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Etude thermodynamique du corium en cuve — Application a ’interaction corium/béton

Résumé :

Lors d’un accident grave dans un réacteur nucléaire a eau pressurisée, le combustible
nucléaire va réagir avec le gaines en Zircaloy, les absorbants neutroniques et les structures
métalliques environnantes pour former un mélange partiellement ou complétement fondu. Ce
ceeur fondu peut ensuite interagir avec la cuve en acier du réacteur pour former un mélange
appelé corium en cuve. Par la suite, le corium peut percer la cuve et venir se déverser sur le
radier en béton en-dessous du réacteur. En fonction du scénario considéré, le corium qui va
réagir avec le béton peut étre constitu¢ soit d’une seule phase liquide oxyde ou de deux
liquides, métallique et oxyde. L’objectif de la theése est 1’étude de la thermodynamique du
corium en cuve, prototypique U-Pu-Zr-Fe-O. L’approche utilisée est basée sur la méthode
CALPHAD, qui permet de développer un modele thermodynamique sur ce systéme complexe
a partir de données expérimentales thermodynamiques et de diagramme de phases. Des
traitements thermiques sur le systéme O-U-Zr ont permis de mesurer deux conodes dans la
lacune de miscibilité a 1’état liquide a 2567 K. De plus, des températures de liquidus ont été
mesurées sur trois échantillons riches en Zr, en utilisant le montage de chauffage laser de
I’ITU. Par la méme méthode, des températures de solidus ont été obtenues sur le systéme
UQO;-Pu0O,-ZrO;. L’influence de I’atmosphere réductrice ou oxydante sur le comportement a
la fusion de ce systeme a été étudiée pour la premicre fois. Les résultats montrent que la
steechiométrie en oxygene de ces oxydes dépend fortement du potentiel d’oxygéne et de la
composition en métal des échantillons. La lacune de miscibilité a 1’état liquide a également
¢été mise en évidence dans un échantillon U-O-Zr-Fe. L’ensemble de ces nouvelles données
expérimentales avec celles de la littérature a permis de développer le modéle sur le systéme
U-Pu-Zr-Fe-O. Pour tous les échantillons, des calculs de chemin de solidification avec ce
modele ont servi a interpréter les microstructures de solidification observées. Un bon accord
est obtenu entre les calculs et les résultats expérimentaux. Des traitements thermiques sur
deux échantillons de corium hors cuve ont permis de montrer 1’influence de la composition du
béton sur la nature des phases liquides formées a haute température. Les microstructures de
solidification ont été interprétées a I’aide de calculs avec la base de données TAF-ID. En
parallele, un nouveau montage expérimental appelé ATTILHA, utilisant la lévitation
aérodynamique et le chauffage laser, a ¢ét€¢ concu et développé pour mesurer des données de
diagramme de phase a haute température. Ce montage a été validé avec des systemes oxydes
bien connus. De plus, cette méthode a permis d’observer in-situ a I’aide de la caméra infra-
rouge la formation de la lacune de miscibilité a 1’état liquide dans le systeme O-Fe-Zr lors de
I’oxydation d’une bille d’alliage Fe-Zr. La prochaine étape du développement est la
nucléarisation du montage pour effectuer des mesures sur des échantillons contenant de
I’uranium. La mise en place d’une caméra ultra rapide (5000 Hz) pour I’¢tude de propriétés
thermo-physiques de mélanges de corium en cuve et hors cuve est également envisagée. La
synergie entre le développement de ces outils expérimentaux et de calcul devrait permettre
d’améliorer la description thermodynamique du corium et des codes de calcul sur les
accidents graves utilisant ces données thermodynamiques.

Mots clés :

Thermodynamique, Syst¢eme U-Pu-Zr-Fe-O, CALPHAD, Chauffage laser, Interaction
corium/béton



Thermodynamic study on the in-vessel corium — Application to the corium/concrete
interaction

Abstract :

During a severe accident in a pressurised water reactor, the nuclear fuel can interact with the
Zircaloy cladding, the neutronic absorber and the surrounding metallic structure forming a
partially or completely molten mixture. The molten core can then interact with the reactor
steel vessel forming a mixture called in-vessel corium. In the worst case, this mixture can
pierce the vessel and pour onto the concrete underneath the reactor, leading the formation of
the ex-vessel corium. Furthermore, depending on the considered scenario, the corium can be
formed by a liquid phase or by two liquids, one metallic the other oxide. The objective of this
thesis is the investigation of the thermodynamics of the prototypic in-vessel corium U-Pu-Zr-
Fe-O. The approach used during the thesis is based on the CALPHAD method, which allows
to obtain a thermodynamic model for this complex system starting from phase diagram and
thermodynamic data. Heat treatments performed on the O-U-Zr system allowed to measure
two tie-lines in the miscibility gap in the liquid phase at 2567 K. Furthermore, the liquidus
temperatures of three Zr-enriched samples have been obtained by laser heating in
collaboration with ITU. With the same laser heating technique, solidus temperatures have
been obtained on the UO,-Pu0,-ZrO, system. The influence of the reducing or oxidising on
the melting behaviour of this system has been studied for the first time. The results show that
the oxygen stoichiometry of these oxides strongly depends on the oxygen potential and on the
metal composition of the samples. The miscibility gap in the liquid phase of the U-Zr-Fe-O
system has been also observed. The whole set of experimental results with the literature data
allowed to develop the thermodynamic model of the U-Pu-Zr-Fe-O system. Solidification
path calculations have been performed for all the investigated samples to interpret the
microstructures of the solidified samples. A good accordance has been obtained between
calculation and experimental results. Heat treatments on two ex-vessel corium samples
showed the influence of the concrete composition on the nature of the liquid phases formed at
high temperature. The observed microstructures have been interpreted by means of
calculation performed with the TAF-ID database. In parallel, a novel experimental setup
named ATTILHA based on aerodynamic levitation and laser heating has been conceived and
developed to obtain high temperature phase diagram data. This setup has been validated on
well-known oxide systems. Furthermore, this technique allowed to observe in-situ, by using
an infrared camera, the formation of a miscibility gap in the liquid phase of the O-Fe-Zr
system by oxidation of a Fe-Zr sample. The next step of the development will be the
nuclearization of the apparatus to investigate U-containing samples. The implementation of a
very fast visible camera (5000 Hz) to investigate the thermo-physical properties of in-vessel
and ex-vessel corium mixtures is also underway. The synergy between the development of
experimental and calculation tools will allow to improve the thermodynamic description of
the corium and the severe accident code using thermodynamic input data.

Keywords :

Thermodynamics, U-Pu-Zr-Fe-O system, CALPHAD, Laser heating, Corium/concrete
interaction
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Chapter 1 — Introduction and Context

The 435 operating nuclear reactors represent 11 % of the world electricity production [1].
These nuclear power plants are competitive thanks to their low operational costs. Moreover,
since the fuel represents only a small fraction of the nuclear electricity cost, fluctuations of the
uranium price barely affect the competitive position of the nuclear option. From the
environmental point of view, the nuclear option is considered as a low-emission CO,
alternative. In this framework, the nuclear security is of paramount importance, especially
considering the potential effects of a severe accident.

During the nominal operation of a Light Water Reactor (LWR), the radioactive products
(nuclear fuel, fission products, transuranium elements) are separated from the environment by
three barriers: the fuel cladding, the primary circuit and the containment reactor vessel
(Figure 1).

Steam
generator

Pressuriser

Control
rods

Figure 1: Scheme of a Pressurised Water Reactor (PWR). The numerical labels remind the three
radiological barriers: (1) fuel cladding, (2) primary circuit and (3) containment reactor vessel

A nuclear accident may be defined as the non-intentional event that significantly reduces,
under the accepted design level, the integrity of one or more barriers. This kind of situations
does not necessarily imply a danger and it can be corrected before start again the normal
operation of the reactor. However, an accident may turn into a severe accident if the
implemented corrections are not sufficient to re-establish the nominal functioning conditions
of the Nuclear Power Plant (NPP). For example, if the residual heat of decay produced by the
reactor core (even in condition of reactor shut-down) is not removed by the reactor coolant,
the temperature of the fuel assembly can rapidly increase.

Generally, during the nominal functioning of a Pressurised Water Reactor (PWR), the
temperature at the centre of the fuel pin does not exceed 1373 K. If the cooling system fails,
the heat produced by the radioactive decay is uniformly redistributed in the fuel pin leading to
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a rise of its superficial temperature. As a direct consequence, the temperature of the fuel
cladding may pass from 573 K to 973-1073 K in few seconds.

1.1 Severe accidents in LWR - The INES scale

A severe accident may be originated by internal or external causes. The internal events may
be malfunctioning, plant ruptures or mistakes of the operators, whilst the external events are
mostly of natural origin (earthquakes, tornados, flooding) but they can also be plane crashes,
missiles attacks or flammable gas explosions. The International Nuclear and Radiological
Event Scale INES [2] is a tool for a rapid communication between media, population and the
nuclear community on the safety significance of events concerning nuclear installations. The
INES classifies these out-of-nominal functioning events in seven categories. In Figure 2 the
INES is reported.

7Hﬁ.UP
ACCIDENT
SR
.
| 4

aid>v

Below Scale / Level 0
NO SAFETY SIGNIFICANCE

Figure 2: The International Nuclear and Radiological Event Scale [2]
Each step is separated by an order of magnitude from the previous and following in terms of its effect.
In the history of nuclear energy, some events occurred with different levels of gravity. A list of the
most severe accidents is reported in Table 1.

INES
Event Reactor design Description
level
Pile 1 ht fire leadi h f
Windscale, UK ile - caught 1r-e eadmg to the spread 9 a
B-Reactor, AGR | considerable quantity of fission products, especially 5
(1957) . . .
iodine-131, in the environment.
Three Mile
Island, USA PWR Partial melt-down of the reactor core 5
(1979)
Partial destruction of the nuclear core. Large
Chernobyl, RBMK degradation of the nuclear fuel. Large release of 7
URSS (1986) radioactive materials in the environment due to a
graphite fire.
Fukushima Meltdown of the units 1, 2 and 3 cores of the NPP.
Japan (201 1’) BWR Considerable release of radioactive material in the 7
P sea and in the surrounding of the NPP

Table 1: INES level of the most severe accidents in nuclear installations.
AGR=Advanced Gas Reactor; PWR=Pressurised Water Reactor;
RBMK=Reaktor Bolshoy Moshchnosti Kanalnyy (High Power Channel-type Reactor);
BWR=Boiling Water Reactor; NPP=Nuclear Power Plant
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The Three Mile Island accident (Table 1) led to severe damages to the reactor but to a limited
radioactive release in the environment (1% of the background radiation dose). Windscale
caused a relevant release of radioactive material leading the authorities to partially set up the
emergency plan to limit the effects on the population health.

During the Chernobyl and Fukushima accidents, a more critical situation was faced. In the
case of the Chernobyl accident the core was destroyed and the radioactive materials were
spread in the air reaching most of the radioactivity monitoring stations in Europe. It is
estimated that 3.5 % of the fuel was ejected from the reactor. All the radioactive noble gases,
33 % of the core inventory of caesium and 50 % of iodine-131 were released as well [3]. The
most recent severe accident occurred the 111 March, 2011 at the Fukushima Daiichi nuclear
power plant. Three of the four units at the Fukushima Daiichi NPP experienced core melt-
down and release of radioactive materials.

In the following a brief description of the progression of the Three Miles Island and
Fukushima accidents will be given. These severe accidents are of particular interest for the
present study because represent two accidental scenarios occurred in LWRs. Even if the
Chernobyl accident can be considered as the most serious, its progression will not be reported.
In fact, the accidental phenomenology is different compared with the LWRs’ one. A detailed
description of the accidental progression of Chernobyl accident can be found elsewhere [3].

1.1.1 Three Mile Island unit 2 — TMI-2 (1979)

The Three Mile Island NPP consists of 2 units equipped with PWRs. The reactor of the unit 2
had a thermal power of 2272 MWy, and an electrical power of 880 MW..

The unit 2 (TMI-2) was operating at 97% of the nominal maximum power when the accident
happened. During maintenance operations performed some days before, the valves of the
Automatic Feedwater System (AFS) were closed. This system allows removing the heat of
decay from the reactor in the case of an emergency shut-down of the reactor. At 4:00 am on
28™ March the feedwater flow to the steam generator was lost (event that can occur 2 to 3
times per year in a plant such as TMI-2 [3]). Because of the sudden loss of the heat removal,
the pressure began to rise in the primary system up to 163.8 bars. The Pilot Operator Relief
Valve (PORV) on the pressuriser opened and the reactor was shut down inserting the control
rods. At 153 bars the PORYV failed to close leading the system pressure continue dropping.
The high pressure Emergency Core Cooling System (ECCS) automatically turned on when
the pressure reached 111.8 bars. After a short time the operator thought that the primary
system was full of water and to prevent the overfilling of the vessel he turned the ECCS off.
This procedure led the remaining water in the reactor to evaporate: the core was in direct
contact with water vapour leading to a dramatic overheating of the fuel. The cladding started a
strong exothermic oxidation reaction that caused a rapid rise in temperature. Without any
active cooling system the fuel melted and reacted first with the partially oxidised Zircaloy
cladding. At the same time the metallic structures inside the reactor vessel (mechanical
supports, fuel assembly grids, instrumentation, control rods) started to melt. The mixture of
the molten fuel+cladding system and the metallic structure lead to the formation of the so-
called in-vessel corium. Due to the damage at the fuel cladding a significant fraction of the
gaseous fission products were released. The operators started again the ECCS and the cooling
of the reactor finally continued. The final configuration of the reactor after the accident is
reported in Figure 3.
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Figure 3: Final configuration of the TMI-2 reactor vessel and damaged core after the accident as

reported by Broughton et al. [4]

Broughton et al. [4] estimated that about 45 % of the core mass was melted after the accident.
It may be noted that from the protection of the public point of view, the safety systems
worked very well. In fact, only a small fraction of the radioactive materials was released in
the environment. In this case, the retention of the in-vessel corium mixture by the reactor
vessel resulted efficient.

