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g r a p h i c a l a b s t r a c t
� Solid/liquid equilibria in the whole
UO2eZrO2 system are experimentally
revisited for the first time since the
1950s'.

� Air oxidation of mixed (U,Zr) dioxides
has been studied by XANE spectros-
copy for the first time.

� Solidus points have been obtained for
hyperstoichiometric dioxide compo-
sitions of the type (U,Zr)O2þx.
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Solid/liquid equilibria in the system UO2eZrO2 are revisited in this work by laser heating coupled with
fast optical thermometry. Phase transition points newly measured under inert gas are in fair agreement
with the early measurements performed by Wisnyi et al., in 1957, the only study available in the liter-
ature on the whole pseudo-binary system. In addition, a minimum melting point is identified here for
compositions near (U0.6Zr0.4)O2þy, around 2800 K. The solidus line is rather flat on a broad range of
compositions around the minimum. It increases for compositions closer to the pure end members, up to
the melting point of pure UO2 (3130 K) on one side and pure ZrO2 (2970 K) on the other. Solid state phase
transitions (cubic-tetragonal-monoclinic) have also been observed in the ZrO2-rich compositions X-ray
diffraction. Investigations under 0.3 MPa air (0.063 MPa O2) revealed a significant decrease in the melting
points down to 2500 Ke2600 K for increasing uranium content (x(UO2)> 0.2). This was found to be
related to further oxidation of uranium dioxide, confirmed by X-ray absorption spectroscopy. For
example, a typical oxidised corium composition U0.6Zr0.4O2.13 was observed to solidify at a temperature
as low as 2493 K.

The current results are important for assessing the thermal stability of the system fuel e cladding in an
oxide based nuclear reactor, and for simulating the system behaviour during a hypothetical severe
accident.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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coolant accident (LOCA), the fuel is expected to be exposed to
temperatures higher than 3000 K. At this temperature the fuel will
therefore melt and react with the surrounding structural materials
of the reactor such as the cladding, usually made of Zircaloy in
water cooled thermal reactors, to form a reaction mixture
commonly termed “corium” [1]. Corium is initially mostly
composed of the highly refractory oxides UO2, the molten fuel, and
ZrO2 formed by the oxidation of the Zircaloy cladding with cooling
water at high temperature. In further stages of a LOCA accident,
more constituents would become part of the corium mass
following its interactionwith the structural materials of the reactor,
mostly steel and concrete. Interaction between cladding material
and fuel starts at approximately 1237 K [2]. In the same tempera-
ture range, fuel cladding and structural steels start to form eutectics
[3] such as between Ni and Zr. The pure Zircaloy cladding melts at a
higher temperature (~2123 K) and the UO2 fuel melts at much
higher temperature to form a U1-xZrxO2 liquid solution. Typical
corium compositions have been observed to fall between
U0.6Zr0.4O2þy and U0.4Zr0.6O2þy, so this range has beenmore broadly
studied in this work as well as in previous literature. The melting-
freezing behaviour on the entire UO2-ZrO2 compositional range
was experimentally investigated in the 1950's prior to this work
[4,5]. More work was successively devoted to establish the main
form of the UO2-ZrO2 phase diagram using conventional techniques
at the same time [6].

While UO2 crystallizes in the cubic fluorite structure, pure ZrO2
has three polymorphic phases, monoclinic (at ambient conditions),
tetragonal (at temperatures greater than 1440 K), and cubic of the
fluorite structure (at temperatures above 2600 K). Meta-stable
phases (tetragonal solid solution) have been identified by Piluso
et al. [7] in the UO2-ZrO2 system.

Because of the strong correlation between the phase changes
and the properties of ZrO2 [8e11], additional information can be
extracted by studying the phase transformation reaction of ZrO2 at
high temperature (e.g. during a nuclear accident), and at different
corium UO2/ZrO2 ratios.

In this work, samples of initially stoichiometric (U, Zr)O2.00
across the full U/Zr compositional range were prepared using sol
gel methods employed at the European Commission's Joint
Research Centre of Karlsruhe (Germany). Such preparation
approach gives similar structures as those obtained during a melt
reaction in a reactor core. X-Ray Diffraction (XRD) was used here in
order to follow the changes in the martensitic polymorphic trans-
formation of both zirconium oxide and mixed uranium-zirconium
oxides.

The melting behaviour of such samples was then analysed by
laser heating coupled with fast optical spectro-pyrometry under a
controlled atmosphere [12]. Such analysis constitutes a step for-
ward with respect to the early melting point measurements re-
ported by Wisnyi et al. [13] that were performed by more
traditional furnace heating methods. In particular, the current
approach permits studying the chemical environment effect on the
material's melting behaviour. The latter was actually investigated
here both under inert (pressurised Ar) and strongly oxidising
(0.3 MPa air, i.e. 0.063 MPa O2) atmospheres. XRD, X-Ray Absorp-
tion Spectroscopy (XAS) and Scanning Electron Microscopy (SEM)
were then used to characterise the samples and in particular to
determine the uranium oxidation state in the materials melted and
re-solidified under the different atmospheres. The oxygen potential
for the hyperstoichiometric urania component was also calculated
to have an insight on the thermodynamic behaviour of this system.
The results were then compared with the phase boundaries opti-
mised by a CALPHAD approach in the U-Zr-O system as reported by
Chevalier et al. [14], Barrachin et al. [15], Piluso et al. [7]. and Quaini
[16].
The physico-chemical behaviour of the reactor core materials
under severe accident conditions is capital for the mitigation and
prevention of their consequences.

Main goals of the present analysis are thus a deeper under-
standing of the phenomena leading to the formation of corium in a
LOCA, and new assessment of corium properties at temperatures
near the solid-liquid transition.

2. Experimental

2.1. Sample preparation

A first batch of mixed oxide materials was prepared by a sol-gel
assisted precipitation technique deployed at JRC Karlsruhe. Feed
solutions with fixed UO2/ZrO2 molar ratios of nominally 0/100, 20/
80, 40/60, 50/50, 60/40, 80/20 and 100/0 were prepared from Zr-
oxychloride and uranyl nitrate in distilled water. Following the
addition of a surface-active agent and organic thickener, the solu-
tion was dispersed into droplets by a rotating cup atomizer. The
droplets were collected in an ammonia bath, where spontaneous
gelation occurs. After ageing, the resulting spheres were washed
with distilled water and dried using an azeotropic distillation
procedure with tetrachloroethylene. Due to varied rotating speed
throughout the atomization the spheres have a polydisperse size
distribution. Calcination under argon was carried out at 923 K. To
obtain pellets the materials were pressed and sintered. Conven-
tional pressing to pellets was obtainedwith an uni-axial press using
a 7.1 mm matrix and a load of 15 kN. Sintering conditions were
6 h at 1923 K under Ar/H2, with temperature ramps of 200 K/h for
heating and cooling step on a Mo tray. These sintering conditions
ensured the production of stoichiometric UO2.

