tungsten and sometimes of
the machining process (electro-erosion machining
may result in the presence of carbon residues). For
the study of the UO2±x solidus–liquidus domain,
Latta and Fryxell [9,30] used W or Re, and showed
that a non-negligible dissolution of these materials
exists in the liquid UO2+x using post microscopic
observations of some UxWO3 inclusions that were
characterised by independent chemical analysis of
precipitated W impurities. With Re, some dissolu-
tion in the liquid UO2+x was also observed and it
seems that there is no other more satisfactorily
materials available for the containment of these
materials of the U–O system. The O/U ratio analy-
sis performed by Latta and Frixell before and after
experiments – taking off the precipitation of tung-
sten complex oxides – show a posteriori that oxygen
leaks are probably weak in their tungsten and rhe-
nium containers.

Tantalum has been used [15,31] but some contin-
uous dissolution of U and O is assumed from differ-
ent experimental observations. In vapor pressure
measurements with Knudsen cells, the vapor phase
compositions as observed by mass spectrometry
are clearly different over UO2±x in Ta or W cells,
showing a more reducing vapor composition with
Ta containers, a consequence of oxygen leak
through the walls [15]. Edwards et al. [21] finally
tested the behavior of an initial UO2 stoichiometric
sample maintained a long time at high temperature
in a welded W vessel. Composition analysis after the
experiment run at 2427 K showed that UO2.000±0.004

composition did not change appreciably, and dis-
solved W in urania is <0.005 wt%. This result shows
that oxygen does not leak or diffuse in these condi-
tions through tungsten. Younés [24] in his thesis
underlined that the use of tungsten may depend
on the quality of the material, and in case of good
quality tungsten, the lack of independent successful
oxygen diffusion coefficient determinations in litera-
ture a well as reliable solubility values proves a
contrario that oxygen do not diffuse appreciably
in. Moreover, any increase of the oxygen potential
will precipitate the WO2�x oxide phase or a complex
oxide as observed by Latta and Frixell. Conversely,
for Ta the oxygen leak (by diffusion) is probably
associated with a known large solubility of oxygen
in tantalum at high temperature.

As a conclusion, experiments run with W can be
regarded as the most reliable, but must be also
checked by final analysis of the O content as well
as of W (or Re) dissolved in UO2±x sample as car-
ried out by Latta and Fryxell [9,30]. Such analyses
allow the determination of the UO2±x composition
after calcination with corrections for the presence
of these impurities. Experiments run with Ta must
be carefully analyzed when performed at high tem-
perature before retaining any data.

3. Liquidus and solidus in the UO2±x range

The difficulties in the measurements of the melt-
ing temperature of UO2 due to the complex chemis-
try of the compound, problems with containment
materials and the very high temperature range
involved are illustrated by the history of the results
shown in Fig. 5 and Table 3.

Finally, the IAEA assessors proposed Tmelting =
3116 ± 25 K from Ref. [47], but without any justifi-
cation in this reference. With the criteria used in this
study, – i.e. closed systems, W containers and black
body pyrometric conditions must be used – the
results of only five authors from Table 4 have been
used to obtain a mean value for the melting tem-
perature of UO2, Tmelting = 3134 ± 22 K. However,
this value will be revised later in this paper after
selection of liquidus and solidus data to be consis-
tent with the phase diagram and thermodynamic
data selection for the final optimization procedure.

The liquidus and solidus were measured by three
authors [9,22,23,30] as illustrated in Fig. 6(a), and
their method of measurement is summarized in
Table 3. Large discrepancies occur between results
obtained with open systems such as V shaped tung-
sten filaments [22,23] and with closed vessels [9,30]
so that the different resulting liquidus and solidus
data are not separable. Following the preceding
analysis given in part 2 of this paper, only the data
from investigations in closed tungsten vessels of
Latta and Fryxell [9,30] are retained. However, the
dissolution of W and Re in the UO2±x liquid leads
to a decrease in the melting temperature, and for
this reason the original liquidus data are corrected
according to the Raoult’s cryoscopic law, with the
relation

DT ¼ RT 2ðmelting;UO2Þ
DHmeltingðUO2Þ

ð2Þ



Fig. 5. Historical evolution of experimental data for the melting temperature of UO2. The very large discrepancies observed are derived
partly from difficulties in temperature measurements and partly from the chemical behavior of UO2±x compound, vaporization and
reactivity with the containments or the atmospheres.
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in which R is the ideal gas constant, T and DH the
melting temperature and enthalpy as determined
from Hein et al. [49,50] and Leibowitz et al.
[51,52] (3138 K, 75.4 kJ mol�1). The molar fraction
x of W or Re in the liquid UO2±x is given by Latta
and Fryxell [9,30], after post experiment chemical
analysis and the solubility of W and Re (or their
oxides) in the solid phase is assumed negligible.
The corrected liquidus results are presented in Table
5. Some corrections as high as 87 K, corresponding
to high oxygen content, are observed.

Owing to the complexity of the composition
analysis after the experiments, and especially the
first step corresponding to W and Re analysis, the
authors propose an uncertainty for the O/U ratio
of dx = ± 0.01. However, the calcination at
1173 K into U3O8(s) is not described and a supple-
mentary contribution of dxcorr = ± 0.02 is attrib-
uted to the uncertainty based on the work of
Ackermann and Chang, as already explained by
Labroche et al [5]. Finally, the total composition
uncertainty is calculated from

dxLatta and Fryxell ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdx2author þ dx2corrÞ

q
¼ �0:022:

ð3Þ

The temperature uncertainty proposed by the
authors, dT = ± 15 K is retained because of their
calibration procedure and experimental method
employed. The final retained data for the liquidus
together with their associated uncertainties are
presented in Fig. 6(b). In order to impose consis-
tency between these liquidus and solidus data and
the melting temperature of UO2, the melting
temperature of Latta and Fryxell is ultimately
preferred: T(melting, UO2) = 3138 ± 15 K. It will
be noted, from Table 4, that this value is fully
consistent with the most probable experimental
one. For the monotectic temperature, the value
proposed here is that of Latta and Fryxwell [9]:
2701 ± 15 K; this value is in agreement with the
value of Bannister [22].