1.1.2 Fukushima Daiichi (2011)

A 9.0 magnitude earthquake with an epicentre in the ocean off the coast of Sanriku (Japan)
occurred at 2:46 pm on March 11™ 2011. The control rods of all the operating units (units 1,
2 and 3 were operating whilst unit 4 was undergoing regular inspection) at the Daiichi NPP
were automatically inserted and the reactors tripped. Due to the loss of electrical power, the
emergency diesel generators automatically started and the reactors cooling begun. As a result
of the tsunami that hit the Fukushima Daiichi NPP at 3:35 pm pumps and outdoor equipment
for releasing the heat from the reactors to the sea were irreparably damaged and almost the
entire nuclear installation was flooded. Furthermore, all the emergency diesel generators and
the DC batteries were lost. In these conditions the residual heat of decay could not be
removed from the reactor cores. The general outline of the accident evolution [5] is reported
in Figure 4.

The sequence of events that led to the severe accident in unit 1 can be applied to unit 2 and 3.
The timing at which the cooling systems were lost is however delayed from unit to unit. In the
following a more detailed sequence of events will be given for unit 1 accident.

In unit 1, the water in the reactor vessel evaporated leaving part of the fuel bundles directly
exposed to water vapour. Due to the elevated temperature of the fuel rods, the Zircaloy
cladding reacted with the water vapour forming large amounts of hydrogen. The fuel itself
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was damaged because of the high temperature reached at that time. The primary containment
vessel was damaged as well. Hydrogen and radioactive materials leaked in the reactor
building and gathered in its upper part. At 3:36 pm on 12" March the accumulated hydrogen
ignited leading to an explosion. The gaseous and volatile fission products were thus released
in the atmosphere. The reactor core experienced a meltdown forming a molten corium: it
firstly accumulated at the bottom of the containment steel vessel, and then it pierced the
vessel pouring on the underneath concrete. The so-called molten core/concrete interaction
(MCCI) took place. The molten in-vessel corium start to ablate the concrete pit: the
interaction at high temperature between in-vessel corium and the decomposition products of
concrete led to the formation of a complex mixture called ex-vessel corium.
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Figure 4: Outline of the accident evolution at Fukushima Daiichi units 1, 2 and 3 [5]. The reported
sequence is simplified and considers only the main events that lead to the severe accident

1.1.3 Considerations on severe accidents - Defence in depth and EPR design

The Three Mile Island and the Chernobyl severe accidents stimulated the nuclear community
and the nuclear security agencies reconsidering the approach for the design of new nuclear
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reactors. The defence in depth philosophy is the result of a change in the nuclear installation
design strategy. Defence in depth means preparing countermeasures corresponding to the
various stages of an accident. In other words, if the first security action fails to stop the
accident, a second action is put in place to prevent a further progression of the accident.

The design of the European Pressurised Reactor (EPR, 1600 MW,) is based on the defence in
depth concept. The corresponding French security requirement is that there must be “no need
for emergency evacuation outside the immediate vicinity of the plant, only limited sheltering,

and no long-term restrictions in the consumption of food even in the case of a core melt
accident” [6].

In the EPR concept, all the critical load situations in the reactor containment must be either
“practically eliminated”, or avoided by specific design. In particular, these situations include:
- High pressure core melting

- Hydrogen detonation
- Steam explosion
- Penetration of the containment basement by the molten core.

The schematic representation of the EPR design is reported in Figure 5.
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Figure 5: EPR design [6]. IRWST=Internal Refueling Water Storage Tank
The core catcher is placed in a lateral spreading compartment, therefore a physical and functional
separation exist between the core catcher and the concrete reactor pit. The reactor pit consists of a
0.5 m thick layer of sacrificial concrete backed up by a cylindrical shielding consisting of refractory
materials. This design allows a complete accumulation of the molten in-vessel corium before
spreading.

1.2 PWR core degradation phenomena

As already seen in the previous sections, the loss of cooling of a PWR leads to core
overheating due to the residual heat of decay. If this event is prolonged an accidental scenario
occurs (Figure 6) [7].
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Figure 6: Scheme of the main events occurring during a severe accident [7]

The description of the progression of a severe accident is paramount to be able to mitigate its
consequences and possibly to terminate it. In this framework, the physicochemical behaviour
of the reactor core materials under accident condition is capital. During the severe accident
progression, the temperature inside the reactor may reach extreme values (2700-3200 K): this
temperature rise leads to complex interactions between the fuel, the cladding, the control rods,
etc. Hofmann [8] reported a straightforward representation of the in-vessel core degradation

1.2.1 In-vessel corium retention
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phenomena with increasing temperature (Figure 7).
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Figure 7: Melting and chemical interaction temperatures leading to liquid phases formation during a

A crucial point is shown in this clear-cut scheme: the nuclear fuel (as a first approximation
one may assume a UO;-fuel) can be already dissolved by molten Zircaloy at 1000 K below its
melting point. In fact, the uncontrolled temperature rise of the Zircaloy cladding due to
oxidation by H,O leads first to the melting of the cladding and then to the dissolution of UO,
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leading to the formation of a (U,Zr,0) melt: then the relocation of the fuel may take place
already below 2273 K.

Since the end of the 70°s numerous studies have been performed on the chemical interaction
between fuel and its cladding [9—13]. Several tests were performed between 1173 K and
1973 K. Hofmann and Politis [9] reported annealing test results showing the formation of
different layers due to the direct UO,-Zircaloy interaction. Figure 8 shows a diffusion couple
profile obtained at 1673 K.
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Figure 8: Sequence of layers obtained during diffusion couple test UO,-Zircaloy under oxidising
atmosphere (T=1673 K). It may be noted that a liquid phase is formed

During the UO»-Zircaloy interaction, a progressive reduction of the fuel was observed,
leading to the formation of oxidised form of zirconium, namely a-Zr(O) at the UO,-Zircaloy
interface and ZrO, at the Zircaloy-oxidising atmosphere interface. The formation of these
phases leads to the embrittlement of the fuel cladding and to the loss of its mechanical
stability. However, as long as the ZrO, layer remains intact, the relocation of the molten
materials is prevented. If mitigation actions are not effective at this stage, the dissolution of
ZrO; and UO; by molten Zircaloy may take place (M.S. Veshchunov, 1994) leading to the
loss of the first radiological barrier.

Starting from 1473 K the Inconel spacer grid and the control rods stainless steel (ss-316
18 wt% Ni, 8 wt% Cr) cladding melt due to chemical interactions. Direct contact with
Zircaloy may drive liquefaction well below this temperature [14]. During the interaction with
the control rods, the absorbers (silver, cadmium and indium) may further lower the
liquefaction temperature resulting in an even lower UO; dissolution temperature. In these
conditions, the relocation of a metallic and a ceramic melts, the in-vessel corium, in the
lower-head of the reactor vessel happens as a direct consequence of these high temperature
interactions. In the 3™ Generation LWR, the in-vessel retention is the chosen strategy: the
reactor steel vessel is thus externally water-cooled to limit thermal creep.

Because of the existence of a miscibility gap in the liquid phase of the in-vessel corium
system [15], inside the reactor a metallic and an oxidic melts stratify (Figure 9a). The density
difference drives this phenomenon, leading the heavier oxidic melt to the bottom of the lower-
head, and the metallic melt above the ceramic melt. Depending on the degree of oxidation of
zirconium, the U/Zr ratio and on the amount of molten steel in the in-vessel corium, a heavy
metal layer may relocate underneath the oxidic melt [15], as shown in Figure 9b.
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Figure 9: Possible in-vessel corium configuration in the case of an in-vessel relocation strategy. a)

oxidic melt underneath the metallic melt; b) heavy metal melt formation under the oxidic pool [15]

Since liquid metal has a low emissivity, the radiative heat transfer from the metal is limited.
The main part of the heat release occurs at the molten metallic layer/steel vessel interface. If
the thickness of the upper metallic layer is excessively reduced, the so-called focusing effect
may take place. In this situation, the heat flux from the liquid metal to the steel vessel is
important and it may lead to the vessel breach (if this heat flux is greater than the Critical
Heat Flux, CHF=1.5 MWm™ in the reported scenario). Seiler et al. considered the U-Zr-Fe-O
system as a first approximation in-vessel corium. The authors showed that depending on the
amount of dissolved iron an inversion of the melts density may be observed (Figure 10).

The intersection between the oxidic phase density and the metallic phase density in Figure 10
gives the maximum amount of steel (iron simulates steel behaviour) that stratify under the
oxidic pool. For example, for an in-vessel corium with 30 % of oxidised zirconium (C30 in
Figure 10), the metallic phase is heavier than the oxidic phase until 25 tons of dissolved iron.
This means that a considerable amount of steel may stratify under the oxidic pool. It may be
also noted that the density of the oxidic phase is practically not affected by the iron addition
suggesting that the solubility of iron in the oxidic phase is limited.
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Figure 10: Evolution of the density of oxidic (red line) and metallic (black lines with different amount
of initial oxidised zirconium) melts as a function of the amount of dissolved iron [15]

These calculations were performed by coupling thermochemical data with thermal and

thermo-hydraulics data. The uncertainties related to the chemical composition of the

metallic and oxidic phases affect the density results and therefore affects also the
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maximum mass of steel that can stratify underneath the oxidic pool. The coupling with
thermo-hydraulics allowed to determine the minimum amount of steel needed to maintain the
heat flux under the CHF (in the reported scenario the calculated minimum mass of steel is 80
tons). A better thermodynamic description of the in-vessel corium system is thus needed in
order to improve the simulation accuracy.

Once the second radiological barrier is lost, the relocated molten material can interact with the
vessel containment structures: the ex-vessel stage of the severe accident starts. During the
Three Mile Island accident the in-vessel retention worked, preventing the direct interaction
between the molten corium and the concrete. On the other hand, during the Fukushima
Daiichi accident the reactor vessel failed, leading the molten corium contacts the concrete.

1.2.2 Ex-vessel corium retention

The ex-vessel relocation of the molten core material is the last retention option for 2™ and
3" Generation nuclear reactor before a significant release of radioactive materials in the
environment. In the case of the EPR configuration, the in-vessel retention is only temporary.
It was chosen instead ex-vessel retention in a dedicated lateral core catcher [6].

When the molten core pours on the containment concrete the so-called Molten Corium-
Concrete Interaction (MCCI) will start. The molten corium at about 2673 K starts interacting
with the concrete. At the beginning, the MCCI is controlled by the melt overheat that heats
the concrete. CO, and steam are released and concrete starts to melt. The released gases may
then move within the corium oxidising zirconium and steel. Afterwards the decay heat
becomes the main source of heat. If the ex-vessel retention actions work, the radioactive
materials stay inside the reactor containment, preventing a massive release in the
environment. From the chemical point of view, all the components of the concrete (mainly
Ca0, Si0,, Al,03, MgO, H,0, CO,) are added to the already complex in-vessel system. The
ex-vessel corium may then be defined as a metallic/oxidic mixture within the in-vessel
corium+concrete system. As a first approximation the U-Zr-Fe-Ca-Si-O system can be
considered as a representative ex-vessel corium.

High temperature concrete decomposition, gas bubbles agitation, formation of several phases,
oxidation of metals, ablation process are only a part of the phenomena observed during
MCCI. The whole comprehension of MCCI depends on a multitude of parameters: the design
of the reactor containment and the mitigation actions applied during the severe accident may
reduce the effect of an ex-vessel relocation of the molten core. In the same way, the
knowledge of the physicochemical properties of in-vessel corium, concrete and ex-vessel
corium can help the reactor designers to use the appropriate materials during the project
realisation. In fact, thermodynamic and thermochemical data are fundamental for severe
accident codes as TOLBIAC-ICB [16], ASTEC [17], MAAP [18] and MELCOR [19]. The
coupling of thermodynamics with thermo-hydraulics based software, allows describing the
thermo-physical properties of molten corium both during in-vessel and ex-vessel retention.
The presence of a miscibility gap in the liquid phase of the corium system plays a crucial role
for the simulation of the accidental scenario: thermo-hydraulics has to face two liquids (in
addition to water) with different density and viscosity. Furthermore, the residual heat of decay
that drives the accident progression is not homogeneously distributed within the oxide and the
metallic liquids. The oxide liquid has a larger solubility for the fission products and the
radioactive actinides. This fact has to be taken into account during a severe accident
simulation and during the design of the reactor.
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1.3 Concluding remarks

The comprehension of the phenomena occurring during a severe accident is paramount for the
design of new reactors and to find more efficient mitigation actions. Since the beginning of
the civil nuclear industry, several experimental programs have been performed to investigate
all these phenomena. The physicochemical properties of the in-vessel materials were studied
as well as the complex phenomena involved during MCCI.

The main objective of this thesis is contributing to the thermodynamic description of the
physicochemical interactions occurring during a severe accident. As already introduced, the
real corium system is extremely complex and difficult to describe because it includes a large
number of chemical elements. In this framework a simplified version of the in-vessel and ex-
vessel systems are considered. Since in some cases the UO;-based fuel can be replaced by a
(Pu,U)0O,-based fuel, the so-called MOx, the U-Pu-Zr-Fe-0 system will be considered as the
prototypic in-vessel corium, neglecting as a first approximation fission products and
additional elements contained in the metallic structures inside the vessel
(e.g., nickel, chromium, niobium ...). Notwithstanding the high item importance of this
system for the severe accident comprehension, a lack of data exists on its high temperature
behaviour. In particular, the experimental needs on the sub-systems are:

- O-U-Zr: extension of the miscibility gap in the liquid phase and liquidus transition in
the Zr-rich side of the ternary phase diagram
- O-Fe-Zr: lack of experimental data within the ternary phase diagram
- O-Fe-U: lack of experimental data within the ternary phase diagram
- Pu-containing systems: lack of experimental data mainly due to difficulties related to
the handling Pu-containing samples
In this framework, during the present study new experimental results on the O-U-Zr, Fe-Zr-
O, Pu-Zr-O, U-Zr-Fe-O and U-Pu-Zr-O systems were obtained. Those results have been

used for the thermodynamic reassessment of the in-vessel corium prototype system using the
CALPHAD method [20,21].