Another batch of mixed UO2-ZrO2 samples was prepared by a
more straightforward powder metallurgy approach, in the aim of
checking a possible influence of the sample synthesis method on
the high temperature behaviour of these materials. This batch
included samples with UO2/ZrO2 molar ratios of nominally, 20/80,
45/55, 47.5/52.5, 70/30, 80/20, 85/15, 90/10 and 95/5. Powders of
UO2 (from a sol-gel production) and commercially available ZrO2
were mixed together, and pressed to pellets with an uni-axial press
(7.7 mm or 8.55 mm matrices with a load of 15e20 kN, 0.03% zinc
stearate added as lubricant). These green pellets were sintered at
1873 K under Ar/H2 for several hours (with 200 K/h heating/cooling
rate) in a metal furnace equipped with Mo crucibles/tray. Several of
these pseudo-binary compositions have been investigated between
x(ZrO2) ¼ 0.4 and x(ZrO2) ¼ 1, in order to identify the minimum
melting point in the system UO2-ZrO2.

A first batch of mixed oxidematerials were prepared by a sol-gel
assisted precipitation technique deployed at JRC Karlsruhe. Feed
solutions with determined UO2/ZrO2molar ratios of formally 0/100,
20/80, 40/60, 50/50, 60/40, 80/20 and 100/0 were prepared from
Zr-oxychloride and uranyl nitrate in distilled water. Following the
addition of a surface-active agent and organic thickener, the solu-
tion was dispersed into droplets by a rotating cup atomizer. The
droplets were collected in an ammonia bath, where spontaneous
gelation occurs. After ageing, the resulting spheres were washed
with distilled water and dried using an azeotropic distillation
procedure with tetrachloroethylene. Due to varied rotating speed
throughout the atomization the spheres have a polydisperse size
distribution. Calcination under argon was carried out at 923 K. To
obtain pellets the materials were pressed and sintered. Conven-
tional pressing to pellets was obtainedwith an uni-axial press using
a 7.1 mm matrix and a load of 15 kN. Sintering conditions after
pressing were 6 h at 1923 K under Ar/H2, with temperature ramps
of 200 K/h for both heating and cooling steps.

Another batch of mixed UO2-ZrO2 samples was prepared by a



Fig. 1. Sequence of laser pulses performed on a U0.5Zr0.5O2 sample under Ar. The red
plot gives the power profile of the laser beam impacting the surface of the sample. The
black plot represents the temperature measured by the first channel of the pyrometer
at 655 nm and the blue plot is the reflected light signal measured by the second
channel at 488 nm. The dotted line indicates the average solidification temperature.
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more straightforward powder metallurgy approach, in the aim of
checking a possible influence of the sample synthesis method on
the high temperature behaviour of these materials. This batch
included samples with UO2/ZrO2 molar ratios of nominally: 20/80,
45/55, 47.5/52.5, 52.5/47.5, 70/30, 80/20, 85/15, 90/10 and 95/5.
Several pseudo-binary compositions have been investigated be-
tween x(ZrO2) ¼ 0.4 and x(ZrO2) ¼ 1, in order to identify the
minimum melting point in the system UO2-ZrO2.

In both cases, pellets with a thickness of around 4 mm and a
diameter of around 6 mm were used for the experiments.

2.2. Laser heating and temperature measurement

Details of the laser-heating setup used in this research have
been reported in previous publications [12,17] although the tech-
nique has been partially improved in the present work.

Thermograms were measured by sub-millisecond resolution
pyrometry on mixed UO2eZrO2 samples laser heated beyond
melting by a TRUMPF® Nd:YAG cw laser radiating at 1064.5 nm. Its
power vs. time profile is programmable with a resolution of 1 ms.
Laser shots of different duration (from a few tens to a few hundreds
ms) and laser power density (300 W cm�2 to 3000 W cm�2) were
repeated on the same 3-mm to 8-mm diameter spot on a single
sample surface as well as on different samples of the same
composition in order to obtain statistically significant datasets for
each composition and heating cycle. With the current experimental
parameters, a 10% - to 25% - mass fraction of the sample was
typically melted and re-solidified, under self-crucible conditions.
This corresponded to a few tens of mg of material, which was
sufficient to be then further characterised by XRD, XAS and SEM.

During the shots, the investigated specimenwas held in a sealed
autoclave under controlled atmosphere. In a first series of experi-
ments, the atmosphere was chosen on the basis of thermodynamic
equilibrium calculations between the condensed phases and the
vapour, in order to maintain as much as possible the original
composition of each sample throughout the heating/cooling cycles.
Thus UO2-rich samples were mostly heated under an inert atmo-
sphere (slightly pressurised argon at 0.3 MPa), whereas ZrO2-rich
ones were preferably studied under 0.063 MPa O2 at 0.3 MPa, in
order to minimize oxygen losses from the condensed phases. Suc-
cessively, laser heating tests were carried out under 0.063 MPa O2
on all the compositions, in order to study their high-temperature
oxidation behaviour. In performing such experiments, it is
reasonable to assume that an equilibrium oxygen-to-metal ratio
would be reached very quickly in the condensed material during
melting and solidification above 2500 K, thanks to the fast kinetics.

Thermal shock was minimised by applying a pre-heating level
around 1500 K to limit thermal stresses due to the extreme laser
power density impinging on the surface of the sample. The pro-
cedure consisted of heating the sample at that temperature before
starting the actual high-power pulses. Also during the series of four
heating-cooling cycles on the same sample spot the material was
not allowed to cool below an intermediate temperature of
approximately 1500 K. The duration of the high-power pulses was
increased from one heating-cooling cycle to the other, in order to
check the result repeatability under slightly different experimental
conditions (Fig. 1). This approach ensured a better mechanical
stability of the samples, over which several successive shots could
be repeated to check the result reproducibility and the eventual
effects of non-congruent vaporisation or segregation phenomena.
The onset of melting was detected by the appearance of vibrations
in the signal of a probe laser (Arþ cw 750 mW to 1.5W) reflected by
the sample surface (Reflected Light Signal technique, or RLS) [12].
The sample cooled naturally when the laser beamwas switched off
during the thermal cycle. Thermal arrests corresponding to
solidification were then observed on the thermograms recorded by
the fast pyrometers. These operate in the visible-near infrared
range between 488 nm and 900 nm. The reference pyrometer
wavelength was here 655 nm. This was calibrated according to the
procedure already reported elsewhere [12]. Direct measurement of
the sample thermal emission yielded the radiance temperature at
the pyrometer wavelength. The sample real temperature was ob-
tained from the radiance temperature using the following pyrom-
etry equation, which can be easily derived from Planck's radiation
law corrected with the normal spectral emissivity εl:

1
T
¼ 1

Tl
þ l

c2
ln εlðl; TÞ (1)

Equation (1) is valid within Wien's approximation to Planck's

law, i.e. when exp
�

c2
l,T

�
> >1.

If l is expressed in mm and T in K, then the universal constant c2
takes the value of 14388 mm K.