Recently, Manara et al. [48,49] used a high pres-
sure cell – up to 0.25 Gpa of an inert or doped
oxygen gas mixture – in which they observed the
melting behaviour of a part of the surface of a
UO2+x sample under two series of Laser shots.
After stopping part of the Laser shots, pyrometric
thermal analysis (by temperature decrease) of a stoi-
chiometric UO2 sample reveals a clear thermal
arrest. For UO2+x samples a first break is attributed
to the liquidus temperature, and a second break at
lower temperature attributed to the solidus. First
the evolution of the melting temperature of stoichi-
ometric UO2 as a function of the applied total pres-
sure (for values >0.05 GPa) is analysed that gives



Table 3
Melting temperature as measured for UO2 from literature with experimental conditions

Authors year [Refs.] Melting
temperature (K)

Experimental technique Sample preparation and container Sample analysis

Lambertson and
Mueller (1953) [32]

3151 ± 22 • Visual observation of the first
droplet

• Vacuum or He (1 bar) furnace
in W

• Quenching in liquid N2

• UO2(99.9%), sintered at 1873–
2023 K, H2

• W crucibles (open)

• XRD
• MEB
• Chemical analysis

Ackermann et al.
(1956) [11]

• Mass spectrometry with Knudsen
cell

• O/U << 2

Wisnyi and
Pijanowski (1957)
[33]

3033 ± 30 • Visual observation of the first
droplet

• W ribbon furnace (V shaped)
• He, Ar or H2 (1 bar)

• Open system in W • XRD before and after

Ehlert and Margrave
(1958) [34]

3133 ± 45 • Emissivity measurement
• Vacuum
• Graphite induction furnace

• O/U = 2 (initial)
• Open system in carbon

Anderson et al.
(1960) [26]

3073 ± 100 • Visual observation of the first
droplet

• Arc melting (W and Fe electrodes)

• O/U = 2
• Open system in W/Fe

• XRD post analysis

Christensen (1962)
[13]

3063 ± 20 • Visual observation by microscope
of the first droplet

• V shaped W ribbon furnace
• He (1 bar)

• UO2 95% density
• Sintered at 2033K, H2 (1 bar)
• Open system in W

• Analysis of the irradiation effects
(burning rate)

Chikalla (1963) [35] 3003 ± 30 • Emissivity measurements and
droplet observation

• V shaped W ribbon furnace
• He (1 bar)

• UO2 sintered in H2 at 2000 ppm H2O
• Open system

• XRD

Hausner (1965) [36] 3078 ± 15 • Thermal arrest by decreasing
temperature

• Induction furnace tested for
thermal gradient

• UO2 natural or enriched
• W closed container

Lyons et al. (1965)
[37]

3313 ± 20 • Joule heating and thermal arrest by
decreasing temperature

• Ar (13.5 bar)

• UO2 or UO2�x (8g)
• W closed container (0.5–0.7 mn
wall thickness)

Latta and Fryxell
(1965) [30]

3149 ± 20 • Thermal arrest (thermal analysis)
when decreasing the temperature

• Induction furnace

• UO2 0.003
• W closed container (thick
walls) or Re

• Composition analysis before and after
by calcination

• Analysis of W and Re inclusions
(continued on next page)
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Table 3 (continued)

Authors year [Refs.] Melting
temperature (K)

Experimental technique Sample preparation and container Sample analysis

Bates (1966) [23] 3077 ± 25 • Visual observation of melting by
long focal distance microscope

• V shaped W ribbon
• Ar-8% H2 (1 bar)

• O/U ratio by calcination
• Open system in W ribbon

Bannister (1967) [22] 3133 ± 7 • Visual observation of melting by
image projection

• V shaped W ribbon
• Neutral gas (1 bar)

• UO2±0.21 by arc-melting of
UO2 + U mixtures

• Open system

• Analysis by calcination

Kjaerheim and Rolstad
(1969) [38]

3138 • Thermal arrest
• W furnace

• UO2 sintered
• Closed?

• DRX

Latta and Fryxell
(1970) [9]

3138 ± 15 • Thermal arrest when decreasing
the temperature

• Induction furnace

• UO1.998±0.003

• W (or Re) closed container
• Analysis before and after by calcinations
• Analysis of W and Re inclusions

Bates (1970) [39] 3073 ± 20 • Visual observation of the melting
• V shaped W ribbon
• Ar (1 bar)

• UO2 and irradiated samples
• 87–95% theoretical density
• Open system

• Analysis by calcination

Kapil (1976) [40] 3115 • Critical assessment

Tachibana et al.
(1985) [41]

3118 ± 25 • Thermal arrest
• Induction furnace
• Vacuum

• UO2 (9g)
• W closed container

Komatsu et al.
(1988) [42]

3115 ± 25 • Ditto • Ditto

Yamamoto et al.
(1993) [43]

3118 ± 12 • Ditto • Ditto

Ronchi et al. (1993)
[44]

3225 ± 15 • Laser heating and thermal arrest
• Cp measurements

• Very small UO2 balls
(1 mm diameter)

• Not possible

Matzke et al. (1993)
[45]

3140 ± 15 • Ditto • Ditto • Ditto

Halton et al. (1995)
[46]

3152 ± 15 • Ditto • Ditto • Ditto

Manara et al. (2003/
2004) [48,49]

3147 ± 20 • Laser heating of a surface
• Thermal arrest (pyrometry on the
surface)

• Sample in a high pressure cell
(0.25 G Pa�1)

• Extrapolation to null pressure
(= vacuum)

• Calcination at 1173 K by air
in a thermobalance

*All temperature measurements were performed by pyrometry. In Refs. [9,30,32,37,39,42–44] a black body was used.
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Table 4
Selected melting temperature for UO2 from this literature
analysis with mean values

Authors (date) [Refs.] Melting T ± dT (K)

Hein et al. (1968) [49] 3138 ± 30
Kjaerheim and Rolstad (1969) [38] 3138 ± 20
Latta and Fryxell (1970) [9] 3138 ± 15
Tachibana et al. (1985) [41] 3118 ± 25
Matzke et al. (1993) [45] 3140 ± 15