For the ex-vessel corium description, the concrete will be considered as an oxide mixture
(without taking into account H,O and CO, since these compounds have already been released
due to high temperatures): the prototypic concrete will be simulated by the 4/,03-Ca0O-SiO;
system. Therefore, the final prototypic ex-vessel corium will be the U-Pu-Zr-Fe-Al-Ca-Si-O
system.

In the second chapter, the critical review on the existing literature on prototypic in-vessel
corium sub-systems is reported. The selection of significant experimental allows the re-
assessment of the thermodynamic model of the in-vessel corium system. Furthermore, a
selection of large scale experiment results will be given.

The third chapter reports the experimental investigation on interesting in-vessel corium sub-
systems. This new set of data will be used for the thermodynamic modelling as well. The
fourth chapter contains the thermodynamic modelling on the prototypic in-vessel corium. The
reassessed model will be discussed in detail. The last part of the fourth chapter is dedicated to
solidification path calculations to better interpret the current experimental results.

Chapter five represents an exploring approach to investigate two complex prototypic ex-
vessel corium samples. Solidification path calculations will be used to test the validity of the
current model coupled with the TAF-ID database.

In Chapter six, the novel experimental setup — ATTILHA — will be presented. The first results
on well-known system as well as the future perspectives for this device will be discussed.
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The general conclusions of this thesis, the impact of the present work and the perspectives for
future investigations will be finally presented in the last Chapter.
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Chapter 2 — Critical review of literature data

During the last six decades numerous research groups investigated the high temperature
behaviour of the chemical systems involved during a severe accident in a PWR. Above
1300 K the interaction between the UO,-based nuclear fuel and the Zircaloy cladding may
lead to the formation of a liquid phase and to the loss of the first radioactive barrier. In this
framework, the ternary O-U-Zr system has been studied with particular interest. The molten
O-U-Zr mixture may then interact with the metallic structures inside the reactor (stainless
steel coming from the control rods cladding and Inconel spacer grids) and finally with the
reactor steel vessel, leading to the formation of the so-called in-vessel corium. As a first
approximation the U-Zr-Fe-O system may be considered as the simulant for the in-vessel
corium behaviour. In order to deduce the thermodynamic properties of the U-Zr-Fe-O system,
the three ternary subsystems may be considered. In this framework, the U-Fe-O and Zr-Fe-O
systems are of significant interest. Plutonium may be added to the in-vessel corium
composition if MOx fuels are considered leading to the more complex U-Pu-Zr-Fe-O system.

In the following a critical review of the thermodynamic and phase diagram data for the
ternary O-U-Zr, U-Fe-O, O-Fe-Zr systems, and the quaternary U-Zr-Fe-O and U-Pu-Zr-O
systems will be given. The data will be chronologically listed. This review allowed the
selection of the experimental data that have been used during the reassessment of the
thermodynamic model of the simplified in-vessel corium system (U-Pu-Zr-Fe-O).

In the case of reactor vessel mechanical failure, the molten in-vessel corium directly contacts
the concrete of the reactor containment leading to the formation of the complex ex-vessel
corium system. The composition of the concrete used for the reactor containment is not a
constant parameter; ideally for each nuclear power plant one should refer to the specific
concrete composition. In order to simplify and generalise the study, the water and CO,
contributions are neglected (at the severe accident temperature one may consider that water
and CO; are not present anymore in the ex-vessel corium mixture). Considering only the main
constituent of the concrete, the 41;0;-Ca0-SiO; can be taken as the representative system. In
the present work, the will not be further investigated, considering satisfactory the
thermodynamic model described in the TAF-ID thermodynamic database [1].

The second part of the chapter is dedicated to the accidental scenario phenomenology. The
main phenomena occurring during the first in-vessel retention and then during the Molten
Corium — Concrete Interaction (MCCI) are described and a selection of large scale
experiments will be given. It might be noted that a limited number of data are available on the
thermochemistry of the MCCI.

2.1 Thermodynamic and phase diagram data on in-vessel corium systems

In this section the existing literature on the systems investigated during this work will be
presented. The thermodynamic and phase diagram data of the ternary O-U-Zr, U-Fe-O, O-Fe-
Zr and Pu-Zr-O systems as well as of quaternary U-Zr-Fe-O and Pu-U-Zr-O systems are
reported.

2.1.1 O-U-Zr system

Saller et al. performed the first investigation of the phase stability relations in the O-U-Zr
system in 1955 [2]. The authors investigated 20 samples on the UO,-Zr section by heat
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treatments and proposed three tentative sections at 810 K, 977 K and 1373 K. Juenke & White
(1970) [3] investigated the interaction between UO, based fuel and the Zircaloy cladding. The
UO,-Zr pseudo-binary system was studied above 1900 K. A thermal arrest technique was
used to explore the UO; rich region of the phase diagram, whilst annealing and quench tests
were performed to identify the phases present at equilibrium at a given temperature. The
heating method was not specified.

In the UO; rich region the authors expected to find liquidus and solidus lines because of the
similarities with the U-UO, monotectic system. The samples were prepared placing metallic
Zr in UO; crucibles, weighing about 34 g, and sealed under vacuum in tungsten crucibles.

For the quench tests the samples were firstly heated for 1.5 hours in the temperature range
1920 K — 2700 K and then quenched and analysed using metallography and X-ray diffraction.

With the obtained experimental points they established the high temperature region of the
UQO;-rich zone (see Figure 1).
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Figure 1: Tentative Zr-UO, phase diagram reported by Juenke & White [3]

Figure 1 shows the experimental results obtained by Juenke & White. Above 2673 K, the
authors found a miscibility gap in the liquid phase: a metallic liquid L1 and an oxide liquid L2
were observed. The composition of the two liquids in equilibrium was not reported. The
authors proposed a tentative phase diagram based on their results. The existence of a
monotectic reaction at about 2673 K was argued on the basis of the similarities between the
Zr-UO; system and the U-UO; system. However, from a thermodynamic point of view, the
Zr-UO, system given in Figure 1 cannot be treated as a pseudo-binary system as it was
interpreted by Juenke & White. This is due to the fact that this system contains a ternary
monotectic reaction and thus the tie-lines correspond to the three-phase equilibrium
[L1+L2+(U,Zr)O,«] from a triangle in the ternary O-U-Zr system. In fact, the degree of
freedom (v) of this ternary monotectic reaction is equal to 1. Using the Gibbs’ phase rule [4]
the degree of freedom v of a system, i.e., the number of independent variables necessary to
fully define the state of the system, is given by:

v=C+l-¢

where C is the number of components (C=3 in a ternary system), ¢ the number of phase in
equilibrium (¢=3 for a monotectic reaction). Considering the pressure as a fixed intensive
variable, in the present case one obtains:
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v=3+1-3=1.

Therefore, the temperature can vary across a ternary monotectic reaction. The experimental
data obtained by Juenke & White can be considered reliable but are lacking of experimental
details. The reported results are selected for the thermodynamic modelling.

Politis (1976) [5] investigated the UO,-ZrO,-U-Zr sub-system of the O-U-Zr system. The
author performed heat treatments at 1273 K, 1773 K and 2273 K and metallographic analyses.
He also studied the ZrOs;-UO; section by optical pyrometry. The author confirmed the
presence of a miscibility gap in the liquid phase within the O-U-Zr ternary system above 2673
K (Figure 2b). The temperature of the eutectic reaction [ZrOgs;+(U,Zr)O,4] = L was
measured equal to 2073420 K at 5 mol% UO,. An inconsistency exists between the reported
ternary isothermal section at 2273 K and the ZrOgs;-UO, section (see Figures 2a and 2b): the
liquidus line in the ternary section crosses the ZrQg s;-UQO; section at 14 mol% UO, whilst in
the isopleth it is reported a value of 8 mol% UO,. Furthermore, Politis did not reported the
domain of existence of a-Zr(O) in the isothermal ternary diagram at 2273 K.

Note also that agreementing to Politis, the liquidus line in the isothermal ternary section at
2273 K crosses the Zr-UO; section at about 55 mol% UQO, whilst in the Zr-UO, isopleth
section given by Juenke & White, the UO,-content of the liquidus line at the same
temperature is situated at 15 mol% UO..

Skokan (1984) [6] investigated the inconsistency of Politis’ work concerning the position of
the liquidus line as well as the eutectic temperature. The author performed high temperature
thermal analysis (DTA) and pyrometric measurement to investigate the liquidus curves
between 1773 K and 2273 K. The samples were prepared starting from a mixture of UO,,
ZrO, and Zr powders. The post-experiment analyses were performed by means of X-ray
diffraction and metallography.

First the author fixed the value of the oxygen concentration of a-Zr(O) at 30 at% ~ ZrOg 43
(Politis reported 34 at% O ~ ZrOg s;).
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Figure 2: Results reported by Politis [5]. a) ZrOy 5;-UO, section. b) Isothermal ternary section at 2273
K. @ =liquid; o = solid; ®@solid+liquid
The measured eutectic temperature (2173 K) is 60 K higher than previous works [5]. The

eutectic composition in the a-Zr(O)-UO, section lies at 15 mol% UO,.
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The maximum solubility of UO, across the a-Zr(O)-UQO; section at 2273 K is 16 mol% UQO,,
in agreement with Juenke & White. This value corroborates the results on the isothermal
section reported by Politis, confirming the error in the isopleth section. Politis [5] and Skokan
[6] reported an isothermal monotectic reaction lying in the ZrOgs5;-UO; section. As already
pointed out for Juenke & White’s work [3], the use of the term isothermal monotectic passing
through a ternary system is not thermodynamically correct.

Yamanaka et al. investigated the isothermal section at 1773 K by heat treatment. The samples
were then analysed by X-ray diffraction, metallography examination and scanning electron
microscopy.

In a series of publications, Hayward & George (1994-1996) [7-10] studied the interaction
between UO,; and Zircaloy from 2273 K to 2773 K. In particular they focused their interest on
the study of the solubility of unirradiated UO; in initially O-free Zircaloy and in Zircaloy with
an initial 25 at% O content. A powder of Zircaloy was firstly placed inside a UO, crucible.
Thus, the whole system underwent the scheduled heat treatment.The authors pointed out that
the solubility of UO, in the liquid phase increases with temperature and decreases with the
initial amount of oxygen in the Zircaloy cladding. Furthermore they observed the progressive
shrinking of the two phase [(U,Zr)O,+L] region in the ternary O-U-Zr system as soon as the
temperature raises.

It may be noted in Figure 3 that the authors did not find any miscibility gap in the liquid
state in disagreement with Politis [5] and Juenke & White [3].
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Figure 3: ZrOy 54-UO, section reported by Hayward and George [9]

Note however that the isopleth section investigated by the authors is at the limit of the domain
of existence of the miscibility gap: a slight change in the sample composition during the
experiment (e.g., due to the vaporisation of UO that shifts the global composition of the
sample towards the Zr-O side of the ternary diagram) could easily lead to a composition
outside the immiscibility region. None of the experimental results of Hayward & George
will be considered for the thermodynamic modelling.

One of the main objectives of the PhD thesis of Maurizi (1998) [11] was the determination of
the liquidus line within the O-U-Zr system at 2273 K. For a ratio U/Zr=1.35, the author
obtained an oxygen solubility in the ternary (U,Zr,0) liquid of 7+1 at% O, as reported in
Figure 4.
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Figure 4: O-U-Zr isothermal section calculated at 2273 K [11]

The experimental result obtained at 2273 K allowed reassessing the liquidus line shape: the
resulting oxygen solubility in the liquid phase is lower compared with the previous works of
Politis [5] and Skokan [6]. The solubility data obtained by Maurizi is retained for the
thermodynamic reassessment.

In the same period Guéneau et al. (1998) [12] obtained new experimental data on the
miscibility gap in the liquid phase in the ternary O-U-Zr and in the binary U-UO, system.
Recalling what previously showed by Juenke & White [3] and Politis [5], a wide miscibility
gap in the liquid state exists in the ternary O-U-Zr system.

The authors used an electron bombardment system in order to melt and quench different
samples. In particular, for the investigation of the O-U-Zr system they used two ternary
alloys:

- (UO,+Zr) mixture

- (U+ZrO;) mixture

Concerning the binary U-UQO, system, the investigations were conducted by placing a UO,
pellet under an ingot of pure natural uranium. The post-melting analysis of the U-UO, sample
showed a microstructure typical of two immiscible liquids. In Figure 5 the authors identified
quenched droplets of oxide liquid L2 within a solidified U-rich metallic liquid L1.

Figure 5: Back scattered electrons image showing the microstructure of the U-UO, quenched sample
from T=3100 K. It may be noted the presence of quenched droplets of liquid L2 (oxidic) within the
solidified liquid L1 (metallic) [12]

The post-melting analyses performed on the quenched U-ZrO, sample also revealed the
presence of a miscibility gap in the ternary liquid.
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Figure 6 reports a BSE image of the quenched U-ZrO, sample. A droplet of solidified oxide
liquid is surrounded by quenched metallic liquid.

Figure 6: Backscattefing electrons image of the U-EEOZ sﬂample after quenching [12]

The authors employed their experimental results and other significant literature data [3] to
redefine the thermodynamic description of the ternary O-U-Zr system. The interaction
parameters are not reported in the paper. It may be pointed out that Guéneau et al. are the only
authors reporting a tie-line for the miscibility gap in the ternary liquid phase. Even if affected
by a significant uncertainty due to the high temperature reached during the experiment and the
control of the cooling rate, this result is paramount because it allows a better shape of the
immiscible region. For this reason these tie-line data will be used for the thermodynamic
assessment of the O-U-Zr system.

Bakardjieva et al. (2008) [13] summarised the experimental and modelling results obtained on
the system corium/concrete. Of particular interest are the results on the pseudo-binary Zr-UO,
system. Using the laser heating technique [14], specimens in the UO,-rich region were
studied. The specimens were prepared pressing into pellets and sintering under inert
atmosphere at 1973 K a mixture of UO, and ZrO, (or Zr) powders. The results confirm the
presence of a miscibility gap in the liquid phase in the Zr-UO, section. Furthermore, the
liquidus/solidus results obtained for the same section were in good agreement with the results
of Juenke & White [3].