The normal spectral emissivities (εl or NSEs) of urania and zir-
conia have been assumed to be equal to 0.83 and 0.9, respectively,
as determined from previous work [12,20]. Values of intermediate
compositions have been obtained by linearly interpolating the two
end member values according to the volume fraction of each
component. The latter was considered to provide the best estimate
of the surface fraction averaged over all the possible grain orien-
tations. These NSE values have been cross-checked in the current
work with the help of a multi-wavelength spectro-pyrometer. This
approach, similar to the one reported in Ref. [12], consists in the
measurement during the current heating cycles of the thermal
emission (or radiance) spectra of the sample. Non-linear minimum-
square fit of such spectra, using Planck's equation corrected for the
normal spectral emissivity, yield values for real temperature and
NSE throughout the heating/cooling cycles, although with a more
limited time resolution than the above mentioned single-channel
pyrometer.

Uncertainty of the measurements was calculated according to
the error propagation law [12], taking into account the uncertainty
associated with pyrometer calibration, emissivity, transmittance of
the optical system and the accuracy in detecting the onset of vi-
brations in the RLS signal. The estimated cumulative uncertainty is
thus ±1% of the reported temperatures in the worst cases, with a 1-
k coverage factor (corresponding to one standard deviation around
the average value).



Fig. 2. Example of a melting/solidification measurement on U0.5Zr0.5O2 in air.
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2.3. XRD analysis

The structure of the materials was determined at room tem-
perature by X-Ray diffraction using a Bruker D8 X-ray diffractom-
eter mounted in a BraggeBrentano configuration with a curved Ge
monochromator (1,1,1), a copper tube (40 kV, 40 mA) equipped
with a LinxEye position sensitive detector. For the measurement,
the ground powders were deposited on a siliconwafer to minimize
the background and dispersed on the surface with 2 or 3 drops of
isopropanol. Structural analyses were performed with the JANA
2006 software suite [21] by the Le Bail method. Only the profile
fitting is used with predefined phases, resp. mixture of phases as no
additional unknown phases were obtained.

2.4. X-ray absorption spectroscopy

X-ray Absorption Near Edge Structure (XANES) and Extended X-
ray Absorption Fine Structure (EXAFS) measurements were per-
formed at the R€ossendorf Beamline (R€OBL, Beamline 20) of the
European Synchrotron Radiation facility (ESRF, Grenoble). Only
XANES results are presented in this work. Measurements were
performed on small amounts (5 mg) of powdered samples mixed
with boron nitride (BN) and pressed into pellets. XANES spectra
were collected at room temperature in the transmission and fluo-
rescence mode at the Zr K and U LIII edges. Energy calibration was
achieved by measuring the K XANES spectrum of a Y reference foil
(17038 eV) located between the second and third ionization
chambers. The XANES spectra have been normalized using linear
functions for pre- and post-edgemodelling. Thewhite-linemaxima
have been taken as the first zero-crossing of the first derivative.
Pre-edge removal, normalization and self-absorption correction
were performed using the ATHENA software [22]. The XANES
spectra edges were compared to those of reference samples, i.e.
UO2, U3O8, U4O9 and UO3. The U oxidation state was determined
using a linear combination fitting of the reference spectra.

2.5. Scanning electron microscopy

Philips XL40 scanning electron microscope (SEM) operated at
20 kV and installed in a glove box was employed in the present
research. Quantitative Energy Dispersion Spectrometry (EDS)
analysis and X-ray element maps were acquired, using a shielded
Cameca SX100R electron microprobe.

3. Results

3.1. Melting temperatures

Typical thermograms recorded during the current heating cy-
cles are reported in Figs. 1 and 2. Pure endmembers (UO2 and ZrO2)
were initially measured in such a way as to preserve as much as
possible the original oxygen-to-metal stoichiometry (2.00).
Therefore urania was melted under pressurised argon, and zirconia
under 0.063 MPa O2, yielding solid-liquid transitions at
3120 K ± 30 K and 2970 K ± 30 K, respectively. The mixed oxides
and pure UO2 were successively measured under both atmospheric
conditions to cover also scenarios that include oxygen ingression
into the core vessel.

Fig. 1 shows typical thermograms resulting from amelting point
measurement under pressurised argon at 0.2 MPa on a (U0.5,Zr0.5)
O2 sample prepared by the sol-gel assisted precipitation. At the
beginning of a laser pulse, the sample surface temperature recor-
ded by the 655 nm pyrometer increases very rapidly due to the
contribution of thermal radiation emitted by the hot surface. After
the end of the laser pulse, the temperature decreases rapidly, the
sample surface cools and a freezing thermal arrest is visible in the
thermogram at a temperature corresponding to the dotted line in
Fig. 1. As expected, no inflection in the heating flank is visible since
thermal equilibrium conditions were not achieved in this part of
the measurement, where the laser delivers a large amount of heat
in a short time interval on the sample surface [23].

Therefore, the reflected light signal (RLS) at 488 nm constitutes
a significant mean for identifying the phase transformationwhen it
is not evident in the thermogram. The melting point as well as the
solidification point can be identified as a sudden variation in the
reflected light signal. When an extremely thin, motionless molten
layer is formed, it reflects a part of the Ar laser beam into the py-
rometer detector. The RLS oscillates after the formation of the liquid
mass that vibrates under capillarity forces, and correspondingly
scatters the incident laser beam. The angular reflectivity of the
sample changes during the stage of heating with the first appear-
ance of liquid leading to a variation in the RLS. When the surface
solidifies again the oscillations of the liquid mass stop and the RLS
vibrations disappear.

Depending on the amount of liquid formed during heating, the
resulting freezing thermal arrest is more or less pronounced on the
cooling flank, but no significant influence of the laser pulse dura-
tion and intensity is observed on the behaviour of the sample
during cooling. In general, for samples heated in an inert or
reducing atmosphere, themeasured solidification temperatures are
reproducible for all the sequences of the laser pulse as in Fig. 1. An
average solidification temperature was obtained here with a low
uncertainty (cf. section 2.2), mostly due to the standard deviation of
experimental points and the uncertainty of the pyrometer reading,
as indicated in the previous section. The observed repeatability of
the solidification temperature implies that the cooling rate hardly
affects the solidification points, confirming that in inert gas the
current thermal analysis is performed under local thermodynamic
equilibrium conditions. Table 1 gives the values for the solidifica-
tion temperatures obtained for the different compositions in inert
atmosphere (argon).

A magnification of a laser pulse of a sequence performed in air
on the sample U0.5Zr0.5O2 is shown in Fig. 2.

When melted in an oxidising (0.063 MPa O2) atmosphere, sig-
nificant differences were noticed between thermal arrests recorded
for uranium-rich compositions compared to the arrests in an inert
(argon) atmosphere. This behaviour shows that significant oxida-
tion occurs during the shots performed in 0.063 MPa O2, as will be
detailed in the following sections. In Fig. 2 it can be seen that, for
the sample melted in oxidising conditions, the liquid/solid transi-
tion occurs in two steps, unlike the same experiments carried out
under pressurised argon: a liquidus point, corresponding to the



Table 1
Solidification points determined by laser heating for the various ZrO2-UO2 compositions under inert and oxidising atmosphere.