Mean value 3134 ± 22a

N.B. For consistent data with retained values for the phase dia-
gram, the data of Latta and Fryxell [9] are finally proposed for
the melting temperature (see text).
a dT = ± 22 K obtained using the law of propagation of errors.
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Fig. 6. (a) The whole set of liquidus and solidus data near the UO2 com
from Latta and Fryxell [9,30] with their estimated uncertainties.
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according to the authors a melting temperature
equal to 3147 K for UO2 under null pressure (vac-
uum like conditions) and a variation according to
the relation

dTm=dp ¼ 92:9� 17:0 K GPa�1: ð4Þ

The melting temperature is higher by 9 K than the
one retained in this study, meanwhile the slope
agrees fairly well with the calculated one from our
retained melting temperature and entropy, i.e.
92.3 K GPa�1. However we have to quote that the
slope is obtained for largely scattered data
(�±20 K). For pressures lower than 0.05 Gpa the
1.9 2 2.1 2.2 2.3

O/U

Bates 1966_Solidus
Bannister 1967_Liquidus
Bannister 1967_Solidus
Bannister 1967_Monotectic
Latta 1970_Solidus
Latta 1970_Liquidus
Latta 1970_Monotectic

1.9 2 2.1 2.2 2.3

O/U

Latta 1970_Liquidus W corr

Latta 1970_Liquidus  Re corr

Latta 1970_Solidus W corr

Latta 1970_Solidus Re corr

position and (b) retained and corrected solidus and liquidus data



Table 5
Liquidus temperatures of Latta and Fryxell [9,30] corrected using
the Raoult’s cryoscopic law from measured concentrations of
dissolved W or Re

O/U Cell Original
liquidus
T (K)

Corrected

Molar %
dissolved

DT Liquidus
T (K)

2.230 Re 3031 0.670 7 3038
2.230 W 3013 5.560 58 3071
2.169 W 3045 5.020 53 3098
2.109 Re 3078 1.370 14 3092
2.103 Re 3071 2.000 21 3092
2.092 W 3088 3.940 43 3131
2.050 Re 3090 1.340 14 3104
2.058 W 3109 3.320 36 3145
2.022 Re 3136 0.003 0 3136
2.009 W 3125 0.260 3 3128
1.998 Re 3138 0.005 0 3138
2.008 W 3138 0.250 3 3141
2.000 W 3135 0.240 3 3138
1.995 Re 3133 0.004 0 3133
1.990 W 3133 0.150 2 3135
1.985 W 3133 0.148 2 3135
1.955 W 3130 0.120 1 3131
1.943 W 3118 0.046 0 3118
1.930 W 3113 0.060 1 3114
1.929 W 3105 0.000 0 3105
1.861 W 3083 0.020 0 3083
1.795 W 3033 0..378 4 3037
1.849 W 3033 8.000a 87 3120
1.809 W 3031 0.014 0 3031
1.803 W 2983 0.140 1 2984
1.759 W 3013 0.007 0 3013
1.736 W 2968 0.012 0 2968
1.689 W 2923 0.064 1 2924
1.600 W 2857 0 2857
1.556 W 2783 0 2783
1.593 W 2771 0.198 2 2773

a This value seems abnormal and has been discarded from the
retained final set.
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decrease of melting temperature is attributed to
composition evolution due to vaporisation losses.
The authors further used higher pressures
(>0.05 GPa) for measurements with UO2+x samples
in order to maintain negligible evaporation
losses.

In order to compare the liquidus and solidus val-
ues proposed by Manara et al. (Table 6) with our
selection, we first scaled their temperature values
on the retained melting temperature in this work
(decreasing by 9 K their original value), and second
we applied a correction for null pressure according
to present relation 4, assuming that the contribution
for mixing entropy to the slope is small. Results are
compared to our retained values of Latta and Frix-
ell in Fig. 7. The uncertainty for temperature mea-
surements is the one proposed by the authors
(±20 K) with an additional contribution equal to
the difference observed for the melting temperature,
i.e. 9 K: total uncertainty ±29 K. For composition
the uncertainty proposed by the authors (±0.005)
is retained, but the compositions are shifted accord-
ing to the correction proposed by Labroche et al.
[5].

In Fig. 7, we observe a clear disagreement, the
Manara et al. values being systematically lower than
those retained from Latta and Fryxell. According to
our preceding analysis of congruent vaporisation,
any composition evolution by matter loss should
be toward UO2 and consequently should give higher
liquidus temperatures. As Manara et al. checked
that no evolution of the measured temperatures
occurred for pressures >0.05 Gpa, we can conclude
that these determinations have been performed at
constant compositions. Besides, from thermody-
namic considerations – mainly Raoult’s law –, the
Latta and Fryxell determinations remain a lower
bond in case of interactions occurring with the con-
tainer and/or a small solubility at least in the liquid
phase. We observe that the liquidus as proposed by
Manara et al. and corrected by us, agrees fairly well
with the solidus as retained from Latta and Fryxell.
Therefore we can postulate that Manara et al.
observed probably the disappearance of the liquid
phase due to a change of the refraction index or
total emissivity (liquid to solid), when assuming that
the observed break corresponds to the disappear-
ance of the liquid phase, i.e. the observation of the
solidus. In that case, what happens at the second
break? The real nature of the phenomena occurring
for the two temperature breaks cannot probably be
ruled out.

Another argument may be proposed that
explains the low temperature data as proposed by
Manara et al.: the starting temperature for the ther-
mal analysis is very high, and combined to a large
quenching speed, it is possible to favour the deter-
mination of a metastable phase diagram due to
problems in the growth of the solid phase.

As a final argument, the authors propose a possi-
bility of time limited composition segregation – the
liquid is to be enriched with oxygen when freezing –
that may not only influence the uncertainty in the
retained composition values but also let unknown
the real composition of the liquid droplet. They
propose some complementary detailed microscopic
analysis [48].



Table 6
Liquidus determinations from Manara et al. [48,49] and our proposed corrections as explained in the text

Sample composition
(authors) O/U

Sample composition
(this work) corrected
for calcinations
O/U corrected

Total applied
pressure Gpa

Liquidus temperature
(authors) T/K

Corrected with
dP/dT (this work)
T/K

Scaled liquidus with our
melting temperature T/K

2 1.989 0.1 3147 3147 3138
2.01 1.999 0.1 3135 3126 3117
2.03 2.019 0.1 3130 3121 3112
2.03 2.019 0.15 3115 3101 3092
2.05 2.039 0.1 3098 3089 3080
2.07 2.059 0.05 3028 3023 3014
2.07 2.059 0.1 3070 3061 3052
2.07 2.059 0.2 3063 3045 3036
2.08 2.069 0.1 3075 3066 3057
2.09 2.079 0.1 3056 3047 3038
2.11 2.099 0.1 2995 2986 2977
2.12 2.109 0.1 3008 2999 2990
2.12 2.109 0.12 3020 3009 3000
2.14 2.129 0.1 2930 2921 2912
2.16 2.149 0.1 2920 2911 2902
2.17 2.159 0.05 2887 2882 2873
2.17 2.159 0.1 2891 2882 2873
2.17 2.159 0.2
2.2 2.189 0.1 2865 2856 2847
2.21 2.199 0.1 2795 2786 2777

(i) Scaling to our retained melting temperature under null pressure and (ii) additional correction for null pressure according to relation (4).