In the framework of the CORPHAD project (Phase Diagrams for Multicomponent Systems
Containing Corium and Products of its Interaction with NPP Materials), the aim of which is
the study of the major binary, ternary and quaternary systems involved during a severe
accident, some experimental results were obtained on the O-U-Zr system. In the MASCA
(MAterial SCAling) project tests [15], two immiscible liquids (one oxidic the other metallic)
were observed studying the O-U-Zr system. The experimental results compared with
calculation performed with GEMINI-2 software and NUCLEA database are shown in Table 1.
It can be noted from Table 1 that a significant discrepancy exists between experimental data
and calculations results on the oxygen and zirconium contents in the metallic liquid. The
experimental miscibility gap appears to be significantly smaller than the calculated one. The
calculations are based on the results of Guéneau et al. [12].
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Composition of metallic liquid, at% Composition of oxidic liquid, at%

Composition, Experiment Calculation Experiment Calculation
atomic fraction/
temperature, K v|lzm|o|U|zw|o|vUu|zw|lo | Uu|zZ| o

U 32521029200 383/

7 408 | 322 | 27.0 | 440 | 41.5 | 145 | 251 | 26.7 | 482 | 24.8 | 21.1 | 541
L"3-*'3'-"-21":'5;';?'3-"3-‘"" 53.1 | 29.3 | 17.6 | 49.8 | 368 | 13.4 | 27.6 | 23.2 | 49.2 | 303 [ 162 | 53.5

Table 1: Comparison between experimental data and calculations (GEMINI2 + NUCLEA database) of
coexisting liquids in the O-U-Zr ternary system [15]

These measured tie-lines compositions will not be used for the thermodynamic
modelling; the authors argued that segregation phenomena occurred during the experiment,
leading to the shift of the tie lines. A more detailed discussion on these experimental results
will be given in Chapter 3.

Table 2 reports the O-U-Zr phase diagram data selected for the thermodynamic modelling.
These data are used to reassess the ternary interaction parameters of the O-U-Zr system.

Authors Type of data T (K) Comments
. Phases equilibria 2073-2673 K
Juenke & White [3] Liquidus/solidus across the Zr-UO, section 2673-3140 K UO; side
Politis [5] Phases equilibria 2000-3100 K
Maurizi [11] Solubility of OXY%EL;E ternary (U,Zr,0) 273K U/Zr=135
Guéneau et al. [12] Miscibility gap tie-line 3223 K

Table 2: Phase diagram data retained for the thermodynamic modelling

It must be pointed out that most of the experimental data obtained within the O-U-Zr system
concern the region close to the Zr-UO, section between 2000 and 2600 K due to the interest
of the Zircaloy cladding-UO, fuel interaction during a severe accident. However, in order to
have a straightforward description of the O-U-Zr thermodynamics, new experimental data
are needed, especially to better describe the shape of the miscibility gap in the liquid
phase and the liquidus line in the oxygen-poor side of the ternary phase diagram.

2.1.2 UO»-ZrO; system

During the normal functioning of a PWR, inside the vessel, an oxidising environment is
present. In the case of a severe accident it is thus frequently imposed that the corium pouring
on the concrete underneath the damaged steel vessel should be completely oxidised. In this
framework, the pseudo-binary UO,-ZrO, system at high temperature is paramount. Several
studies were performed on this system since the 1950's, showing rather important
experimental constraints related to the control of the oxygen level during the tests.

Lambertson & Miiller (1953) [16] heat-treated and quenched UO,-ZrO, samples to determine
the post-melting compositions by chemical analysis and XRD. The samples were firstly
sintered at 1973 K under pure H,. The experimental temperature was controlled by using
thermocouples and optical pyrometers. The authors investigated the liquidus/solidus
transitions. They reported a minimum in the liquidus/solidus lines at 2823 K at a composition
of about 52.5 mol% ZrO,. Since the reported liquidus temperatures are close to 2900 K, it can
be concluded that the chemical homogenisation of the samples is achieved. The liquidus data
of Lambertson & Miiller are selected for the thermodynamic modelling.
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Voronov et al. (1958) [17] fabricated UO,-ZrO, samples starting from UO, and ZrO,
powders. The powders were mixed in different compositions, pressed and sintered at 2573 K
for 2 hours. After a heat treatment in a W-resistance oven under argon at different
temperatures between 1679 K and 1950 K, the samples were quenched in water. The
retained solubility data obtained via XRD and dilatometry are reported in Table 3.

T/K 1823 | 1921 | 1947 | 1947 | 1950 | 1843 | 1817 | 1679

X(ZrO,) molar fraction | 0.201 | 0.301 | 0.402 | 0.501 | 0.597 | 0.798 | 0.848 | 0.848

Table 3: Solubility data of tetragonal ZrO, in cubic UO, [17]

Cohen & Shaner (1963) [18] mixed pure oxide powders in order to obtain the desired
compositions set. The dry powders were blended, compacted and calcinated at 1998 K in H;
to form UQO,-ZrO, solid solution. In order to ensure the homogeneity of the samples, the
briquettes were crushed and re-pressed into disks and finally sintered for 72-110 hours at
1998-2048 K. Afterwards, the samples were annealed above 1473 K and quenched at a rate of
300 K/s. Above 2173 K, the annealing was performed in an induction furnace with a cooling
rate of 700 K/s; optical pyrometers were used for the temperature detection. The quenched
samples were finally analysed by X-ray diffraction and metallographic technique. The authors
confirmed the existence, through the entire UO,-ZrO, phase diagram, of a continuous solid
solution between 2573 K and 2823 K, with a face-centred-cubic crystal structure. A two phase
region was detected in the ZrO,-rich part of the phase diagram. The two phases in equilibrium
were found to be face centred cubic (fcc) and face centred tetragonal and extent between 1933
K and 2573 K. The composition limits of this two-phase region at 1973 K are respectively
50 mol% UO, and 19 mol% UO,. The reported UO,-ZrO, phase diagram is shown in
Figure 7.

The lower temperature measurements (1473 and 1673 K) show a large ZrO, solubility in
cubic UO; and a large UO; solubility in tetragonal ZrO,. Note that, since the low kinetics of
the solid-solid reaction at low temperature, solubility limits measurements are challenging.
Romberger et al. (1967) [20] measured the solubility limits from 873 K to 1403 K in the UO,-
ZrO, pseudo binary system. The authors mixed hyper-stoichiometric UO, 1, with ZrO; to
obtain three solid solutions respectively containing 19, 50 and 80 mol%UOQO,. Afterwards the
solvent LiF(66)-BeF,(34) was added. After a heat treatment, the residual fluoride LiF-LiF,
phases was removed by dissolution in an aqueous 0.02 M Na,EDTA solution. This technique
allows an excellent homogenisation of the samples even at relativly low temperatures
(T<1673 K) [21]. For this reason the low temperature solubility data of Romberger et al.
are retained for the thermodynamic modelling. Due to Kinetic limitations, the low
temperature experimental data of Cohen & Shaner [18], are discarded but their data
obtained above 1673 K are retained. The post-experiment analysis of Romberger et al. was
performed by chemical analysis, X-ray diffraction and ceramographic investigation.
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Figure 7: Tentative UO,-ZrO, phase diagram reported by Cohen & Shaner [18]. The liquidus and
solidus data are taken from [19], whilst the black and white triangles from [17]

The solubility of monoclinic ZrO, in cubic UO, was found to be approximately
0.35+0.15 mol% ZrO, between 873 K and 1404 K (significantly lower than values obtained
by Cohen & Shaner [18]), whereas the solubility of UO, in monoclinic ZrO, was reported
equal to 0.07 mol% UO, at 873 K and 0.2 mol% UQO; at 1383+5 K.

Une & Oguma (1983) [22] measured the oxygen potential of the U;_,ZryO,.4 (0.02<y<0.20)
solid solutions at 1773 K using equilibrium with CO/CO,/O, mixtures. The UjyZryOsx
samples were used for a thermogravimetric measurement for the oxygen potential
determination coupled with XRD. Different levels of oxygen potential were imposed during
the experiments by varying the CO/CO; ratio. The authors observed a linear decrease in the
lattice parameter up to y=0.15 after 4 hours at 1773 K. This value is slightly lower than the
value reported by Cohen & Shaner (y=0.18 at 1773 K).

Paschoal et al. (1987) [23] performed heat treatment at 1973 K for 100 hours in an Ar-8% H;
atmosphere (oxygen partial pressure <107 Pa). The maximum solubility of cubic UO, in
tetragonal ZrO; at 1973 K was found to be 21 mol% UQO,, whereas the maximum solubility of
ZrO; in UQO; at the same temperature was 49 mol% UQO,. These values are in good agreement
with those reported by Cohen & Shaner (see Figure 7) and are retained for the
thermodynamic modelling.

The retained phase diagram data for the UO,-ZrO; system are reported in Table 4.

Authors Type of data Experimental range
Lambertson [16] Liquidus 0-100 mol% ZrO,

Voronov et al. [17] Solubility of UO, in ZrO, 1679-1950 K

Cohen & Shaner [18] | Solubility of UO, in ZrO, and vice versa 1873-2549 K
Une & Oguma [22] Solubility of ZrO, in UO, 1773 K

Romberger et al. [20] Low temperature solubility 873-1443 K
Paschoal et al. [23] Solubility 1973 K

Table 4: Experimental data retained for the thermodynamic modelling of the UO,-ZrO, pseudo-binary
system
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More recent studies focused on the measurement of the activities of UO; and ZrO; in gas
mixtures in equilibrium with different solid UO,-ZrO, mixtures and at different temperatures.
Stolyarova et al. [24] used the Knudsen effusion high-temperature mass spectrometric method
to study thermodynamic properties of the UO,-ZrO, system between 2200 K and 2650 K. The
samples were obtained by sintering and annealing UO, and ZrO, powders. The samples were
finally crushed before experiments. The initial composition of the samples was confirmed
using X-ray diffraction and spectro-chemical analysis. The activity of UO, and ZrO, were
calculated comparing the corresponding partial pressures over the UO,-ZrO, solid solution
and over the pure oxides.

As the temperature increases from 2203 K to 2598 K the deviation from the ideal solution
behaviour decreases as it may be seen in Figure 8.
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Figure 8: UO, (black circles) and ZrO, (black triangles) activities in the UO,-ZrO, solid solution at a)
2203 K and b) 2598 K [24]

Baichi et al. [21] used a multiple Knudsen cell-mass spectrometric method to investigate the
thermodynamic activity of UO; in the UO,-ZrO, pseudo binary system. For this purpose the
partial pressure of gaseous UO; in the range of 2000-2400 K was measured. The samples
were prepared starting from the pure oxide powders. The mixture was then compacted and
sintered at 1973 K for 96 hours in dry hydrogen.

A positive deviation from the ideality was observed at 2205 K (Figure 9a) as already observed
in [24] (Figure 8). The UO,-ZrO, solid solution becomes almost an ideal solution at 2498 K
(Figure 9b).
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Figure 9: Activity of UO, as a function of the molar fraction of ZrO, at (a) 2205 K and (b) 2498 K
reported in [25]
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The UQO; activity data obtained by Baichi et al. are retained for the thermodynamic
modelling of the UOQ,-ZrQO; system.

2.1.3 O-Fe-U system

The O-Fe-U system is of particular interest in the framework of severe accident studies. The
molten mixture fuel+Zircaloy may interact with the surrounding metallic structure, leading to
the formation of the in-vessel corium. The experimental investigation of this system is rather
challenging. Both iron and uranium have multiple oxidation states depending on temperature,
oxygen partial pressure and total pressure during the experiments. In addition, the
vaporisation of iron makes more problematic the investigation of the aforementioned ternary
system. The control of the composition of the samples under investigation is thus
complicated. Therefore, an undoubted lack of experimental data exists for the present system.
It may be noted that most of the reported experimental data concern the oxide region of the O-
Fe-U ternary phase diagram: the metallic side of the diagram is, as a matter of fact,
experimentally unknown.

Hofmann et al. [26] studied the U-Fe-O ternary interactions at 1273, 1773 and 2273 K in the
framework of severe accident researches. Since UO, is the more stable oxide, it is in
equilibrium with pure iron, iron oxides and metallic liquid. At 2273 K UQ; is the only solid
phase in the ternary phase diagram. Labroche [27] performed an experimental study at 1300 K
in the U-Fe-O ternary system. The author identified the ternary UFeO4 compound at 1300 K.
A non-negligible solubility of iron has been observed in UO,.

Evans and White (1964) [28] performed isobaric experiments on samples lying within the
ternary diagram between 1573 and 1773 K. During the experiment, the samples were heated
under different oxygen partial pressures (0.0088-0.21 atm) and the mass variation was
measured by thermogravimetry. The authors highlighted the difficulties related to the
numerous oxidation states of both uranium and iron. The variation of the oxygen partial
pressure causes changes in the nature of both uranium and iron oxides. At atmospheric
pressure (i.e., p(02)=0.21 atm) an eutectic transition Liq. = [U3Ogs)+Fe,O3] was observed
at 1621 K at a composition of 66.4 mol% U;Og. At lower oxygen partial pressure
(p(02)=0.070 atm) another transition was observed at 1633 K, that may be the transition
Fe;032Fe;04. At a p(0,)=0.0058 atm the eutectic transition Liq. = [UOyss+FesO4] took
place at 1623 K. Two ternary eutectic points were also observed in this system (Table 5).

Eutectic Composition Reaction p(O,) /atm | Temperature / K
at% U | at% Fe | at% O
El 14.65 | 20.75 64.6 L& U;05+UO,+Fes04 0.011 1599
E2 13.5 21.8 64.7 | L& U;041Fe,0;51Fe;04 0.028 1591

Table 5: Ternary eutectics measured by Evans and White [28]

Riley (1969) [29] investigated the UO,-Fe,O3 system. The two end members show variations
in composition with temperature and oxygen partial pressure. In air a eutectic transition was
observed at 1533+10 K with a liquid composition of 70 wt% UO,.. If the oxygen potential
was reduced enough for the formation of the U4O9 cubic phase, a miscibility gap in the liquid
phase was observed. This paper lacks in experimental details and post-experiment analyses:
for this reason these experimental results will be not taken into account during the
thermodynamic modelling.