Sample Inert atmosphere (Ar) Oxidising atmosphere (air)

Liquidus/K Uncertainty/K Solidus T/K Uncertainty/K Liquidus T/K Uncertainty/K Solidus T/K Uncertainty/K

UO2 e e 3120 32 e e 2585 39
U0.8Zr0.2O2

a 3045 15 2981 24 e e 2567 37
U0.6Zr0.4O2 e e 2841 28 2795 138 2493 34
U0.5Zr0.5O2 2788 18 2916 56 2621 60
U0.475Zr0.525O2

a e e 2820 28 2990 80 2698 23
U0.45Zr0.55O2

a e e 2815 28 e e e e

U0.4Zr0.6O2 e e 2796 10 2787 20 2607 49
U0.3Zr0.7O2

a e e 2806 10 e e 2770 20
U0.2Zr0.8O2 e e 2811 10 2747 21
U0.2Zr0.8O2

a e e 2829 10 2877 40 2773 20
U0.15Zr0.85O2

a e e 2853 10 e e 2840 10
U0.1Zr0.9O2

a e e 2885 10 e e 2865 22
U0.05Zr0.95O2

a e e 2919 30 e e 2888 9
ZrO2 e e 2970 30 e e 2970 30

a Samples were prepared with the powder metallurgy approach.
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formation of the first solid seeds in the liquid mass, and a solidus
point, corresponding to total solidification of the sample surface. It
can also be appreciated, that total solidification occurs here at a
lower temperature compared to the same test performed in pres-
surised argon.

Fig. 2 also shows the usefulness of the RLS technique on such
samples. Thanks to this technique it was possible to estimate the
time interval during which there was a liquid phase on the sample
surface and therefore one could determine themelting point on the
heating flank of a thermogram.

Also the undesirable effect of undercooling can be observed. The
cooling rate was so rapid that the liquid was initially cooled below
the freezing point (undercooling). The solidification started at the
bottom of the molten pool on the specimen surface where the
liquid was in contact with the unmolten solid surface. Then while
the solid edge kept growing, the temperature started to rise up to a
local maximum due to the release of latent heat of solidification.
This maximum temperature corresponded to the formation of a
completely re-solidified layer at the surface of the sample. The
release of the latent heat of solidification from the remaining
molten material enclosed under the surface crust counteracted the
process of cooling of the solid surface, itself driven by radiation and
convection/conduction. A second slight inflection after the local
maximum occurred at lower temperature. As proven by existing
thermo-mechanical modelling of similar experiments [23], this
second inflection corresponded to total solidification of the last
inner liquid mass. After the last inflection the solidified sample
continued cooling to ambient temperature. Looking at the ther-
mogram in Fig. 2 two thermal arrests on the cooling flank are
noticeable. The pyrometer allowed the detection of the first solid
phase formed at 14.42 s and the complete solidification of the
sample at around 14.55 s, corresponding to the first and the second
thermal arrests, where the RLS also showed changes.

Table 1 summarises the average solidus and liquidus tempera-
tures obtained in laser heating experiments of the whole set of
samples prepared with the two techniques presented in section 2.1,
for both atmospheric conditions used (pressurised argon and air).
As explained in section 2.1, two samples with UO2/ZrO2 molar ratio
respectively 20/80 and 80/20 were prepared with both techniques
for checking the influence of the synthesis method. Unfortunately, a
direct comparison could only be made between the solidification
points obtained in argon in the U0.2Zr0.8O2 samples, as both the
U0.8Zr0.2O2 and U0.2Zr0.8O2 samples synthesised by sol-gel assisted
precipitation were shattered when laser-heated in air. As reported
in Table 1, the two U0.2Zr0.8O2 samples show similar solidification
temperatures in argon within the experimental uncertainty. Other
compositions prepared with the two different approaches display a
similar solidification point trend, confirming the independence of
the melting behaviour on the synthesis method.

When the results obtained on all samples are considered
together, one can observe that solidification points recorded in
argon follow a rather regular evolution across the investigated
compositional range. However, in Zr-rich samples, initially having a
light grey appearance, the material melted in argon became black
or dark-grey, most probably due to the creation of oxygen defects
after melting at high temperature [18]. In mixed compositions, the
melting/freezing temperatures decrease from those of pure UO2
and ZrO2 to reach a minimum slightly below 2800 K between
U0.5Zr0.5O2 and U0.3Zr0.7O2. The solid/liquid equilibrium line is
rather flat for a broad compositional range around this minimum in
the UO2-ZrO2 pseudo-binary plane. In this range, solidus and liq-
uidus lines are very close, and could not be resolved with the cur-
rent approach. In U-richer compositions, the solidus and liquidus
are further apart, and were clearly distinguishable in the current
laser heating experiments performed on U0.8Zr0.2O2.

Lower melting/freezing temperatures were observed when ex-
periments were carried out in oxidising atmosphere and uranium-
richer samples, as it can be remarked in Table 1. Under these con-
ditions, solidification temperatures for Zr-rich compositions with
x(ZrO2) > 0.8 were still similar to those recorded in inert gas. For all
the investigated compositions, freezing thermal arrests measured
in air were also more dispersed compared to those performed
under Ar. In uranium-rich compositions, an evolution of the solidus
temperature was observed over successive pulses in 0.063 MPa O2.
In these cases, due to the high-temperature reactivity of uranium
dioxide in the presence of oxygen, the sample surface underwent
an oxidation reaction with the atmosphere during the laser shots,
and only the final solidus temperature, approximately stabilised in
the last pulses, is reported in Table 1.

Consequences of this kind of behaviour have been further
investigated in the next samples characterisation section.
3.2. Sample characterisation

3.2.1. X-ray diffraction
XRD bulk analysis was performed to investigate effects of the

laser heating-melting treatment on the laser-irradiated material.
The starting materials (sintered pellets with assumed stoichio-
metric composition U1-xZrxO2.00) showed (metastable) cubic and
tetragonal phases for all compositions except the high uranium
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content material U0.8Zr0.2O2, which only showed a cubic phase. This
phase composition assessed for the starting materials is reasonably
consistent with the phase diagram reported later in Fig. 6. The
lattice parameters were also comparable to the cubic and tetrag-
onal series published by Piluso et al. [7], pointing to a two phase
starting material with a U-rich cubic phase and a Zr-rich tetragonal
phase. The compositions of these two phases calculated from the
Vegards law obtained by Piluso were in the range U0.74Zr0.26O2 to
U0.79Zr0.21O2 for the U-rich cubic phase and around U0.15Zr0.85O2 for
the tetragonal Zr-rich phase.

The analysis on the molten and resolidified material was only
possible by separating the laser-melted surface spot from the bulk
pellet. This was a difficult operation and it was not always possible
to precisely separate the melted from the unmelted material.
Therefore, XRD measurements were performed on specimen
possibly containing unmelted material, although the melted/reso-
lidified part was in excess. An example of resulting diffractogram is
shown in Fig. 3. Fig. 3 shows the diffractograms for the composition
U0.5Zr0.5O2 before (a) (sintered starting material) and after (b)
melting in argon.