UO(2+x) high temperature phase diagram data
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Fig. 7. Comparison between our selected values for the hyperstoichiometric UO2+x liquidus and solidus (from Latta and Fryxell [9,30])
and the data from Manara et al. [53,54] performed by thermal analysis after Laser shots. We observe a coincidence of their liquidus data
set with our selected solidus data set.
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For all these reasons, we believe that the Manara
et al. determinations of the liquidus and solidus can-
not be retained to day, and complementary studies
are needed.
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4. The solubility limit of oxygen in liquid uranium

The determinations of the oxygen solubility in
liquid uranium show very large discrepancies by fac-
tors of 102–103, as illustrated in Fig. 8. Indeed this
solubility limit is an important property that deter-
mines the high temperature description of the liquid
miscibility gap, as discussed in a preceding optimi-
zation and recent work [53] using two different data
sets, which lead either to a large or a small miscibil-
ity gap. The different methods used to determine the
solubility are presented in Table 7 and analyzed
thereafter.

The results of Cleaves et al. [54] were obtained in
the course of the Manhattan project during the Sec-
ond World War with the device shown in Fig. 9.
The BeO crucible was coated with a liner of UO2

or sometimes with U3O8, which was obtained from
a liquid/paste mixture deposited on the walls and
sintered at 1973 K. Then the liquid U was equili-
brated with the UO2 (or U3O8) liner; this was some-
times assisted with an excess of O2(g), directed
through a tube on to the liquid surface; the experi-
ment duration, ranged from 15 to 60 min. Then,
the liquid U supposedly saturated with oxygen
was extracted through a bottom hole and cooled
quickly in a large conical shaped steel mould. The
U solid ingot was then analyzed for oxygen content
but also for other impurities such as Fe or C, from
the mould. Different treatment durations (between
15 and 60 mn) gave the same oxygen content, show-
ing that the thermodynamic equilibrium was
already reached after 15 mn. Moreover, the O con-
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Fig. 8. Solubility limit of oxygen in liquid uranium
tent was not varying whatever were the oxidizing
conditions, UO2 or U3O8 liner, or slight O2 gas flow.
However, high oxygen flow led to the formation of
an oxide crust at the liquid surface. In this later case,
the authors observed that the morphology of the
UO2 precipitates was clearly different from that
obtained in the quenching process. It can be con-
cluded that the UO2 liner did not lead to any kind
of spallation or particulate dissolution, probably
due to its thinness and high density, and that the
quenching process was efficient for sampling before
chemical analysis of the whole ingot. The absence of
solubility of BeO [62] in UO2 also gives support to
this conclusion.

Blum et al. [55] and Guinet et al. [58] melted large
quantities of uranium in a thick sintered UO2 cruci-
ble (Fig. 10). A low cooling speed is used, with or
without a central frozen rod introduced at the top
of the cell in order to observe, after the experiments,
the crystallization morphology either from the cru-
cible walls or from the rod or the surface of the
liquid bath. Micrographic observations of the
post-experiment ingot showed primary and second-
ary dendrites as well as UO2 inclusions, probably
from ‘spallation’ of the crucible walls when the
metallic phase is stirred by the HF heating mode.
The dendrites from the central rod or from the
surface of the liquid could be related to the observa-
tions of Cleaves [54]; a UO2 crust was formed at the
surface under high oxygen content of the gas. The
interface of the UO2 crucible in contact with U
liquid showed two layers. The first at the metallic
side with pores and U(liq) penetration, in which
0.6 0.8 1 1.2

O/U

Cleaves 1945

Blum 1963

Edwards 1966

Guinet 1966

Pattoret 1969

Garg 1980,04 0,05

according to experimental determinations.



Table 7
Experimental techniques used according to literature in the determination of oxygen solubility in U(1iq)

Authors (date) [Refs.] Experimental technique and conditions Container material Temp. range (K)
(number of data points)

Analytical techniques
and characterization methods

Cleaves et al. (1945) [54] • Heterogeneous equilibrium
(saturation method)
between U(1) and UO2(s)
as crucible

• Induction furnace
• Extraction through a bottom
hole and quenching in a
steel mould

• He purified (1 bar),
sometimes doped with O2

• BeO with a thin liner
of UO2 or U3O8

• Prior heat treated
at 1700�C

• 1404–2273 (10) • Metallography
• Chemical analysis of O content
in U by vacuum fusion

• Chemical analysis of Fe content
• Check quenching in the mould

Blum et al. (1963) [55] • Heterogeneous equilibrium
U(1) in UO2(s) crucible

• Induction furnace
• Slowly cooling or cooling
by a central frozen rod

• Ar purified (1 bar)

• UO2 sintered • 1809–2571 (4) • Metallography
• U ingot ground and analyzed
for O content

Edwards and Martin
(1965) [56] (1966) [57]

• Heterogeneous equilibrium of
a U(l) small droplet with a
UO2single crystal cup

• Quenching by switching off
the W resistance furnace

• He purified

• UO2 single crystal cup • 2063–2711 (13) • Metallography
• Chemical analysis of O content
in the U droplet

• UO2�x melted an inert gas

Guinet et al. (1966) [58] • Ditto Blum et al. [55] • UO2 sintered • 1803–2573 (8) • New interpretation of the
crystallization morphology

Pattoret (1969) [20] • Vapor pressure measurements
of U(g) UO(g) and UO2(g) by
Knudsen cell mass spectrometry

• Use of the twin-cell method for
activity measurements of U

• Isothermal experiments with calibration
and congruent composition
determinations (polarography)