More recently Betcha et al. (2007) [30] performed a study on the oxide UO;-FeO,i
subsystem. Samples with a UO; concentration ranging from 3.9 to 67.5 mol% were used. The
other end member of the investigated section was reported to be a non-stoichiometric FeO,
with a composition FeO; os2. The microstructure of the specimens was determined by SEM
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and Energy Dispersive X-ray Spectral MicroAnalysis (EDXSMA). The phase transformations
were observed using DTA, whereas the melting and crystallization were studied by DTA,
Visual Polythermal Analysis (VPA) and Galakhov microfurnace, which allow a direct
detection of a solid/liquid transition. The results obtained by the authors are shown in Figure
10.

As already pointed out, the control of the oxidation states of UO, and FeOy is challenging.
The authors argued their experimental data were obtained across the UO,-FeO, g6, section.
Even if a rather large uncertainty exists in the stoichiometry of FeO,.,, it may be
estimated lying between x=0 and x=0.1. In another investigation on the UO,-FeO. system,
the same research group [31] performed experiments with a FeO;.x for which the closest
composition to the stoichiometry (Fe;O;) was FeO;ys;. The authors reported a eutectic
temperature of 1608+5 K at 4.0+0.1 mol% UO,. The maximum solubility of FeO in UO, at
the eutectic temperature was evaluated as 17.0+1.0 mol% UO,.
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Figure 10: Tentative UO,-FeO phase diagram. Triangles are data from VPA IMCC, rhombuses are
data obtained by using the Galakhov microfurnace, squares are DTA data and crosses are results of
IMCC/XMSA [30]

1377

Petrov et al. [32] investigated the system UQO,-FeO,.x using the cold crucible induction
melting technique. Although this method allows very high temperature measurement, due to
the dimensions of the samples, considerable temperature and composition gradients are
inevitable (Figure 11).

Figure 11: Image of the surface of the 50%UQO,-50%Fe,0O3 melt observed by Petrov et al. (a) 10 s, (b)
49 min and (c) 69 min after the beginning of the melting. With the label (1) is reported the lighter
liquid, with (2) the main molten material. The label (3) refers to the gas bubbles climbing through the
light liquid layer

The oxide mixtures were heated 200-300 K above the liquidus temperature while the video
recording was active. A sampling with a cold metal sampler allowed the quenching of the
molten material in contact with the sampler itself. The rest of the molten bath was slowly
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cooled and removed from the crucible. Finally the quenched rod and the cooled bath were
analysed using SEM and X-ray powder diffraction.

In the 50%UQO,-50%Fe,03 the presence of two liquids during the heating stage was observed
(Figure 11). In both the quenched and the slowly cooled specimens five crystalline phases
were observed: UO,, UO,¢, FeO;s, Fe;Os and the compound FeUO, (FeO+UOs). The
authors argued that the coexistence of five crystalline phases was due to considerable oxygen
partial pressure gradient. For this reason these data cannot be retained for the
thermodynamic modelling.

Finally, as reported in [28] a transition from the [Fe,O3+melt] to [Fe;O4+melt] at about 1678
K was observed.

Due to intrinsic difficulties related to the control of the oxygen content, most of the authors
who performed experiments on the O-Fe-U system reported large uncertainties on the sample
compositions. Note however that Bechta et al. [30], [31] succeeds to maintain the investigated
samples across the UO,-FeOy system. Their data are retained for the thermodynamic
modelling.

2.1.4 O-Fe-Zr system

As for the U-Fe-O system, a lack of experimental data exists also for the O-Fe-Zr system. The
affinity of zirconium for oxygen makes the control of the oxygen extremely difficult. Some
studies were performed in the oxide zone of the ternary phase diagram. As for the O-Fe-U
system, practically no experimental data are available in the oxygen-poor side of the ternary
phase diagram.

Hofmann et al. [26] confirmed the existence of a Zr,Fe phase at 1273 K (Figure 12).

b)
Figure 12: O-Fe-Zr phase diagram reported by Hofmann et al. [26]. a) 1273 K; b) 2273 K

The authors showed that at this temperature a liquid domain already exists close to the FeZr,
composition range (see figure 12a). At 1773 K it extends towards the Zr,Fe stability region up
to 20 at% O. At 2273 K the liquid reaches 40 at% O in the Zr-rich side of the ternary diagram.

Jones et al. [33] reported a revised ZrO,-Fe;O4 phase diagram traced starting from their own
data obtained with the quenching method. The experiments were performed under air. The
reported phase diagram is shown in Figure 13.
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Figure 13: Tentative phase diagram of the Fe;0,4-ZrO, section (T.S. Jones, 1967)

Kiminami (1987) [34] investigated the ZrO,-FeO-Fe,O3; under air by thermogravimetry,
obtaining solubility data of ZrO, in Fe;O4 and viceversa. Katsura et al. (1975) [35]
determinated phase equilibria and measured the oxygen partial pressure in the FeO-Fe,Os-
ZrO; system at 1473 K.

Petrov et al. (2002) [36] showed the presence of a miscibility gap along the ZrO,-FeOy
section between 2143430 and 2503+30 K in a concentration range from 34 to 82 wt% ZrO,.
For the investigation, the authors used a cold crucible induction melting technique. However,
the reported microstructure does not seem to correspond to two quenched immiscible
liquids.

Bechta et al. (2006) [37] investigated the ZrO,-FeO system using the cold crucible induction
melting technique, DTA and visual polythermal analysis (VPA) with Galakhov microfurnace.
The experiments were performed under argon. It was reported a eutectic-type phase diagram,
with the eutectic point located at 10.3+0.6 mol% ZrO, and 1605+5 K. The tentative phase
diagram of the ZrO,-FeO system obtained by the authors is reported in Figure 14.

2900 4 - VPA IMCC I - +-ZrO,(FeO) SS
5 ©- VPA in Galakhov microfurnace [I - ¢-ZrO»(FeO) SS
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Figure 14: Tentative phase diagram of the ZrO,-FeO system obtained in [37]

It may be noted that solubility of FeO in tetragonal and cubic ZrO; was observed. The
reported results are retained for the thermodynamic modelling.
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2.1.5 O-Pu-Zr system

Carroll (1963) [38] investigated the PuO,-ZrO, system. He reported a tentative phase diagram
reported in Figure 15. X-ray diffraction and metallographic techniques were used to explore
the solid region. The samples were prepared starting from PuO, and ZrO, powders under
helium atmosphere: given the fact that the chemical potential of oxygen in PuO; is relatively
high, the stoichiometry for these samples was probably not achieved. Liquidus
measurement was also performed along all the composition range by optical pyrometry. It
may be pointed out that experimental details, especially concerning the post-examination
analyses of the samples are missing.
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Figure 15: Tentative PuO,-ZrO, phase diagram reported by Carroll [38]

It may be considered that the experimental data obtained by Carrol do not lie across the
PuQO,-Zr0O, section, but rather across a PuO,.-ZrQO,., section.

Six year later, Mardon et al. (1969) [39] shed light on the effect of the experimental
atmosphere on the behaviour of Pu-Zr-O samples. The samples were prepared by sintering at
1773 K 1in air or by arc melting. The arc melted samples underwent a vacuum-treatment at
2173 K to obtain reduced samples or rather a heat treatment at 1773 K in air to obtain
oxidised samples.

The main features of the oxidised samples (i.e. lying on the PuO,-ZrO, section) were a
complete solubility between cubic PuO; and cubic ZrO, and a large solubility of tetragonal
ZrO; in cubic PuO, (40 mol% ZrO, at 1773 K). A small solubility was observed between
cubic PuO; and monoclinic ZrO,. However the authors argued that the low temperature data
in the PuO,-ZrO; may be incorrect.

As far as the reduced samples are concerned (i.e. lying on the PuO,4-ZrO, section) the
solubility of PuO; ¢ in the monoclinic ZrO, is lower than what observed for PuO,.

The authors reported two tentative phase diagrams for the oxidised and reduce samples
(Figure 16).
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The authors performed a straightforward analysis on the influence of the experimental
atmosphere on the samples oxygen content.

Albiol et al. (2002) [40] used a High Temperature X-Ray Diffractometer (HTXRD) to
investigate the low PuO; side of the PuO,-ZrO, section within the Pu-Zr-O system. The
samples were calcined under argon at 1973 K for 13 hours, crushed and finally heat treated
under argon for 22 hours. The authors performed a measurement under air and under argon on
only one sample containing 90.8 mol% ZrO,, and did not observe any difference between
them. From their results, the authors concluded that all the samples were stoichiometric. Their
experimental results are reported in Table 6.

71O, (mol%)
T (K) 77.2 81.7 88.9 90.8 94.4 96.9 97.7
1513 t
1473 ctt ctt ctt ctt ctt ctt m+t
1373 | ctm (+t) | ctm (+t) | ctm (+t) | ctm (+t) | ctm (+t) | ctm (+t) | m (+t)
1273 | ct+m (+t) ctm ct+tm ctm ctm ctm

Table 6: Experimental results obtained by Albiol et al. [40]. In the table are reported the observed
phases at each heat-treatment temperature. ¢ = cubic; m = monoclinic; t = tetragonal. The symbol (+t)
means that the peaks of the monoclinic phase were decreasing in intensity, whilst the peaks
corresponding to the tetragonal phase appeared

The authors inferred the stoichiometry of all the investigated samples by only testing the ZrO,
richer part of the PuO,-ZrO, system. However, as shown by Guéneau et al. [41] and
Manara et al. [42] the presence of PuO, in the sample significantly influence its high
temperature behaviour. The disappearance of the monoclinic phase was observed for samples
with a composition ranging from 88.9 mol% to 96.9 mol% at 1463 K. The authors argued the
existence of a eutectic reaction at 1463 K. The observation of traces of a tetragonal phase at
1373 K can be related to non-complete equilibrium conditions.

2.1.6 O-Fe-U-Zr system

This system is fundamental for in-vessel corium understanding. In fact it is the most common
system used to simulate the more complex interactions between the molten core and the steel

reactor vessel. Hofmann et al. [43] reported a straightforward O-Fe-U-Zr quaternary diagram
at 2773 K (Figure 17).
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Almjashev et al. [44] investigated the FeO;x-UO,.x-ZrO, system with the aim of measure the
pseudo-ternary eutectic temperature. They mixed in a cold crucible induction furnace Fe,0s,
UO; and ZrO, (with HfO, impurities). The sample was heated up to 1800 K in air and then
slowly cooled (data on the cooling rate are not given). The post-melting analyses were
performed by means of SEM-EDS and XRD. The eutectic zone was determined by electron
microscopy. A part of this zone was cut away from the sample and underwent a differential
thermal analysis (DTA). The authors reported an eutectic temperature of 1596+7 K at a
composition 67.4£1.0 FeO; s, 30.5£1.0 UO,, 2.110.2 ZrO, (in molar percentage). The same
group of research [45] confirmed that the eutectic transition in the oxide ternary system lies in
the iron oxide-enriched region. The samples were fabricated with the same technique as
in [44]. The ternary eutectic temperature of 1583 K was determined under neutral atmosphere.
The measured eutectic composition is 91.8+0.5 mol%FeO+x - 3.8+0.3 mol%UO; -
4.440.4 mol%ZrO;. In 2011 the authors published a review of their previous results [46].
Starting from FeO, Fe,0s;, Fe, UO, and ZrO, the authors investigated the ternary eutectics of
the FeO-UO,-ZrO; system under argon and of the Fe;03-U;03-ZrO, system under air.
Samples were prepared using cold crucible induction melting. After the melting the samples
were analysed by XRD and SEM-EDX. The obtained results are reported in Table 7.

Eutectic composition, mol% .
System FeO, U0, 710, Eutectic temperature (K)
FeO-UQ,-ZrO, 91.8 3.8 4.4 1583+5
F6203-U30g-zr02 674 30.5 2.1 1596+7

Table 7: Experimental results on the FeO-UQO,-ZrO, and Fe,0;-U;05-ZrO, systems

2.1.7 O-Pu-U-Zr system

Uchida et al. (2013) [47] performed a study on the melting behaviour of the ZrO,-MOx
system (MOx=(U,Pu)O;). Samples were prepared mixing (U-4%Pu)O, and (U-8%Pu)O,in
mol% and metallic zirconium. The samples were then pressed into pellets and sintered at
1873 K for 2 hours in H,/H,O atmosphere. The pellets finally underwent an heat treatment at
1123 K for 5 hours under a controlled oxygen potential (i.e., RT In(pO,) =—-400kJ / mol) to

keep the O/M=2.

The obtained experimental results are summarised in Table 8.
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%at metal content u(T)=+35K
Zr U Pu Composition T Solidus T Liquidus
Yoat Yoat Yoat (K) (K)
4% Pu- 25 72 3 (U24Pu12r8,33)02 2929 2976
MOX 50 48 2 (U16Pug.677r16.67)O2 2876 2901
75 24 1 (UgPuyg33Zr25)0; 2873 2919
25 69 6 (Ua3PuyZrg 33)0; 3008 3066
8% Pu- (Uis33Puy 33Zr16,67)O
MOX 50 46 4 ; 2880 2911
75 23 2 (U7.67Pug.67Z125)07 2873 2919

Table 8: experimental results obtained by Uchida et al. [47]. The reported solidus and liquidus
temperatures have a related uncertainty u(T)=+ 35 K

The reported experimental data are retained for the thermodynamic modelling of the
Pu0O,-UO,-Zr0O, system.

2.1.8 Summary

The first part of this chapter summarises the experimental studies performed on some
interesting sub-systems of the prototypic in-vessel corium system (U-Pu-Zr-Fe-O).

The O-U-Zr system has been studied especially along the UO,-Zr and UO,-Zr(O) sections to
better characterise the fuel-cladding behaviour in case of a severe accident. The UO,-ZrO,
pseudo-binary system has been widely studied leading to a rather complete experimental
description. However, the oxygen-poor side of the O-U-Zr needs a deep experimental
description in order to better describe the solubility limit of oxygen in the ternary liquid.
Furthermore the miscibility gap in the liquid phase is still unknown, with only one reliable
experimental tie-line obtained by Gueneau et al. [12].