The evaluation showed that the diffractogram for the starting
material (given in red) could be reasonably fittedwith three phases,
two cubic ones (red triangles) and a tetragonal one (red bar). For all
phases a correlation to the composition could be drawn assuming a
stoichiometric material and Vegard's law for fcc and tetragonal
phases, as established by Piluso et al. [7].

The material molten under argon (given in black) in this case
indeed showed a significant amount of the starting material.
Although the main phase observed was a tetragonal phase with
lattice parameters that were not comparable to the high Zr-content
material described by Piluso et al. [7], it showed a different a/c ratio.
Such phase was also observed for other samples in the composition
range U0.4Zr0.6O2 to U0.6Zr0.4O2. As no significant volatilisation of U-
oxides could be reasonably assumed under the applied melting
conditions, one could tend to assume here a slight segregation,
upon cooling, of metastable tetragonal (U, Zr) mixed oxide phases
in a composition range U0.4Zr0.6O2 to U0.6Zr0.4O2, within an un-
changed overall composition. Anyhow, such U-rich tetragonal
phase is not necessarily expected to exist when considering the
actually established U-Zr-O phase diagram [2,3,16], its appearance
may be due to the fast quenching the samples had undergone after
the laser pulses.
Fig. 3. X-ray diffractograms of U0.5Zr0.5O2. (a): sintered starting material compared to Argo
triangles) and a tetragonal phase (red bars). Black diffractogram: melted in Ar fitted with a te
samples in air and in Ar. Black, dotted diffractogram: melted in Ar. Blue diffractogram: mel
fitting was not successful.
When melting in air a phase change into a face-centred-cubic
(fcc) phase (or possibly two phases taking into account the very
asymmetric peak shapes) was observed as reported in Table 2.
Beside this fcc phase only minor diffraction peaks were observed
that may be correlated to higher U-oxide (U4O9, U3O8) or mixed
oxide phases (ZrU2O7). Due to the low intensities of these peaks a
final assignment was not possible. In this case residues of the
unmolten material were not observed in significant amounts.

For all investigated samples and atmospheric conditions the
obtained molten materials show a variety of cubic and tetragonal
and, for high Zr-contents, also monoclinic phases. These should not
be interpreted as thermodynamically stable compounds but as
metastable phases that are formed most probably as a result of the
fast cooling.

The data shown in Table 2 reveal a trend depending on the
composition and the melting atmospheres.

In samples melted and quenched under argon, tetragonal pha-
ses prevailed for all compositions investigated (U0.5Zr0.5O2 to
U0.2Zr0.8O2). These phases seemed to retain the original nominal
composition. They most probably did form due to the fast
quenching of the samples and were considered to be metastable.

In samples melted and quenched under air, the obtained phases
were preferably cubic except for the high Zr-content sample, in
which tetragonal andmonoclinic phases were clearly observed. The
cubic phases show distinctly smaller lattice parameters than the
ones found in the as-sintered materials. This would mean either
that the U-content of the samples is strongly reduced or that the
uranium is oxidised to higher valence states. Both possibilities
would lead to a decrease of the lattice parameter in the cubic sys-
tem [23]. For example, one can refer to the lattice parameter
decrease for cubic mixed (U, Zr)-oxides mentioned by Piluso et al.
[7], a ¼ 5.468 þ 0.3296x Å or the difference between the lattice
parameter of UO2 (a ¼ 5.47 Å) compared to the cubic U4O9 with a
lattice parameter around 5.44 Å [23]. Although the crystallographic
changes an oxidation process in the cubic mixed (U, Zr)-oxide could
not be quantified in detail from the available diffractograms the
oxidation seemed the most reasonable explanation of the XRD re-
sults considering XANES results discussed in the next section 3.2.2.
Possible vaporisation losses of higher U-oxides during the melting
process cannot be excluded completely, but they are unlikely under
the appliedmelting conditions under pressurised gas. Moreover, no
relevant uranium losses were detected in the present SEM-EDX
n molten material. Red, dotted diffractogram: as sintered fitted with 2 fcc phases (red
tragonal phase (black bars þ residues of the unmelted material not shown) (b): melted
ted in air fitted with a fcc phase (blue triangles) more phases are present, but further



Table 2
Lattice parameters and phase assignment of the UO2-ZrO2 various compositions of unmelted and re-solidified material.

Composition Lattice parameters/Å

a ¼ b or
a ¼ b ¼ c

c phase a ¼ b or
a ¼ b ¼ c

c phase a ¼ b or
a ¼ b ¼ c

b c b phase

Sintered melted in Ar melted in air

U0.8Zr0.2O2 5.400 fcc n.d. 5.350 fcc1
5.397 fcc2

U0.6Zr0.4O2 5.385 fcc1 n.d. 5.287 fcc1
5.398 fcc2 5.290 fcc2
3.647 5.250 tet

U0.5Zr0.5O2 5.383 fcc1 3.735 5.324 tet 5.249 fcc
5.395 fcc2
3.648 5.250 tet

U0.4Zr0.6O2 5.400 fcc1 3.73 5.321 tet 5.244 fcc
5.383 fcc2
3.646 5.250 tet

U0.2Zr0.8O2 5.385 fcc 5.395 fcc 3.639 3.639 5.238 tet
3.649 5.253 tet 3.659 5.257 tet 5.194 5.229 5.360 97.91 mon

Starting material residues possibly seen in the molten material's XRD are not considered as separate phases in this table.
n.d. samples did not give usable molten parts.
The uncertainty for the determination of the lattice parameters is not better than ±0.001 Å.

Fig. 4. U LIII XANES spectra collected at ESRF on a sample of U0.6Zr0.4O2 both melted
and sintered and on some reference compounds.
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analyses on the melted samples.

3.2.2. XAS analysis
In the current materials, uranium can exist in the (IV) oxidation

states in the ideal, defect-free dioxide. However, a disproportion
can occur by which uranium tends to be oxidised to the (V) and (VI)
oxidation states and, potentially, reduced to U(III). This allows the
formation of both hypo-stoichiometric (with mostly U (III) and U
(IV)) and hyper-stoichiometric dioxides (with mostly U (IV), U (V)
and U (VI)). An oxidising atmosphere results in the oxidation of
uranium dioxide to UO2þx or even to higher oxides, such as U4O9,
U3O8 and UO3 [23]. Zr instead, that is known to exist only in the (III)
and (IV) oxidation states in the oxide forms, was observed to be
stable at a composition very close to stoichiometry, ZrO2.00.

Thus, an important point in the interpretation of the melting
behaviour of oxide systems containing UO2 is the possible change
of the oxidation state of uranium under oxidising atmosphere.
XANES experiments were performed at the R€OBL line of the ESRF
synchrotron in order to investigate the oxygen behaviour both in
fresh and laser-heated samples. XANES results, presented in Table 3
and Fig. 4, quantify the oxidising effect of laser heating under
0.063 MPa O2, in terms of oxygen/metal ratio.