• Tungsten cells
with different U or UO2�x

samples

• 1250–2250 (3)
• 1970–2211 (3) liquidus

• Potentiometric analysis of the
oxygen potential versus
composition (UO2�x solidus)

• Use of Raoult law along the
liquidus

Ackermann et al. (1965) [59] • Vapor pressure measurements of U(g),
UO(g) and UO2(g) by Knudsen
cell mass spectrometry

• Tantalum cells
(Ta or W crucibles)

• 1830–2500 (10) • Potentiometric analysis of the
oxygen potential versus
composition (UO2�x solidus)

Garg and Ackermann (1980) [31] • Equilibration of U(l) and UO2

(crucible) in a Ta Knudsen cell
• Quenching (switching) off the furnace)
and mass loss analysis by gravimetry

• UO2 single crystal cup • 1950 (1) • Mass loss balance for the O
content in U(l)

• Calcinations for UO2�x analysis

(continued on next page)
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Fig. 9. Experimental set up as used by Cleaves et al. [56].
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there was a detachment of further UO2 inclusions
such as a spallation process, and a second and dense
layer close to the UO2 phase, from which chemical
analysis was performed to determine the solvus
compositions, UO2�x. All these observations, and
some comparison with the experiment of Cleaves
[54] under O2 flow suggest that the present solubility
limit of oxygen in liquid U proposed by Blum et al.
may be significantly overestimated.

Edwards and Martin [57] equilibrated a small U
liquid droplet with a UO2 single crystal cup under
He. The small quantity of matter, the small size of
the tungsten resistor furnace, the fact that the U
droplet spontaneously separated from the cup at
quenching, all facilitated the oxygen analysis of
the resulting U (droplet) phase and UO2�x (cup)
phase samples.

Garg and Ackermann [31] used UO2 crucibles
loaded with U in a tantalum effusion cell, and they
observed that a long time was needed to form
UO2�x (solidus composition) from UO2 Indeed, in
case of very low solubility of oxygen in liquid ura-
nium, the quantity of oxygen that can be dissolved
in liquid U is not sufficient to allow the attainment
of the UO2�x solidus composition, and losses of
matter by effusion (mainly UO(g)) were necessary
to allow the process of oxygen loss of UO2�x to



Fig. 10. Schematics of the liquid (U)–solid (UO2) heterogeneous equilibrium device used by Blum et al. [57] and Guinet et al. [60] in a high
frequency induction furnace.
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be completed towards the solvus composition.
Moreover, in the weight loss balance of the U and
UO2 phases as analyzed after the experiments in
[31], the effusion loss had been computed on the
basis of the partial pressure of UO(g), the values
of which disagree by a factor 3 between different
studies [14,15,63]. In addition, the Ta effusion cell
reacted with the vapors, and UO(g) had been
assumed to dissolve stoichiometrically in the Ta cell,
while Edwards et al. [57] showed that only O is dis-
solved and diffuses through the cell walls. These two
erroneous assumptions for correcting the mass bal-
ance of the U sample lead to large uncertainties in
the solubility value, since these two above quantities
are larger than the resulting solubility value (only
about 30% of the total weight loss) and an overesti-
mate of the solubility limit.

Pattoret [15] performed mass spectrometric mea-
surements of the U activity in the diphasic
U(l) + UO2�x(s) region by the twin Knudsen cell
method [20,64]. Two tungsten cells were located in
the same Ta isothermal envelope in a furnace
that was moved in order to measure successively
the ionic intensities I+ of the same gaseous species
(ffi partial pressures). One cell was loaded with a
diphasic U(s) + UO2(s) sample (previously equili-
brated at high temperature) and the other with a
pure U sample. First, the observation of the relative
intensities of UO(g), U(g) and UO2(g) as a function
of time showed that U(1), probably covered initially
with a thin UO2 layer (ffi 30–50 Å), lost oxygen by
effusion. Indeed the diphasic partial pressures are
such that the effusion flow composition is close to
O/U � 0.5 (UO(g) being the main component) and
the matter loss by vapor effusion is consequently
richer in oxygen. After a while, the original pure
U sample had lost enough oxygen to leave the
diphasic U + UO2 system and the purification of
the liquid started: the partial pressure ratios

pðUO; gÞ
pðU; gÞ or

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðUO2; gÞ
pðU; gÞ

s
ð5Þ

proportional to the oxygen activity a0 decreased by
a factor 2.3–7 (Table 8). At the same time, the activ-
ity of U is measured as the ratio,

aU ¼ pUðover UþUO2�xÞ
pUðpure UÞ

¼ IþUðUþUO2�xÞ
IþUðpure UÞ : ð6Þ

In principle the purification process should finally
produce a pure U(liq), and it is believed that the
p(UO,g) and p(UO2(g) final pressures observed by
Pattoret et al. [20,64] after some time were either
the residual contributions of parasitic re-vaporiza-
tion after reaction of pure effused U(g) with the
thermal shield materials [65] or a steady-state reac-
tion with the residual oxygen in an isopiestic equi-
librium with the vacuum pumping system [66].
These two processes could also operate together.
The activities of U for the diphasic U + UO2 re-
ferred to pure U as measured [20] are presented in
Table 8 and the activity coefficient is calculated with



Table 8
Activity values of Pattoret [20] obtained by the twin Knudsen cell mass spectrometric method

T (K) a0
a (Ref. U–UO2) aU Molar fraction of

U at liquidus
Calculated activity
coefficient of U

From [57] From [55] From [57] From [55]

1970 0.43 1.0 ± 0.05 0.998 0.855 1.00 ± 0.05 1.17 ± 0.06
2107 0.21 0.96 ± 0.05 0.997 0.815 0.96 ± 0.05 1.18 ± 0.06
2211 0.14 0.91 ± 0.10 0.996 0.785 0.91 ± 0.11 1.16 ± 0.13

aU is referred to U(1) in a W cell. a0 is obtained from pU/pUO2
ratios from the diphasic U(1) + UO2(s) sample in the second cell. The

activity coefficient is then calculated from different solubility limits as proposed in Refs. [55] and [57].
a This activity is an indication of the purification of U(l) obtained by effusion loss of UO(g) and UO2(g).