A limited number of studies have been performed on the O-Fe-U and O-Fe-Zr systems. This
is mainly due to experimental difficulties related to the control of the oxygen content. In fact,
the oxygen-poor regions of the aforementioned ternary systems have not been investigated. In
the same way, the quaternary O-Fe-U-Zr system has been only investigated in the oxygen-rich
region.

The Pu-containing systems have been studied in the framework of MOx fuels use in PWR.
Some innate experimental difficulties exist due to the radiotoxicity of plutonium. The oxide
region of the O-Pu-Zr system has been studied. However, some doubts remain on the exact
investigated isopleth sections (PuO,-ZrO, or PuO, ¢-ZrO,, see [39]). Only one experimental
work was found on the PuO,-UO,-ZrO; system.

2.2 Molten Corium-Concrete interaction large scale experiments

In the case of the reactor vessel failure during a severe accident, the in-vessel corium — mainly
composed of refractory materials (UO, and ZrO,) and metals (Zr and Fe) — contacts the
underneath concrete. In this situation the so-called Molten Core Concrete Interaction (MCCI)
accidental scenario takes place involving a certain number of phenomena such as: high
temperature concrete decomposition, heat transfer due to gas bubbles agitation, formation of
several phases, oxidation of metals, etc.

Core degradation phenomena and MCCI phenomena have been widely studied in literature.
The objective of these experiments was to identify the dominant phenomena occurring during
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a severe accident. The main issue faced during the tests realisation was the choice of the
materials employed during the experiment: from the radiological point of view, it is not
possible to use the “real” molten corium. It was also shown that the thermophysical
properties of UO, are rather unique: in order to simulate at best the accidental phenomena, it
is not possible to replace UO, with another component. Prototypical UO,-containing
corium was then used for the severe accident progression investigation.

As already introduced in Chapter 1, a severe accident starts when the fuel cladding is
degraded and then the first radiological barrier is lost. In parallel Fission Products (FP)
release takes place. The relocation of the molten core in the lower head of the reactor vessel
is the last step of the in-vessel retention. If the in-vessel retention fails the molten corium is
ejected in the reactor containment: in this framework, the molten corium may firstly interact
with water and with the containment concrete. In the EPR accidental scenario, the
spreading of molten mixture in a separate retention chamber follows the interaction
between the molten corium and the sacrificial concrete.

The main phenomena investigated can be summarised as follows:
- Core degradation phenomena
- Fission Products (FP) release
- Molten core relocation in the lower head of the reactor vessel
- In-vessel retention of the molten corium
- Molten corium-water interaction in the case of reactor vessel failure after a first
attempt of external water cooling
- Spreading of the molten corium on the concrete. Molten Corium-Concrete Interaction
(MCCI)
- Spreading of the molten corium-concrete mixture (ex-vessel corium) in the ex-vessel
retention chamber (EPR configuration)
In the following, only the experiments where prototypic coria (UO,-containing coria) were
used will be summarised.

2.2.1 Degradation of fuel bundles and in-vessel retention phenomena

The CORA (Complex Out-of-pile Rode bundle Assembly) series of tests performed at the
Forschungszentrum Karlruhe (FZK) investigated the fuel assembly degradation [48]. These
tests showed that in a PWR the integrity of the fuel cladding might be lost at temperatures
well below the temperature of fusion of Zircaloy. This is caused by eutectic reactions between
the Zircaloy, stainless steel and Inconel spacer grids with neutronic absorber materials (Ag-
Cd-In or B4C). The experiments highlighted that the composition of the molten core varies in
function of time and temperature. The oxidation of the Zircaloy cladding in contact with water
leads to hydrogen formation and temperature rise during the accident. It was also shown that
the absorber materials might separate from the fuel: for this reason the injection of borated
water 1s needed to prevent the molten core re-criticality.

The RASPAYV program [49] was devoted to the simulation of the behaviour of prototypic
corium relocated inside the vessel. Mixtures of UO,-ZrO,-Zr with different level of zirconium
oxidation were investigated. More recently the same experimental facility was used in the
framework of the MASCA project [15]. The aim of this project was studying the impact of
materials interactions on the stratification of the molten corium in close-to-thermal
equilibrium conditions. It was shown that a configuration with a heavier metallic liquid under
the oxidic liquid phase is possible in the case of a significant migration of uranium to the
metallic phase. This is the condition that can lead to the already discussed focusing effect.
Using again the RASPAYV installation, the METCOR project [15] investigated the interaction
between molten corium and steel. It was shown that the steel ablation front corresponds to the
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propagation of an isothermal front at 1363 K (Figure 18), that is the eutectic temperature
between the steel and the molten corium.

10 mum El
1l

Figure 18: METCOR axial section of the sample after the corium-steel interaction [15]

The CORPHAD project [15] focused on the phase equilibrium in the U-Zr-Fe(Cr,Ni)-O
system investigated by the MASCA project,. In particular the O-U-Zr, O-Fe-Zr and Fe-U-Zr-
O systems were studied, showing the presence of a miscibility gap in the liquid phase. The
reported experimental results may be found in Table 9.

Metallic liquid Oxidic liquid

Sample T (K) U Zr Fe 0) U Zr Fe O

Uo.32521029200.383 2643 | 40.8 32.2 / 270 | 25.1 26.7 / 48.2

Uop.40521027000.325 2753 | 53.1 293 / 17.6 | 27.1 23.2 / 49.2

ZI'()_505FC()_19300}297 2693 / 53.5 23.1 23.3 / ND 48.5 2.7

Zr0'464Feo'25300.283 2773 / 48.7 26.1 25.2 / 448 6.4 48.8

Uop.600Z10.400F€021600.144 | 2873 64.0 3.9 23.5 8.5 41.0 2.3 2.0 54.8

Table 9: Summary of the CORPHAD experimental results on the extension of the miscibility gap in
the liquid phase of the O-U-Zr, O-Fe-Zr and U-Zr-Fe-O systems. ND=no data available

The validity of these results will be discussed more in detail in Chapter 4. As already
introduced in the first part of this chapter, the authors argued that thermal gradients and
segregation phenomena may have contributed to the final composition of the immiscible
liquids.

2.2.2 Fission products release

The aim of the ACE/MACE tests [50], [51] performed at the Argonne National Laboratories
was to study the fission products release during the interaction between molten corium and
concrete. It was shown that the aerosols releases were essentially composed by decomposition
products of concrete. The type of concrete employed (silica-rich or limestone-rich concrete)
has an influence on the uranium release: namely with the limestone-rich concrete a larger
amount of uranium was released.

2.2.3 Molten corium-water interaction

The investigation of melt coolability in the case of MCCI was the main purpose of the MACE
program. The main objectives of the MACE program were:

- to get data on the heat transfer from the molten corium to the overlying water and
underlying concrete;
- develop models describing the coolability process.

The MACE facility is reported in Figure 19.
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Figure 19: MACE test facility [50,51]

‘ Water supply ‘ ‘ Test section

A prototypic corium composed by a (UO,-ZrO,-Zr) mixture was melted by a direct electric
heating and then poured onto the prototypic concrete. Water is added when the molten corium
started attacking concrete in order to simulate prototypic conditions obtained after the
complete discharge of the corium due to vessel failure. The aims of the tests were to explore
the benefits of massive addition of water in terms of quenching and stabilisation of the core
melt, arresting the ablation of concrete and scrubbing of the fission products on the form of
aerosols.

The COTELS project is a joint study between the NUPEC (Nuclear Power Engineering
Corporation) and the National Nuclear Centre of the Republic of Kazakhstan. In this
framework, several tests were performed to study the degradation phenomena occurring
during MCCI. Scenarios with and without water addition were investigated. The molten
corium (stainless steel or a mixture of UO,-ZrO,-Zr-stainless steel) was poured onto a 2D-
concrete test section (Figure 20).
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The residual decay heat was simulated using induction heating. The dominant phenomenon
driving the ablation process was the melting of aggregates. The water injection cooled down
the sidewall of the concrete test section. The authors argued that water migrated within the
degraded concrete sidewall leading thus to the cooling phenomenon.

KAERI (Korea Atomic Energy Research Institute) started the TROI (Test for Real cOrium
Interaction with water) program with the aim to investigate the ex-vessel steam explosion
scenario after the flooding of the reactor containment. Spontaneous explosions were observed
with composition close to 50 mol% UO,-50 mol% ZrO, where an azetropic reaction is
expected.

Thanks to the experiments carried out at the KROTOS facility [52] the importance to use
prototypic corium (i.e., containing UO,) during MCCI simulation tests was highlighted. In
fact, the authors showed that the behaviour of a UO,-containing corium in contact with water
is radically different from an Al,Os-based corium simulant.

2.2.4 Molten corium —concrete interaction MCCI

In the framework of the COMAS (COrium on MAterials Surfaces) project [53], the CARLA
installation at Siempelkamp’s Krefeld location was used for studying the ex-vessel core melt
behaviour. The geometrical configuration of the experiment reproduces reduced scale EPR
conditions. Two compositions representative of the EPR conditions were defined. The initial
composition of the coria is reported in Table 10.

Wt% UO,. | Z1O, | FeO | CryO5 | Fe | Zr
CoriumR | 29 12 18 2 39 |/
Corium S 55 6 / / 24.6 | 14
Table 10: Composition of coria R and S investigated during the COMAS experiments [53]. Corium R
represents a more oxidized scenario

The spreading tests were performed on three substrates (concrete, ceramics and cast iron). The
test on Corium R showed same spreading length for the three substrates. A clear separation
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between the metallic and the oxide phases was observed during the spreading. It was observed
that cast iron is an excellent substrate material thanks to its capacity for heat removal and its
resistance during the substrate/corium interaction. The main parameters that influence the
spreading process are the initial temperature, the oxide/metal phase ratio and the pouring rate
of the corium.

At the Argonne National Laboratories a series of Core-Concrete Interaction tests were
performed [54]. In particular the long term 2D core-concrete interaction under both dry and
wet conditions was investigated. Two tests were conducted with siliceous concrete (CCI-1
and CCI-3) and the third with Limestone/Common Sand (LCS) concrete (CCI-2). It was
shown that the long-term ablation behaviour was directly related to the concrete type. The
formation of a crust was observed at the bottom of the concrete basement and on the sidewall
for CCI-1 and CCI-2 tests, while CCI-3 test showed a crust formation only at the bottom of
the basement. A quasi-isotropic ablation was observed for LCS concrete, whilst non-uniform
ablation was observed in CCI-1 test. CCI-3 test showed symmetrical lateral ablation but
anisotropic ablation (lateral ablation rate was significantly higher than observed in CCI-2
test). The observed difference in the ablation behaviour may be related to the initial gas
content and chemical composition.

The HECLA [55] experiments investigated the ablation process of a metallic melt on a
hematite-containing concrete. This type of concrete is used in EPR (European Pressurised
Water Reactor) as sacrificial materials in the reactor pit. The metallic melt is heated by an
induction furnace and poured onto the concrete test section. Experiments were also performed
on ordinary siliceous concrete, in order to compare its ablation behaviour with the hematite-
containing concrete. Only small differences were observed in the ablation process between
siliceous and hematite-containing concrete.

2.2.5 The PLINIUS facility

The PLINIUS (Platform for Improvements in Nuclear Industry and Utility Safety) platform
was developed at the CEA to better understand the phenomena occurring during a severe
accident in a PWR. Four facilities are devoted to the study of the behaviour and to thermo-
physical properties of corium:

- VULCANO (Versatile UO, Lab for Corium ANalysis and Observation). It is based on
a plasma-arc rotating furnace able to melt up to 100 kg of oxides at 3000 K
(Figure 21). This facility allows a large variety of experiments: corium solidification
behaviour, corium pool thermohydraulics, long term corium/concrete interaction,
spreading test with different types of coria and refractory substrate.

-  COLIMA (COrium LIquid and MAterials). In this facility an induction heating can
bring some kilograms of corium up to 3300 K under controlled atmosphere. It is
mostly employed to study thermal exchanges and aerosol release.

- VITI (VIscosity Temperature Installation). It is used to perform viscosity and surface
tension measurements by means of an aerodynamic levitation setup.

- KROTOS facility is dedicated to the steam explosions phenomena. The molten corium
is dropped in water and it is observed by means of optical, thermal and pressure
instrumentation.

In the framework of the current study on the MCCI, the VULCANO facility is of extreme
interest, since it allows studying several aspects of a PWR severe accident.
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Figure 21: VULCANO furnace

EPR security design requires that in the case of a severe accident with a consequent melting
of the core, the melt should spread on a large compartment underneath the vessel. This
approach will allow minimising the thermal flux due to the residual radioactive decay heat. In
this framework, spreading tests were needed and the VULCANO facility was used.

At the end of the melting, the furnace is tilted and the molten mixture pours onto the test
substrate. The test substrates may be made of zirconia and magnesia bricks, depending on the
test.

Journeau et al. [56] published the results of spreading tests results performed with different
type of coria (initial compositions are reported in Table 11).

Component HfO, UuoO, 710, Si0, Fe;04 Fe,0; CaO Al,O4

VE-07 343 / 25.5 24.9 12.9 1.8 0.8 0.1

VE-Ul1 / 45.0 19.3 16.6 13.4 1.9 0.7 0.1

Table 11: Initial composition of the mixture of oxides in the VE-07 and VE-U1 spreading tests. The
compositions are given in mass percentage. Corium VE-U1 composition is prototypical of corium
discharge from the EPR reactor pit after the ablation of the ferrosiliceous concrete [56].