Fig. 4 shows example XANE spectra recorded on U0.6Zr0.4O2þy as
fabricated and after melting in pressurised air. Spectra, fitted using
ATHENATD, are comparedwith the U LIII absorption edges measured
on UO2, U4O9 and U3O8, taken as references as 100% U(IV), 50%
U(IV) þ50% U(V), 33% U (V) þ 67% U (VI), respectively. The white
line energy (EWL) position, the most intense absorption resonance
for the LIII edge of tetravalent uranium in UO2 is represented as a
dashed line. Assuming these latter reference lines, the XANES
spectrum of the current sample is deconvoluted according to the
following equation:
Table 3
XANES results and Oxygen/Metal ratio obtained for UO2-ZrO2 samples melted in 0.063 M

UO2% U4O9% U3O8% U (IV) %

UO2 40.5 57.2 2.3 69.10
U0.6Zr0.4O2 33 54 13 60.00
U0.5Zr0.5O2 40.7 45.4 13.9 63.40
U0.2Zr0.8O2 99.7 0.3 47.85

Standard uncertainty: molar fraction ¼ 1% and O/U and O/M ¼ 0.01.
Zr was observed to always remain the oxidation state (IV).
Sc ¼ aSUO2
þ bSU4O9

þ cSU3O8
(2)

In equation (2), SC is the absorption near-edge spectrum of the
current sample. a, b and c represent respectively the fractions of the
U(V), 0.5 (U(IV)þU(V)) and 0.33 U(V)þ0.67 U(VI) contributions to
the spectral fit. The a, b and c fractions yielding the best spectral fit
can be rearranged in order to obtain the total contents of U(IV),
U(V) and U(VI) in the sample under analysis. In this way, one can
determine an average uranium valence, which, divided by 2 (the
valence of oxygen cations), yields the average oxygen-to-metal (O/
Pa O2.

U (V) % U (VI) % O/U O/M

30.13 0.77 2.16 ± 0.01 2.16 ± 0.01
35.67 4.33 2.22 ± 0.01 2.13 ± 0.01
31.97 4.63 2.21 ± 0.01 2.10 ± 0.01
51.38 0.77 2.25 ± 0.01 2.06 ± 0.01



Fig. 6. The pseudo-binary UO2-ZrO2 phase diagram. (a) CALPHAD optimised phase
boundaries based on the NUCLEA database ([11,12]) are plotted along with the current
and previous experimental points. The melting points measured in argon lie on the
optimised phase boundaries (dotted lines) while the points measured in 0.063 MPa O2

lie approximately between ZrO2 and UO2.16.

S. Mastromarino et al. / Journal of Nuclear Materials 494 (2017) 368e379 375
M) ratio in the analysed sample. Since zirconium was observed to
exist, in the current solid solutions, almost only as Zr (IV)the
oxygen-to-zirconium molar ratio can be fixed, with good accuracy,
at O/Zr ¼ 2.00. Hence, the oxygen-to-uranium ratio O/U can be
obtained in the investigated samples. This latter ratio is important
for thermodynamic considerations on the oxygen potential that
will be discussed in the following section. The significant steps of
these procedure and the final O/M and O/U results are reported in
Table 3. The experimental uncertainty of these results has been
conservatively assessed to be ±0.01 on the O/M ratio.

Due to the limited amount of melted material and the difficulty
in separating it from the unmelted sample, XANES analysis could be
successfully applied only to four of the current compositions mel-
ted and quenched in air. Nonetheless, a consistent shift of the
experimental O/M towards higher values with increasing U content
in the samples is quite evident from the current data, whereas the
O/M of unmelted samples was in all cases 2.00 within the experi-
mental uncertainty.

The present XANES results combined to the XRD and SEM an-
alyses, assign actual U/Zr and O/(U þ Zr) compositions to the final
solidification temperature data.

3.2.3. Scanning electron microscopy
The laser melted sample surfaces were also analysed with

scanning electron microscopy at different magnifications. An
example of such analysis can be seen in Fig. 5a, where the re-
solidified surface of an U0.5Zr0.5O2 sample is shown. In the back-
scattered electrons (BSE) image Fig. 5b only a homogeneous ma-
terial distribution on the surface was found. No relevant changes in
composition were detected by Energy-dispersive X-ray (EDX)
analysis along the surface between re-solidified and unmelted
material. However, with the magnification used in this analysis
method small differences were difficult to determine. In addition,
SEM-EDX analysis provides only a semi-quantitative elemental
composition of a material spot, so different phases having similar
composition were not observable.

4. Discussion

Combining the current quasi-containerless laser heating
method with further material characterisation, new results have
been obtained concerning the liquid/solid transition in the U-Zr-O
systems under inert and strongly oxidising conditions. Thematerial
characterisation performed before and after melting by SEM, XRD
and XAS has allowed, in many cases, to identify and explain phase
separation and oxidation phenomena occurring during the
Fig. 5. Post-melting (a) Secondary Electron image and
liquefaction/solidification processes.
Results obtained in argon suggest that aminimummelting point

exists in the pseudo-binary UO2-ZrO2 system, at a composition near
to U0.4Zr0.6O2 and a temperature close to 2800 K. In contrast,
experimental data recorded in the oxidising atmosphere are more
complex. From the data obtained in 0.063MPa of O2, it is possible to
propose a minimummelting point at a temperature close to 2500 K
and at a composition near to U0.6Zr0.4O2. These results are useful for
the simulation of an accident environment where the fuel, hyper-
stoichiometric in oxygen, interacts with oxidised Zircaloy (i.e.
ZrO2) and may melt up to 300 K below the melting point of the
same composition in an inert atmosphere. Fig. 6 shows the solidus-
liquidus data points obtained in this work, plotted against the
pseudo-binary UO2-ZrO2 plane of the ternary U-Zr-O phase
diagram.

The data points obtained in this work can be additionally
compared with phase boundaries defined by CALPHAD optimisa-
tion in the U-Zr-O system [14e16]. It is obvious that only experi-
mental points measured in argon agree with the CALPHAD
optimised phase boundaries (dotted lines) in the whole pseudo-
binary diagram. Only for Zr-rich compositions, the solidification
points measured in air agreewell with CALPHAD-assessed values in
(b) Back Scattered Electron images of U0.5Zr0.5O2.
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the pseudo-binary plane.
The expected oxidising effect of laser heating under compressed

air can be confirmed by the current XANES analysis data in terms of
oxygen/metal ratio reported in Table 3. The lower solidus points
recorded in pressurised air correspond to compositions largely
enriched in oxygen. In fact it was clearly shown also in previous
research [25e27]], that hyper-stoichiometric uranium dioxide
melts at a much lower temperature than the stoichiometric UO2.00
dioxide. Considering the experimental uncertainty on the O/U ratio
(±0.01), the solidus temperature observed in this work for pure
hyper-stoichiometric uranium dioxide (UO2.16) is in fairly good
agreement with the data measured by Manara et al., in 2005 [26]
and further assessed by Gu�eneau et al. [27]. The solidus tempera-
ture depression is very relevant starting for compositions with
x(UO2þz) � 0.5 and can reach almost 650 K. Fig. 7 shows the evo-
lution of the solidus/liquidus temperatures for the various com-
positions in the different atmospheric conditions. The present
results show that a strongly oxidising atmosphere has an effect on
the solidus temperature also inmixed uranium-zirconium dioxides,
despite the stabilising effect that Zr (III, IV) produces on the
chemical stability of the solid dioxide. This particular point can be
better explained by calculating the oxygen potential corresponding
to the various O/U ratios obtained with the XANES analysis and
reported in Table 3.