74 M. Baichi et al. / Journal of Nuclear Materials 349 (2006) 57–82
solubility values as proposed by Guinet et al. [58]
and Edwards and Martin [57]. Using Raoult’s law
as a criterion, the consideration of large solubility
values with the present activity values should lead
to an activity coefficient cU > 1 which seems unreal-
istic owing to the strong interaction between oxygen
and uranium. Thus, these measurements indicate
the small solubility values to be the most thermody-
namically compatible. However these U activity val-
ues cannot be retained in the further optimization
procedure because their values, altogether with the
relative large associated uncertainties, are too close
to one, and that would finally lead to negligible
weighting factors. Later,. the purification process
by effusion was used again [67], in order to evaluate
the solubility limit: a rough and rapid calculation of
the total oxygen loss showed clearly a preferential
agreement with Edwards and Martin data (See
Table 8).
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Fig. 11. Solubility of oxygen in liquid uranium data as ret
Recently, using high temperature equilibration
techniques by high flow electron bombardment
heating and quenching under vacuum (at these very
high temperatures the radiation losses facilitate the
quenching process) Guéneau et al. [61] observed
the crystallization morphology and analyzed the
chemical composition of the different phases
obtained from the melting of an initial U + UO2

mixed powder compacted sample. The ‘as
quenched’ sample showed unambiguously an origi-
nal equilibration morphology corresponding to a
liquid miscibility gap and the resulting composition
analysis of the two residues from liquids are in
agreement with low solubility data of Edwards
and Martin [57] and Cleaves [54]. The temperature
is not very accurate (±100 K) because vaporization
processes as well as short time sequences did not
facilitate the pyrometric measurements. Concur-
rently, some vaporization simulations based on
0.03 0.04 0.05 0.06
/U

Cleaves et al 1945

Edwards et al 1966

ained in this work with their associated uncertainties.
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sample weight losses and collection on targets
disposed on the surrounding cold dome yielded a
temperature evaluation in the same range than
pyrometric measurements. It should be noted that,
even if the temperature uncertainty seems large, its
effect on the quasi-vertical miscibility gap lines in
this range is not be very significant, and the compo-
sition analysis uncertainty remains small (the
authors uncertainties are retained).

In conclusion, heterogeneous equilibria U(liq) –
UO2�x are retained for experiments performed with
small samples and dense crucible materials, with
efficient quenching and clear phase separation
before chemical analysis, i.e. the experiments of
Cleaves [54] and Edwards and Martin [57]. For
compatibility reasons, the very high temperature
results of Guéneau et al. [61] are also retained.
Activity values obtained by Pattoret [20,64] com-
bined with Raoult’s law clearly delimit those results
from those that cannot be correct, on the basis of
the present analysis.

The uncertainties retained in Edwards and Mar-
tin [57] solubility determinations are those proposed
by the authors and obtained from chemical analysis
by arc melting, dx = ±0.01. We quote that this
value is larger than proposed by Labroche et al.
[3,5] in Table 1. In the Cleaves et al. [54] studies,
two sources of uncertainties are proposed, firstly,
the difference between the top and the bottom
of the quenched ingots, dx = ±0.005 and secondly
the blank that may become important for very low
solubility data, dx = ±0.005. Applying the law of
propagation of errors, the final attributed dx is
±0.007. Temperature uncertainties retained for the
two authors who used calibrated pyrometers is
dT = ±15 K. The retained data with their associ-
ated uncertainties are in agreement as shown in
Fig. 11.

5. UO2�x solidus below the eutectic temperature

The different methods of measurements and their
experimental conditions are presented in Table 7.
These data (Fig. 12(a)) show general agreement
except for Bates values [23] that appear largely scat-
tered, and the analysis of the consistency of these
data can only be performed once their uncertainties
evaluated: the largest discrepancies noted are for
temperatures >2400 K.

In the Martin and Edwards experiments [57], the
UO2 single crystal cup during the quenching process
precipitates some U crystals that can oxidize, at
least from their surface, when returned in air, before
cleaning the U excess by HCl attack. Then the cal-
cination process allows the O/U composition to be
determined. Air exposure as well as HCl attack
can thus lead to underestimate the real U content
of the UO2�x cup, and this underestimate increases
with U content or temperature due to the solidus
shape. So, it is believed that the five data at high
temperature, which are less U rich, should be
discarded. The total uncertainty for T > 2400 K is
calculated according to those mentioned in Tables 1
and 2 in which a correction (±0.0133) of half that
of Ackermann and Chang is arbitrarily chosen for
a usual calcination temperature at that time in the
range 1173–1273 K (this temperature is not pub-
lished by Martin and Edwards)

dxðT > 2400 KÞ

¼�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:003Þ2þð0:002Þ2þð0:002Þ2þð0:0133Þ2

� �r
¼�0:014: ð7Þ

For temperatures lower than 2400 K

dxðT > 2400 KÞ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:003Þ2 þ ð0:0133Þ2

� �r
¼ �0:014: ð8Þ

From this uncertainty estimate the preceding dis-
carded five data become non-compatible with other
data.

Guinet et al. [58] analyzed the UO2�x compact
layer at the inner wall of the UO2 crucible material
in contact with U after the experiment, this layer
being carefully separated from the preceding one
on the liquid side intermixed with U(s). The uncer-
tainty combines air exposure and vacuum fusion
analysis for the O/U ratio

dx ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:002Þ2 þ ð0:006Þ2

� �r
¼ �0:006: ð9Þ

Ackermann et al. [63], Drowart et al. [14], Pattoret
[20] and Storms [60] determined the solvus composi-
tion by potentiometric analysis: vapor pressure
measurements by mass spectrometry obtained as a
function of temperature for constant compositions
were displayed versus composition and their inter-
cept with the diphasic U–UO vapor pressure
retained. Thus, the uncertainty for the T intercept
determination is fixed at twice the uncertainties
of temperature measurements. For the composition
analysis, Storms calcined at 1223 K, while Acker-
mann et al. used calcination at an unpublished
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Fig. 12. (a) All solvus data original (before selection and correction), (b) UO2�x retained solvus data with the uncertainties attributed to
each author.
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temperature but usually around 1173–1273 K at
that time: consequently these two sets of values
are corrected with half the Ackermann and Chang
correction (�0.0133). Thus half the Ackermann
and Chang correction plus the air exposure uncer-
tainty is taken into account in the incertainty here:

dx ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:003Þ2 þ ð0:002Þ2 þ ð0:0133Þ2