The post-test analyses highlighted the presence of several layers within the solidified material.
Five layers were identified in VE-07 test, whilst only three layers were observed on test VE-
Ul. The authors ascribed these differences to the presence of UO; in the VE-U1 test. Within
each layer, different phases were identified, leading to think that during cooling, important
temperature gradients were present. Phases found within each layer of VE-07 and VE-U1
tests are reported in Table 12.
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Layer VE-07 analysis VE-UI analysis
(Hf,Zr)O; solid solution

th .
upf)erlzﬁftr‘élce 8102 /
FCQO3
(Hf,Zr)02 solid solution (U0‘33ZI'0‘47F60‘20)01_83
4" layer Si0, (Uo.42Zr0.55F€0.03)O1 83
Fe,SiO, (fayalite) Si0,

(Uo78Zro.12Fe€0.10)O1 87
(Uo.26Zr0.65F€0.09)O1 .60
SiO,

Fe 5510556
(Uo.85Zro.11Fe€0.04)O1 60
(Hf,Zr)02 solid solution (U0‘3zzr0‘82)SiO3‘64

(Hf,Zr)Si0; solid solution | (Uy 13Z10.05)S10; 75

3" Jayer Same as fourth layer

nd
2" layer Si0, U0,
Fe,Si0, (fayalite) Si0,
Fe;55103 76
(Hf,Zr)O, solid solution
1* layer (Hf,Zr)Si0, solid solution /

Si0,
Fe,O; and Fe;O4
Table 12: Phase distribution within the layer observed in the post-test analyses on VE-07 and VE-U1

spreading tests [56]. It may be noted that in VE-U1 test only three layers were identified

The presence of iron oxides at the bottom of layer 1 and at the top of layer 5 indicated that
during spreading in the VE-07 test, the FeO is oxidised into Fe,O3; and Fe;O4 due the
interaction between the corium and the oxidising atmosphere of the test. The observed
microstructures highlights that important temperature gradients were present across the layers;
the dendritic structure of the upper layer suggests that the cooling process was rather fast. The
presence of (A,Zr)SiO4 solid solution (A=Hf or U) in the first and second layers indicates that
a rather slow cooling was undergone, at least below 2025 K. The transformation of (A,Zr)O,
into (A,Zr)Si104, needs penetration of SiO; into the solid (A,Zr)O, at temperature lower than
the decomposition temperature of HfSiO4 (2023 K) or ZrSiO4 (1949 K), which is a slow
process.

In 2006 a test named VBS-U1 was performed at the VULCANO facility [57] (Figure 22).
This test was aimed to the study of the interaction between molten corium and concrete, in
particular, in the presence of a metallic layer (molten stainless steel).
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Figure 22: Concrete test section used during the MCCI VBS-U1 test [57]

The test section was a 600x300x400mm limestone-rich concrete block with a hemi cylindrical
cavity of 300 mm in diameter and 250 mm height. The composition of the concrete was 25
Si0; - 41 CaO - 25 Al,0O3 - 25 CO; - 3 H,O (in weight percent). The corium was made of
15 kg of steel heated at 1973 K and of about 35 kg of oxides (70 % UO,, 16 % ZrO, and
14 % sacrificial concrete) at 2273 K. Firstly the molten corium was poured in the concrete
cavity, then the superheated steel at 1973 K was poured into the cavity as well. Four induction
coils surrounded the section in order to provide sustained heating (see a sketch of the test
section in Figure 22). Before the experiment pre-calculations with the TOLBIAC-ICB code
were performed. Thanks to the calculations, the stratification time was estimate for a
“thermodynamic equilibrium scenario” between the oxide and the metal phase and for an “out
of thermodynamic equilibrium” scenario. During the test VBS-U1, a continuous flow of gases

(mainly CO, and steam) and large flames were observed. Six volcanoes were found at the
solidified pool surface (Figure 23).

:zfs-im-!-'-"w'“'

[57]

The test highlighted some differences compared with tests performed without a metal; a large
void fraction was found within the solidified experimental section. Furthermore, more than

10 kg of initially metal materials was oxidised during the test probably by the combined
action of CO,, steam and the oxidising experimental atmosphere.
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The concrete ablation shape during a severe accident was also investigated at the VULCANO
facility [58]. Two oxide coria were tested on five concretes. The initial compositions of the
molten coria and of the concretes are reported respectively in Table 13 and Table 14.

Wt% U02 ZI'OZ SIOQ F6203 CaO
Corium 1 | 45 19 20 15 /
Corium 2 | 69 17 6 7 1
Table 13: initial composition of the molten coria [58]

Wt% SlOz CaO A1203 F6203 MgO C02 Hzo
Concrete C | 29.6 | 49.2 39 2.1 0.9 / 10.7
Concrete E | 45.5 | 12.7 33 32.9 0.3 14 | 3.7

Concrete F | 63 16 5 / / 9 3
Mortar F 58 18 5 1 0.5 7 7.5
Concrete G | 26 42 2 / / 25 4

Table 14: chemical composition of the concretes used during the MCCI tests. The Concrete E
simulates the core catcher designed for the EPR reactor [58]

The authors showed that the ablation of concrete strongly depends on its initial composition.
Silica-rich concrete exhibited anisotropic ablation: in general the sidewall ablation was twice
faster and stronger than the vertical ablation. Limestone concrete showed a rather isotropic
ablation instead. In order to understand the physical reason of this difference, the authors
performed further tests. Their preliminary conclusions are that the composition of the molten
corium pouring on the concrete does not seem to affect the ablation shape. It was however
observed that while the limestone-based concrete was completely destroyed during the MCCI
tests due to the decarbonation starting at 1000 K, it was possible to find unmolten siliceous
gravel after the tests performed with siliceous concrete: this may affect the ablation shape.
Furthermore, it was observed the formation of concrete-rich and concrete-poor liquids in
presence of siliceous concrete. This may also be the cause of anisotropic ablation. Further
investigations are needed to shed light on this paramount phenomenon.

2.2.6 Summary

The second section of this chapter reports a selection of large-scale severe accident
experiments. Thanks to this experimental contribution, the driving phenomena can be
identified.

During the in-vessel stage of the accident, the exothermic zirconium oxidation drives the rise
in temperature that leads to the loss of the fuel cladding. The hydrogen production is also
related to the Zircaloy oxidation. The miscibility gap in the liquid in-vessel corium system
leads to the stratification of the corium inside the reactor vessel. Depending on the zirconium
oxidation level, the U/Zr ratio and the amount of dissolved steel an inversion of the liquid
density may cause the relocation of a heavy metallic layer below the oxidic pool, enhancing
the focusing effect and the risk of the loss of the reactor vessel.

The ablation progress during the ex-vessel stage of the accident strongly depends on the initial
composition of the concrete. Siliceous concrete showed an anisotropic progression of the
ablation. Journeau et al. [58] argued that this phenomenon could be related to the presence of
unmolten siliceous gravel or to the formation of two phases, one rich in concrete, and the
other rich in corium elements. A strong oxidation of the metallic cast was observed during a
metallictoxidic corium/concrete interaction: the CO, and H,O released from the concrete
during the high temperature interaction with the corium oxidised the metallic cast as well as
the oxidising experimental atmosphere.
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2.3 Conclusions

The aim of this chapter is to gather the available experimental data obtained on the prototypic
in-vessel corium system and its sub-systems. It can be concluded that:

- The available experimental data are not sufficient for a full thermodynamic description
of the in-vessel corium. A lack of data exists especially on the extension of the
miscibility gap in the liquid phase of the U-Zr-Fe-O system.

- The control of the oxygen content is challenging due to the high oxygen affinity of the
main components of the corium (uranium, zirconium, iron).

- A thermodynamic description of the U-Pu-Zr-Fe-O prototypic in-vessel corium has
never been published.

- The influence of plutonium in the case of a severe accident, especially in the case of
the use of MOx fuel, is rather unknown.

The reported large-scale experiments investigated the phenomenological progression of a
severe accident during the in-vessel and ex-vessel scenarios. The rare thermochemical data
obtained during large scale experiments are affected by large uncertainties due to thermal and
composition gradients. It can be concluded that:

- The severe accident phenomenology is extremely complex.

The thermodynamic description of the prototypic in-vessel corium and ex-vessel corium
systems will contribute to the comprehension of accidental phenomena.
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Chapter 3 — Thermodynamics of the in-vessel
corium: experimental study

During a severe accident the molten core can easily overcome 2300 K leading to the
formation of a mixture of solid and liquid phases called in-vessel corium. In the first two
chapters, the importance of thermodynamics of the in-vessel corium and a lack of
experimental data has been highlighted.

In this chapter the investigation of the prototypic U-Pu-Zr-Fe-O in-vessel corium system is
presented.

The methodology applied during the thesis is first presented. It is based on the CALPHAD
method that allows deriving the thermodynamic functions of a given system starting from a
critical selection of significant experimental data.

The second part of the chapter is dedicated to the experimental results obtained on the O-U-
Zr, Fe-O-Zr, Fe-O-U-Zr and PuO,-UQO,-ZrO; sub-systems.

The thermodynamic modelling on the aforementioned prototypic in-vessel corium system and
the thermodynamic calculations for interpreting the experimental results will be presented in
the next Chapter.

3.1 Methodology

As already introduced in Chapter 1, the objective of this thesis is contributing to the
amelioration of the thermodynamic description of the in-vessel and ex-vessel corium systems.

During the present study the CALPHAD approach has been used to investigate the in-vessel
corium system.

Kaufman and Bernstein [1] in the 1970s summarized the features of the calculation of phase
diagrams leading to the foundation of the CALPHAD method [2] [3].

CALPHAD, which stands for Calculation of phase diagrams, is a method of deriving the
thermodynamic functions of a system using critically evaluated and selected experimental
data from literature. If these data are not sufficient, new experimental results should be
obtained.

Figure 1 shows schematically the concept behind the CALPHAD method. In
thermodynamics, the configuration of any system that possesses a lower Gibbs energy is more
stable than the one with higher energy. Therefore, the knowledge of the Gibbs energy
expressions of all phases as a function of the composition in the system as function of
temperature, composition and pressure is necessary to calculate the equilibrium of the system
in a given stable state (for a given number of moles of constituents, temperature and pressure)
and its phase diagram. This is done by minimisation of the total Gibbs energy of the system.
The Gibbs energy functions of the phases are assessed by optimising the adjustable model
parameters in order to achieve the best possible fit between the calculation and the
experimental results (phase diagram and thermodynamic data).
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Figure 1: Graphical represlentation of the CALPHAD approach.

The thermodynamic assessment and the thermodynamic calculation presented in this work
have been performed using the Thermo-Calc software [4].

The strength of the CALPHAD method lies in allowing the prediction of higher order
system behaviour by extrapolation from lower order systems, namely its sub-systems
(mainly binary and ternary systems).

After a critical analysis of the existent literature data, an experimental campaign was started
on significant in-vessel corium sub-systems. Significant literature data together with the novel
experimental results obtained in this work have been used for thermodynamic modelling of
the in-vessel corium system.

3.2 Experimental study

The critical review of the literature data presented in Chapter 2 allowed the identification of
the in-vessel corium sub-systems for which new experimental data were necessary. In
Table 1, a summary of the experiments performed on the in-vessel systems during this thesis
is presented.

Investigated system Experimental technique Results
Heat treatments Equilibrium phases
O-U-Zr - —
Laser heating Transition temperatures
Fe-O-Zr Laser heating Transition temperatures
Fe-O-U-Zr Arc furnace fabrication Equilibrium phases
PuO,-UO,-Zr0O, Laser heating Transition temperatures

Table 1: Summary of the experiments performed during the present work
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3.2.1 O-U-Zr system

The high temperature behaviour of the O-U-Zr system is crucial for the comprehension of the
phenomena occurring during a severe accident as a result of the UO,-Zircaloy interaction. As
already shown in Chapter 2, numerous studies have been published on the subject. However,
some experimental and modelling discrepancies still exist, especially concerning the
extension of the miscibility gap in the liquid phase and the position of the solubility limit of
oxygen in the metallic liquid phase. In this framework, two sets of experiments were
performed during the present work:

- Heat treatments on four O-U-Zr samples in order to obtain tielines data in the
miscibility gap in the liquid phase;

- Laser heating experiments to measure solid/liquid transition temperature of the Zr-
rich side of the ternary phase diagram. These experiments have been performed in
collaboration with the JRC-ITU (Institute for Transuranium Elements), Germany in
the framework of the European Talisman project [5].

3.2.1.1 Heat treatments

Sample preparation
The initial atomic composition of the investigated samples is reported in Figure 2 and Table 2.

0

0,00
1]

Figure 2: Initial composition of the O-U-Zr samples in the ternary phase diagram

The four samples were prepared starting from metallic U (CEA supply), metallic Zr
(Goodfellow, purity 99.8 %) and ZrO, powder (Goodfellow, purity 99.9 %). M. Tabarant at
the LISL (Laboratoire d’Ingénierie des Surfaces et Lasers), CEA Saclay performed a chemical
analysis on the starting materials in order to check the impurities content by inductively
coupled plasma mass spectrometry (ICP-MS). The results are reported in Table 1 in
Appendix E.
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Sample at% O at% U at% Zr total mass / g
OUZr 1 41 15 44 2.2447
ouUZr 2 41 21 38 29771
OoUZr 3 38 28 34 3.6675
ouUZr 4 38 6 56 3.0928

Table 2: Initial composition of the five heat-treated O-U-Zr samples

Heat treatment conditions

The heat treatments were performed in a W-resistor heated furnace (Figure 3). This furnace is
employed for high temperature mass spectrometer measurements [7].
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Figure 3: Scheme of the furnace employed for the heat treatments
The heat treatments were performed under secondary vacuum (p = 107 Pa). The samples were

prepared in W-Knudsen cells lodged in a Ta cells holder. A schematic view of the Ta holder
and of the W effusion cells is reported in Figure 4.

—s—— Top of the Ta cells holder

W-Knudsen cell lid Overture on the W-Knudsen cell lid

W-Knudsen cell
Base of the Ta cells holder —————

Figure 4: Exploded view of the Ta cells holder and the W cells and lids [7]
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The ratio between the height of the cell and the overture on the lid of the Knudsen cells is
greater than 10: the Knudsen cells can be then considered as black bodies (see Appendix A).