The oxygen potential of actinide dioxides plays a crucial role in
the high temperature behaviour of these compounds [24]. It is
defined as:

mO2 ¼ RTln
�
p*ðO2Þ

�
(3)

where R is the ideal gas constant, T the absolute temperature and
p*ðO2Þ, the oxygen partial pressure referred to the standard atmo-
spheric pressure (101325 Pa). This parameter defines the tendency
for a compound to exchange oxygen with its environment. In
particular, it plays a fundamental role in defining the high-
temperature equilibrium of uranium dioxide as a pure, non-
stoichiometric compound or mixed with other dioxides. The oxy-
gen potential at 0.3 MPa of air, or 0.063 MPa O2, at the solidus
melting temperatures reported in this work, was calculated
Fig. 7. The UO2þz-ZrO2 phase diagram between 2500 and 3200 K. The approximate
liquidus point of the composition UO2.16 is reported from the calculated UeO phase
diagram of Guenau et al. [27]. z and y values are obtained from the current XANES
analysis on samples laser melted in pressurised air.
through Equation (3) to be �10000 ± 500 J mol�1, considering
0.10MPa O2 as the reference state for oxygen. The oxygen potentials
for pure urania and the urania-zirconia specimens were calculated
in some compositions for which the oxygen potential versus O/U
ratio was assessed in the thermodynamic model proposed by Lin-
dermer and Besmann [28]:

RTlnðpðO2ÞÞ ¼ �312800þ 126 T

þ 2 RT lnðzð1� 2zÞ2
.
ð1� 3zÞ3Þ (4)

This equation adequately represents all known data for UO2±z
oxygen potential dependence on uranium dioxide hyper-
stoichiometry z. The oxygen potential results are presented in
Table 4 for the composition analysed here by XANES.

For pure uranium dioxide melted in compressed air, a value O/
U ¼ 2.16 is obtained (hyperstoichiomety z ¼ 0.16). The corre-
sponding oxygen potential at the reported solidus temperature of
2585 K is �14700 J/mole, and at z ¼ 0.166 it agrees, within the
uncertainty of 0.01 for the experimental O/U, with the �10000 J/
mol of the air atmosphere. It can be concluded that the experi-
mental results agree fairly well with Lindemer and Besmann's
thermodynamic representation of pure hyperstoichiometric urania.
Hence, it can also be concluded that the O/U ratio at the solidifi-
cation point is reasonably preserved during quenching to ambient
temperature, at least within the resolution limits of the current
material characterisation techniques. Extrapolating this conclusion
to mixed hyperstoichiometric urania-stoichiometric zirconia com-
positions, one can infer that increasing the zirconia content has the
effect of stabilising increasingly higher O/U values at the experi-
mental oxygen potential mO2 ¼ �10000 J mol�1, which is much
lower than the oxygen potential expected for the same O/U ratios in
pure urania reported in Table 4. Therefore, the total stabilisation
effect for the zirconia-containing samples, reported in the fourth
column of Table 4, is energetically quantified by adding mO2
(10000 ± 500) J mol�1 to the values shown in the third column of
Table 4. The total stabilisation effect includes the ideal-solution
term RT,Si xi lnxi, which is also reported in the fifth column of
Table 4. The difference between the absolute values of the total
stabilisation effect and the ideal-solution term yields the energetic
decrease of the oxygen potential chemically ascribable to the
presence of ZrO2 in themixture (last column of Table 4). The oxygen
potential values are typically affected by a quite large, ±
10000 J mol�1, average uncertainty. This value has been obtained by
combining, based on the independent error propagation law [12],
single uncertainties of z and T values. These energetic values should
therefore be considered as best estimates only. They will none-
theless be useful for further CALPHAD assessment of the U-Zr-O
system.

One may also notice in Figs. 6, and 7 that at 0.5 mol fraction of
zirconia, the liquidus temperature in 0.063MPa O2 is comparable to
that for pure urania and zirconia in the same condition. Considering
the behaviour of the stoichiometric oxides in argon atmosphere,
such a maximummelting is certainly unexpected, even though also
the solidus in argon shows a slight increment at 0.5 mol fraction of
zirconia. A possible explanation of the high melting point for the
sample with 0.5 mol fraction of zirconia can be the presence of
more than one liquid phase or a liquid phase and an unmelted solid.
The presence of different phases would be confirmed by the XRD
analysis result on the starting materials, which displayed cubic and
tetragonal phases corresponding to the structure of respectively
urania and zirconia for the sample containing less than 0.8 mol
fraction of zirconia.

On the other hand, XRD analysis also showed that in many cases
the solid material, obtained by fast quenching from the liquid,



Table 4
Oxygen potential dependence on the uranium dioxide hyperstoichiometry, z, at the solidification temperatures observed in this work, according to Lindemer and Besmann's
model [28]. Ideal solution contribution and the energetic stabilisation effect of zirconia on the oxygen potential of the mixture are also reported for each composition in this
table. The oxygen potential values are typically affected by a ±10000 J mol�1 uncertainty. They should therefore be considered as best estimates.

z T (K) Oxygen potential (J mol�1) Total ZrO2 stabilisation effect
(J mol�1)

Ideal solution effect
(J mol�1)

Pure ZrO2 stabilisation effect
(J mol�1)

UO2.16 0.16 2585 �14692 0 0 0
U0.6Zr0.4O2.13 0.22 2493 24642 �34219 �14117 �20102
U0.5Zr0.5O2.10 0.21 2621 31944 �42012 �15104 �26908
U0.2Zr0.8O2.06 0.25 2747 96644 �107196 �11428 �95768
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contained various phases. Mixtures of quenched tetragonal crys-
tallites were observed in Zr-rich compositions melted under argon,
whereas melting under air mostly led to quenched cubic phases
except for the highly Zr-rich composition which were mainly
tetragonal. Only in these compositions most abundant in Zr, traces
of a monoclinic phase were also recorded. Despite the co-existence
of these phases in the quenched material, it is worth mentioning
that solid-solid phase changes, such as the cubic-tetragonal and
tetragonal-monoclinic transitions, were not directly observed in
the current thermograms, certainly due to the large cooling rates
(often exceeding 105 K/s) produced in the laser-heating experi-
ments. The present XRD results can nonetheless be useful in the
analysis of corium formation. For example, observing that samples
with x(ZrO2) � 0.8 contained at least two phases having widely
different zirconia contents, it seems quite probable that the LOCA
melted core could also solidify into two phases with widely
different urania content.