� �r
¼ �0:014 ð10Þ

and for Drowart et al. [14] and Pattoret [20], the
polarographic analysis and the air exposure,

dx ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:005Þ2 þ ð0=002Þ2

� �r
¼ �0:0053: ð11Þ
In the Garg and Ackermann [31] experiment, the
calcination of the UO2 cup after quenching does
not depend on the interactions of the U–O vapors
with the Ta cell as well as on the oxygen balance
in the experiment. Their data, consistent with other
studies, attest that the entire cup reached the solidus
composition. The uncertainty takes into account air
exposure, calcination analysis (Ackermann and
Chang correction) and authors uncertainties:

dx ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:003Þ2 þ ð0:002Þ2 þ ð0:0133Þ2

� �r
¼ �0:014: ð12Þ

In order to be consistent with the Ackermann and
Chang half uncertainty when attributed to calcina-



Fig. 13. Phase diagram data retained in this work for the U–UO2 range.
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tion, it is important to quote again that the second
half part of the uncertainty is used to correct the ori-
ginal data directly.

The Bates [23] values are not retained due to
large scatter and difficulties to attribute a realistic
uncertainty.

The retained values with their associated uncer-
tainties are presented in Fig. 12(b). We observe that
systematically the correction used in this paper for
composition analysis by calcinations the ‘Acker-
mann and Chang correction’ tends to render more
consistent all the retained values.

6. Conclusion on phase diagram data

Large discrepancies on phase diagram data in the
U–UO2 range have been discussed and careful anal-
ysis of experimental conditions as well as suitable
comparison of all the results allowed the selection
of a set of reliable data leading to the phase diagram
as presented in Fig. 13 and optimized in Ref. [28].

A major cause of discrepancies has been attrib-
uted to the calcination method for composition
determinations and the proposed ‘Ackermann and
Authors (date) [Refs.] Type of data

This work Melting point

Latta and Fryxell (1970) [9] Solidus original
Chang’ half correction improved seriously the con-
sistency of the retained data sets from different
authors.

A special effort has been made in the evaluation
of the associated uncertainties for each data set in
order to aid in the selection of consistent primary
data and in the use of these uncertainties as weights
in the optimization procedure [28] performed
on thermodynamic and phase diagram data. All
assessed experimental values for phase diagram in
the U–UO2+x composition range are reported in
Appendix A together with their assigned uncer-
tainties.
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Appendix A

Assessed experimental values for the phase
diagram in the U–UO2+x composition range and
their assigned uncertainties
O/U d(O/U) T (K) dT

2.000 0.002 3134 22

2.230 0.022 2837 15
(continued on next page)



Appendix A (continued)

Authors (date) [Refs.] Type of data O/U d(O/U) T (K) dT

Solidus original 2.230 0.022 2851 15
Solidus original 2.169 0.022 2878 15
Solidus original 2.109 0.022 2940 15
Solidus original 2.103 0.022 2907 15
Solidus original 2.092 0.022 3003 15
Solidus original 2.050 0.022 3001 15
Solidus original 2.058 0.022 3067 15
Solidus original 2.022 0.022 3085 15
Solidus original 2.009 0.022 3109 15
Solidus original 1.998 0.022 3118 15
Solidus original 2.008 0.022 3118 15
Solidus original 2.000 0.022 3120 15
Solidus original 1.995 0.022 3107 15
Solidus original 1.990 0.022 3105 15
Solidus original 1.985 0.022 3106 15
Solidus original 1.955 0.022 3076 15
Solidus original 1.943 0.022 3069 15
Solidus original 1.930 0.022 3043 15
Solidus original 1.929 0.022 3002 15
Solidus original 1.861 0.022 2970 15
Solidus original 1.795 0.022 2888 15
Solidus original 1.849 0.022 2893 15
Solidus original 1.809 0.022 2874 15
Solidus original 1.803 0.022 2818 15
Solidus original 1.759 0.022 2863 15
Solidus original 1.736 0.022 2786 15
Solidus original 1.689 0.022 2686 15
Solidus original 2.230 0.022 2837 15
Solidus original 2.230 0.022 2851 15
Solidus original 2.169 0.022 2878 15
Solidus original 2.109 0.022 2940 15

Latta and Fryxell (1970) [9] Liquidus W corrected (a) 2.230 0.022 3071 15
Liquidus W corrected (a) 2.169 0.022 3098 15
Liquidus W corrected (a) 2.092 0.022 3131 15
Liquidus W corrected (a) 2.058 0.022 3145 15
Liquidus W corrected (a) 2.009 0.022 3128 15

Latta and Fryxell (1970) [9] Liquidus W corrected (a) 2.008 0.022 3141 15
Liquidus W corrected (a) 2.000 0.022 3138 15
Liquidus W corrected (a) 1.990 0.022 3135 15
Liquidus W corrected (a) 1.985 0.022 3135 15
Liquidus W corrected (a) 1.955 0.022 3131 15
Liquidus W corrected (a) 1.943 0.022 3118 15
Liquidus W corrected (a) 1.930 0.022 3114 15
Liquidus W corrected (a) 1.929 0.022 3105 15
Liquidus W corrected (a) 1.861 0.022 3083 15
Liquidus W corrected (a) 1.795 0.022 3037 15
Liquidus W corrected (a) 1.809 0.022 3031 15
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Appendix A (continued)

Authors (date) [Refs.] Type of data O/U d(O/U) T (K) dT

Liquidus W corrected (a) 1.803 0.022 2984 15
Liquidus W corrected (a) 1.759 0.022 3013 15
Liquidus W corrected (a) 1.736 0.022 2968 15
Liquidus W corrected (a) 1.689 0.022 2924 15
Liquidus W corrected (a) 1.600 0.022 2857 15
Liquidus W corrected (a) 1.556 0.022 2783 15
Liquidus W corrected (a) 1.593 0.022 2773 15
Liquidus Re corrected (a) 2.230 0.022 3038 15
Liquidus Re corrected (a) 2.109 0.022 3092 15
Liquidus Re corrected (a) 2.103 0.022 3092 15
Liquidus Re corrected (a) 2.050 0.022 3104 15
Liquidus Re corrected (a) 2.022 0.022 3136 15
Liquidus Re corrected (a) 1.998 0.022 3138 15
Liquidus Re corrected (a) 1.995 0.022 3133 15

Latta and Fryxell (1970) [9] Monotectic 1.600 0.022 2696 15
Monotectic 1.556 0.022 2708 15
Monotectic 1.593 0.022 2701 15