In summary, liquefaction temperatures well below the assessed
UO2.00 melting point (3130 K ± 20 K) [24e27] can be expected for
the fuel-cladding assembly in oxidising conditions. In particular,
this is true for the compositions between U0.6Zr0.4O2þy and
U0.4Zr0.6O2þy, which have been identified as most representative of
the real corium formed in a LOCA accident, for example, by the
VERCORS [29] and PHEBUS FP [30] tests. For example, U0.6Zr0.4O2.13
was observed here to solidify only at 2493 K (Table 1).

The VERCORS and PHEBUS FP tests [15] [29] [30], were per-
formed in the previous decade on UO2-ZrO2 mixtures on a scale
closer to that of a real LOCA accident in a Nuclear Power Plant. The
composition of the quenched melts was then locally mapped by
ElectronMicro-Probe Analysis (EMPA), providing semi-quantitative
data for the U/Zr and the oxygen-to-metal ratios. These test evi-
denced themselves by liquefaction (or collapse) of the LWR nuclear
fuel rod under oxidising conditions at relatively low temperatures,
i.e. 200e300 K below the eutectic temperature of the UO2eZrO2
phase diagram, and at O/M ratios sometimesmuch larger than 2.00.
Thus the composition mentioned above [U0.6Zr0.4O2.14] compares
quite closely in terms of U/Zr ratiowith a composition of the corium
pool from the degraded FPT2 Phebus bundle: [(U,Pu,Th)0.56Zr0.42(-
Fe,Cr,Mo)0.02]O2.22 [30]. In FPT2 the O/M ratio of the corium pool
was quite high. For the FPT1 bundle a similar U/Zr ratio was
observed in the overall corium pool [U0.52Zr0.44(Fe,Cr)0.04)O2þy] but
the hyperstoichiometry of y was slight (<0.01) [31]. Further ana-
lyses found higher stoichiometry locally but a near-stoichiometry
value more often. It would seem to vary with the corium's posi-
tion in the degraded fuel bundle and obviously to the exact atmo-
spheric conditions that position had been exposed to during the
test. Nevertheless it is clear that oxidising conditions in the PHEBUS
tests can lower the melting point of U-containing corium and
enhance the degradation processes. VERCORS tests at CEA
concentrated more on the fission product release in various at-
mospheres and in their publications [32e34]] concluded that oxi-
dising conditions often resulted in a far higher release of volatile
fission products, especially those such as Sb, or Ru andMo that have
volatile oxide forms; U was also found to have higher releases. This
indicates that the oxidation processes of corium are not just limited
to the UO2 fuel but also include certain key fission products.

In comparison, the present investigation, although performed
on a much smaller scale, also provides quantitative (XANES)
oxygen-to-metal data onmelted and quenched samples with a pre-
defined U/Zr ratio. The current results constitute therefore sound
experimental data in the ternary U-Zr-O vs. T phase diagram.
Incidentally, their qualitative agreement with the results of the
PHEBUS FP corium pool composition is acceptable, despite the
essential differences already highlighted between the present
approach and those large escale tests. . It can be noticed, however,
that the solidus temperatures measured for the three uranium-rich
oxidised compositions (U0.5Zr0.5O2.10, U0.6Zr0.4O2.13, U0.8Zr0.2O2þy)
and pure UO2.16 are rather similar within the uncertainty bands
reported in Table 1 and in Fig. 6. Therefore, a eutectic surface is
likely to exist in this compositional range of the ternary U-Zr-O
phase diagram. Also this result is qualitatively compatible with the
CALPHAD optimisation published by Chevalier et al. [14] by Bar-
rachin et al. [15] and, more recently, by Quaini [16]. In comparing
the current results with Barrachin's phase boundary optimisation,
one should also take into account the fact that CALPHAD phase
boundaries were calculated for an equilibrium system at atmo-
spheric pressure, whereas experimental dataweremeasured in this
work under a slightly over-pressurised buffer gas (0.3 MPa).
Although small, phase boundary variations induced by this pres-
sure difference might be relevant. In conclusion, it is soundly
confirmed that an even relatively small change of the oxygen-to-
metal ratio can have considerable consequences on the liquefac-
tion temperatures in typical mixed uranium-zirconium oxides that
are produced in a NPP core meltdown accident.
5. Conclusions

The application of a quasi-containerless laser heating method
together with an improved material preparation via a sol-gel
method has yielded new results on the melting transition in the
U-Zr-O system in the vicinity of the pseudo-binary UO2eZrO2
system.

Results suggest that a minimum melting point exists in the
pseudo-binary UO2-ZrO2 plane, at a composition near U0.4Zr0.6O2 at
a temperature close to 2800 K under inert conditions.

New experimental data on the melting transition in strongly
oxidising conditions are presented, that are useful in simulating an
accident environment where the hyperstoichiometric fuel interacts
with oxidised Zircaloy (i.e., mostly ZrO2) and may melt several
hundreds of degrees K below the melting point of the same ma-
terial in an inert or reducing atmosphere.

XANES analysis was very useful for the determination of the
oxidation state of uranium and the total oxygen-to metal ratio in
the hyper-stoichiometric compositions formed after laser heating
under oxidising conditions. A molar oxygen-to-metal ratio (O/M)
up to 2.16 was reached in pure UO2 laser melted in air, in fair
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agreement with oxygen potential calculations based on the Lin-
demer and Besmann's earlier equilibrium thermodynamic model-
ling. This agreement shows that the O/U ratio at the solidification
point was reasonably preserved during quenching to ambient
temperature, at least within the resolution limits of the current
material characterisation techniques. This observation, extended to
mixed hyperstoichiometric urania-stoichiometric zirconia compo-
sitions, shows that increasing the zirconia content has the effect of
stabilising increasingly higher O/U values at an oxygen potential
much lower than the one expected for the same O/U ratios in pure
urania. Thus the hyperstoichiometry can be effectively attributed
just to the urania content of the composition (i.e. it can be
considered as UO2þyZrO2).

Among other compositions, the liquefaction/solidification
behaviour of an U0.6Zr0.4O2.13 sample was studied as a representa-
tive example of a typical oxidised corium composition. This latter
sample was observed to solidify at a temperature as low as 2493 K.
It was thus confirmed that a relatively small change of the stoi-
chiometry can result in considerable drop of the liquidus and sol-
idus temperatures.

Together with the material characterisation performed before
and after melting by SEM and XRD, the current XAS analysis
permitted the identification and understanding of the phase sep-
aration processes in relation with the phase diagram.

Moreover, the present XRD results can be useful in the analysis
of corium formation. For example, observing that samples with
x(ZrO2) � 0.8 always contain at least two phases having widely
different zirconia contents, one may suppose that a melted core
produced in a LOCA could also solidify into two phases with widely
different urania content.

The current results are thus important for the comprehension of
the nuclear fuel behaviour in case of an accident during which the
material interaction temperatures are rapidly and substantially
exceeded.
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