Guéneau et al. (1998) [61] Miscibility gap 0.087 0.020 3090 100
Miscibility gap 1.222 0.020 3090 100

Martin and Edwards (1965) [56] Limit UO2�x(solid) 1.959 0.014 1864 30
Limit UO2�x(solid) 1.918 0.014 2092 30
Limit UO2�x(solid) 1.871 0.014 2186 30
Limit UO2�x(solid) 1.856 0.014 2255 30
Limit UO2�x(solid) 1.829 0.014 2364 30
Limit UO2�x(solid) 1.789 0.014 2414 30
Limit UO2�x(solid) 1.759 0.014 2475 30
Limit UO2�x(solid) 1.758 0.014 2534 30
Limit UO2�x(solid) 1.728 0.014 2518 30
Limit UO2�x(solid) 1.723 0.014 2632 30
Limit UO2�x(solid) 1.668 0.014 2584 30
Limit UO2�x(solid) 1.641 0.014 2680 30
Limit UO2�x(solid) 1.647 0.014 2691 30
Limit UO2�x(solid) 1.630 0.014 2704 30
Limit UO2�x(solid) 1.645 0.014 2723 30
Limit UO2�x(solid) 1.671 0.014 2701 30
Limit UO2�x(solid) 1.674 0.014 2685 30

Guinet et al. (1966) [58] Limit UO2�x(solid) 1.840 0.007 2223 30
Limit UO2�x(solid) 1.750 0.007 2443 30
Limit UO2�x(solid) 1.740 0.007 2493 30
Limit UO2�x(solid) 1.710 0.007 2573 30
Monotectic (1) 1.180 0.007 2470 30

Ackermann et al. (1969) [63] Limit UO2�x(solid) corrected
(b) 1.702 0.014 2525 30

Limit UO2�x(solid) corrected
(b) 1.738 0.014 2508 30

Limit UO2�x(solid) corrected
(b) 1.760 0.014 2485 30

Limit UO2�x(solid) corrected
(b) 1.786 0.014 2423 30

(continued on next page)
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Appendix A (continued)

Authors (date) [Refs.] Type of data O/U d(O/U) T (K) dT

Limit UO2�x(solid) corrected
(b) 1.839 0.014 2345 30

Limit UO2�x(solid) corrected
(b) 1.879 0.014 2248 30

Limit UO2�x(solid) corrected
(b) 1.889 0.014 2194 30

Limit UO2�x(solid) corrected
(b) 1.927 0.014 2103 30

Limit UO2�x(solid) corrected
(b) 1.939 0.014 2023 30

Limit UO2�x(solid) corrected
(b) 1.965 0.014 1869 30

Garg and Ackermann (1980) [31] Limit UO2�x(solid) corrected
(b) 1.932 0.014 1950 30

Pattoret (1969) [20] Limit UO2�x(solid) 1.850 0.020 2250 30
Limit UO2�x(solid) 1.975 0.005 1575 30
Limit UO2�x(solid) 1.989 0.005 1260 30

Storms (1985) [60] Limit UO2�x(solid) corrected
(b) 1.931 0.014 1928 30

Limit UO2�x(solid) corrected
(b) 1.932 0.014 1906 30

Limit UO2�x(solid) corrected
(b) 1.939 0.014 1940 30

Limit UO2�x(solid) corrected
(b) 1.945 0.014 1880 30

Limit UO2�x(solid) corrected
(b) 1.962 0.014 1720 30

Limit UO2�x(solid) corrected
(b) 1.968 0.014 1667 30

Limit UO2�x(solid) corrected
(b) 1.971 0.014 1621 30

Limit UO2�x(solid) corrected
(b) 1.976 0.014 1601 30

Cleaves et al. (1945) [54] Solubility of O in U(liq) 0.00046 0.010 1404 15
Solubility of O in U(liq) 0.00052 0.010 1473 15
Solubility of O in U(liq) 0.00063 0.010 1573 15
Solubility of O in U(liq) 0.00079 0.010 1673 15
Solubility of O in U(liq) 0.00107 0.010 1773 15
Solubility of O in U(liq) 0.00156 0.010 1873 15
Solubility of O in U(liq) 0.00208 0.010 1973 15
Solubility of O in U(liq) 0.00281 0.010 2073 15
Solubility of O in U(liq) 0.00351 0.010 2173 15
Solubility of O in U(liq) 0.00434 0.010 2273 15

Edwards and Martin (1966) [57] Solubility of O in U(liq) 0.00268 0.010 2063 15
Solubility of O in U(liq) 0.00268 0.010 2180 15
Solubility of O in U(liq) 0.00537 0.010 2249 15
Solubility of O in U(liq) 0.00846 0.010 2260 15
Solubility of O in U(liq) 0.01007 0.010 2334 15
Solubility of O in U(liq) 0.00940 0.010 2382 15
Solubility of O in U(liq) 0.01141 0.010 2454 15
Solubility of O in U(liq) 0.01946 0.010 2515 15
Solubility of O in U(liq) 0.02819 0.010 2611 15
Solubility of O in U(liq) 0.03423 0.010 2654 15
Solubility of O in U(liq) 0.03087 0.010 2669 15
Solubility of O in U(liq) 0.04698 0.010 2685 15
Solubility of O in U(liq) 0.03557 0.010 2712 15

a Correction according to Raoult’s law.
b Correction according to insufficient calcinations into U3O8 as evidenced by Ackermann and Chang [6] and
discussed by Labroche et al. [3]: (O/Ucorrected = O/Uoriginal�0.0133).
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l’oxyde d’yttrium par l’uranium, Institut National Poly-
technique de Grenoble, Grenoble, France, 23th October
1992.


	Thermodynamics of the O-U system: III - Critical assessment of phase diagram data in the U-UO2+x composition range
	Introduction
	Criteria for data and uncertainty analysis
	Rules for the treatment of uncertainties
	Compositions
	Temperature

	Chemical criteria in the data analysis
	Congruent vaporization
	Chemical compatibility of UO2 with containers


	Liquidus and solidus in the UO2 plusmn x range
	The solubility limit of oxygen in liquid uranium
	UO2-x solidus below the eutectic temperature
	Conclusion on phase diagram data
	Acknowledgements
	 nbsp 
	References