The temperature was monitored by a calibrated two-channel pyrometer (IMPAC ISR-900).
The active area measured by the pyrometer is bigger than the Knudsen cell overture. In fact,
the pyrometer looks only partially at the Ta cells holder. A further calibration of the
pyrometer was performed to correct the changes with temperature of the Ta holder emissivity.
The melting temperatures of Ag (1234.93 K) and Fe (1811 K) as well as the eutectic
temperature of the C-Ru system (2226 K) have been measured. The resulting calibration line
is reported in Figure 5.
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Figure 5: Calibration curve of the pyrometer used for the measurement of furnace temperature

The emissivity of Ta is function of the wavelength and of the temperature. A two-channel
pyrometer measures in reality the ratio between the signals corresponding to the radiances at
the two selected wavelengths. If the ratio between the emissivity at the two wavelengths is not
equal to unity, a correcting factor must be selected and entered in the pyrometer controlling
software. The calibration obtained during the present work is a rigorous procedure of
correction for the emissivity ratio without passing through a manual software correction. It
must be pointed out that the present calibration is valid only for Ta cells holders: if
another material is employed, a corresponding calibration must be performed.

The heat treatments performed on the O-U-Zr samples are reported in Table 3.

Samples Temperature / K Duration / minutes

OUZr 1,234 2567+26 45

Table 3: Scheduled heat treatment performed on O-U-Zr samples. The reported uncertainties on the
heat treatment temperatures are given by the pyrometer constructor (1% above 2273 K)

After the heat treatment conditions, the samples were cooled at 3 K/s. This cooling rate is the
fastest that can be attained with the present experimental setup. Due to the high temperatures
reached during the heat treatments, an interaction between the sample and the W-crucible was
inevitable. Politis [8] and Baichi [7] showed that above 2273 , W in contact with a (O,U,Zr)
liquid forms the W,Zr compound. This phenomenon will be discussed in the following
Sections.
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Sample characterisation
After the heat treatments, the samples were analysed at the LMAC (Laboratoire
Métallographie et Analyse Chimique), CEA Marcoule. For the characterisation a Carl Zeiss
Merlin scanning electron microscope equipped with a Field Emission Gun (SEM-FEG) was
used. It is coupled with energy dispersion spectroscopy (EDS, Oxford Instruments X-MAX
80 mm?) and a wavelength-dispersive X-ray spectroscope (WDS, SX 100 CAMECA). The
standards used for the analyses were:

- UO; for uranium and oxygen;
- Metallic Zr for zirconium.

The choice to use UO; as standard for both metallic and oxidised U may lead to significant
errors on the estimation of U-content metallic phases. The overall compositions of the
annealed samples as well as the local compositions of the observed phases were measured.

Concerning the samples investigated by laser heating, the post-experiment analyses were
performed at ITU using a Philips XL40 SEM.

The mass fraction of the observed phases will be estimated by using Imagel], image-
processing software. Starting from the surface occupation of a back-scattering electrons
image, the volumetric fraction of the phase is derived. The mass fraction can be then directly
obtained knowing the density of the observed phases.

Sample OUZr 1
A back scattering electrons (BSE) image of the cross section of the solidified sample OUZr 1
is reported in Figure 6.

(b)
Figure 6: (a) Back-scattering electrons image of the cross section of sample OUZr 1; (b)

Magnification of the dendritic structure; (¢) Particular on the three identified phases, (U,Zr)O,., a-
(Zr,U)(0O) and solidified ternary (U,Zr,O) liquid
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A homogeneous dendritic microstructure (black phase) is observed. This microstructure is
typical of a rapidly cooled single-phase liquid. Due to the extreme temperature conditions
reached during the heat treatment, the liquid alloy penetrated within the grain boundaries of
the W-crucible. This phenomenon leads to mechanical constraints which in turn lead to the
detachment of some W grains at liquid/crucible interface. Figure 7 shows a magnification of
the cross section close to the sample/crucible interface. EDS and WDS analyses revealed that
the detached W particle has partially reacted with the liquid alloy leading to the formation of a
W,Zr ring that surrounds the intact W sphere.

Figure 7: Magnification of the sampe OUZr _1 close to the sample-crucible interface. The phases
reported in the figure were identified by EDS analysis

Maurizi [9] argued that at high temperature, the solid W can be partially dissolved by the
liquid (O,U,Zr) sample. The fact that the melting temperature of W,Zr compound (T=2428 K)
is lower than the experimental annealing temperature (T=2567+26 K) allows to conclude that
the formation of W,Zr at W/liquid interface occurs during cooling of the sample by peritectic
reaction at 2428 K: [W+(Zr)jiq] 2 W,Zr. This reaction leads to the formation of a W,Zr ring
that surrounds the W particle. The formation of the W,Zr compound removes part of the Zr
from the O-U-Zr ternary equilibrium. Therefore, a correction was applied to the measured
EDS composition to exclude the W contribution as well as the contribution coming from the
Zr reacted to form the W,Zr precipitates. It is considered that only a fraction of the W reacted
with the Zr forming W,Zr. The mass fraction of Zr is corrected as follows:

(M

w(Zr),,,, = W(Zr) — (f wWW)- M(Zr) j

2M(W)

where w(Zr) and w(W) are the measured mass fraction of Zr and W respectively, M(Zr) and
M(W) stand for the molar mass of Zr and W, and f is the estimated fraction of W forming
W,Zr using image processing software Imagel”.EDS analyses on the rest of the sample
revealed negligible amount of W.

EDS analysis showed that the final global composition of OUZr 1 sample (i.e., the
composition of the solidified sample measured after the heat treatment) moved within the
ternary phase diagram (Figure 8). The evolution of the concentration can be explained by the
formation of volatile species UO(,). The calculation of the gas composition in equilibrium
with the liquid at the annealing temperature (T=2567+26 K) revealed that the major
component was the volatile specie UOy). After the heat treatment a mass loss of 0.41 g was
measured. The comparison between the initial and the final elemental masses of components
of the sample (measured by EDS) is reported in Table 4.
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Initial Final A UO

Mass/g | 2.2447 1.8347 | 0.4100 Mass / g 0.4100
mO)/g | 0.1787 | 0.1500 | 0.0290 m(0)/ g 0.0260
m(U)/g | 09650 | 05850 | 0.3800 m(U)/ g 0.3840

m(Zr)/ g 1.1000 1.1000 0.0000

Table 4: Comparison between the mass loss of the sample after the heat treatment and the elemental
mass of UO specie. The elemental mass losses are comparable, meaning that UO, is the major cause
of composition shift. The mass of U, Zr and O after the heat treatment (column “Final”) is calculated

starting from mass fractions measured by EDS

The elemental mass composition of the UO,) species is in good agreement with the calculated
U and O mass losses from the sample. The mass of Zr did not change.

It may be noted in Figure 8 that a practically straight line can be drawn to indicate the
evolution of liquid phase composition starting from the UO species on the binary O-U side of
the ternary phase diagram and passing by the initial composition and the final composition of
the sample.

@ Initial composition
@® Final composition

U‘ 00 0.25 0.50 0.75 1.00 2r
X(Zr)

Figure 8: Schematic representation of the effect of the UO,, species volatilisation during the heat
treatment. “I” stays for the initial composition of the sample, while “F” stays for the measured
composition of the solidified sample, representative of the final liquid composition

It can be concluded that the main actor for non-negligible mass losses was the UOg) volatile
specie.

Figure 9a shows a magnification of the microstructure of sample OUZr 1, corresponding to
the regions of the sample not affected by the presence of W. Three main phases can be
observed, and EDS and WDS analyses allowed indexing them as:

- Light grey phase: a mixed oxide (Uss7Zr143)O1 81;

- Dark grey phase: a-(Zr,U)(O), which is an oxygen saturated Zr phase containing a small
amount of U;

- White phase: solidified ternary (U,Zr,O) liquid enriched in U.
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Figure 9: BSE-SEM image of sample OUZr 1. The red arrow represents the line analysed by WDS
analysis reported in Figure 5b (black squares=at% O; red circles=at% Zr; blue triangles=at% U). Three
phases can be identified: a mixed oxide (U,Zr)O, (light grey phase), a-Zr(O) (dark grey phase) and a

solidified ternary (U,Zr,O) liquid phase

The initial and final composition of sample OUZr 1 as well as the composition of the phases
described above is reported in Table 5.

Initial OUZr _1 Final OUZr 1 (U,Zr)0y | o-(Zr,U)0) | (U,Zr,0) liquid
at% O 41.0 39.1+1.4 64.4+0.8 25.1+1.7 33.1+2.6
at% U 15.0 10.2+0.3 30.5+0.1 2.0+0.2 63.9+0.1
at% Zr 44.0 50.7+0.8 5.1£2.1 72.9+0.5 2.6x1.0

Table 5: Initial and final composition of sample OUZr 1. The measured composition of the three
phases observed in Figure 5 representative of the equilibrium phases at the heat treatment temperature
are also reported. The data are reported in atomic fraction of O, U and Zr. A cover factor k=2 was
applied to the uncertainties

The oxygen content in the fcc mixed oxide seems to be underestimated (O/(U+Zr)=1.81). The
oxygen content in the ternary solidified (U,Zr,0) liquid is overestimated. Surface
contamination and the presence of O-rich phases in the surroundings may have affected the
WDS results. Furthermore, the composition of this phase was measured using UO; as a
standard for U and O. This may also lead to errors in the O-content and U-content estimation.
Considering the chemical contrast and the position of the final composition of the sample in
the O-U-Zr ternary phase diagram, it can be concluded that the latter phase is a (U,Zr) alloy
enriched in U. This point will be discussed in details in Chapter 4.

Sample OUZr 2
The microstructure observed on the cross-section of the solidified OUZr 2 sample is reported
in Figure 10.

4 5 "5

L2 Vot I A
: BSE-SEM image of the cross section of sample OUZr 2
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The presence of a sharp separation between two regions of the sample can be seen more
clearly in Figure 11.

EDS analysis revealed that the upper region was enriched in oxygen (oxide region), whilst the
lower zone was enriched in metallic component (metallic region). This particular
configuration is typical of two cooled immiscible liquids, one oxide and one metallic: the
existence of a miscibility gap at the liquid state at 2567 K was then inferred. The two
liquids are stratified because of the difference in their densities. This result confirm the
experimental finds of Juenke & White [10], Politis [8] and Guéneau et al. [11], already
reported in Chapter 2. The sharp separation between the two regions suggests that the two
immiscible liquids cooled separately. This was possible because the cooling rate was fast
enough to allow an independent solidification between the two liquids.

. 5 B

§ Metallic region R s

T}

Figure 11: BSE image of sample OUZr 2. Two regions may be distinguished in the solidified sample:
the upper region being an oxygen-richer zone (named insofar oxide or oxidic region), the lower region
being an oxygen-poorer zone (named insofar metallic region). The red arrows highlight the interface
between the oxide and the metallic region

Here also, as for sample OUZr 1, due to the high temperature reached during the annealing,
W from the crucible was transported away. The interaction between the sample and W was
limited at the metallic region: negligible traces of W were found in the oxidic zone (less than
0.5 at% W). The same consideration made for sample OUZr 1 may be used for the present
case. A correction to the EDS analyses was applied in order to neglect the contribution
coming from W and from the reacted Zr forming the W,Zr compound. The composition of the
sample after the annealing moved away from the initial one, which is due to the same effect of
UO( evaporation described above. The global composition of the two quenched liquids is
reported in Table 6.

Initial OUZr 2 | Oxide liquid | Metallic liquid
at% O 41.0 46.0+1.8 30.2+1.2
at% U 21.0 13.9+0.4 16.2+0.4
at% Zr 38.0 40.1+0.8 53.6+0.8

Table 6: Initial composition of sample OUZr 2 and EDS analyses on the oxide and metallic liquids. A
cover factor k=2 was applied to the reported uncertainties

The final composition of sample OUZr 2 can be estimated as being on the tie-line between
the oxide liquid and the metallic liquid compositions, and imposing that the mass loss during
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the experiment was only caused by the departure of the UO(,) volatile species (see discussion
for sample OUZr 1).

The measured compositions of the immiscible liquids are fundamental data for the
thermodynamic modelling of the O-U-Zr ternary system. As already introduced in
Chapter 2, the miscibility gap in the liquid phase of the O-U-Zr system was observed by
several authors. However, large uncertainties still exist on its extension in temperature and in
composition. Guéneau et al. [11] and Bechta et al. [12] were the only authors reporting the
composition of the liquids in equilibrium. In addition, the temperature of co-existence of two
immiscible liquids reported by Guéneau et al. is affected by an estimated uncertainty u(T)=
+100 K. In order to confirm previous results and better shape the extension of the miscibility
gap across the O-U-Zr ternary phase diagram, the present data will be used in the second part
of this Chapter for the thermodynamic modelling.

Figure 12 reports a magnification of the microstructure of the solidified oxide liquid. WDS
analysis revealed that during the solidification of the oxide liquid two main phases were
formed:

- Light grey phase: mixed oxide (U77,6Z122.5)O1 31;
- Dark grey phase: a-(Zr,U)(O) containing a small amount of U.

- White phase: WDS results (atomic composition UgQO49) are affected by surface oxygen
contamination and by the surrounding oxidised phases. It can be concluded that this phase is
metallic U with small oxygen content.

Small white precipitates within o-(Zr,U)(O) may be noted in Figure 12. The measured
composition is affected by a significant uncertainty because of the small amount and the
reduced dimensions of this phase. Furthermore the white precipitates are completely
surrounded by a strongly oxidised phase: WDS analyses overestimated the oxygen content of
the white phase. However, the chemical contrast suggests that the precipitates should be a
uranium-based metallic phase.

] —=—at% 0
"0 _ o0 e —e—at% Zr
o fee T (U200, AathU
4 \ o N e 2 R
.y a-Zr(0) | Ll T

)

50 \/
Al
| [
.H—-—H—l—u—l—I/i |pataata, | atadaiss
Y
20 A

S

10 / *a o e,
./k‘\*-i-tifj La e S RS R
o 5 10 15 2 25 30
X A distance / um
a) b)
Figure 12: a) BSE-SEM image of the solidified oxide liquid in sample OUZr 2. b) WDS results on the
blue arrow (black squares=at% O; red circles=at% Zr; blue triangles=at% U). Two phases were
identified: a mixed oxide (U,Zr)O, (light grey) and a-(Zr,U)(O) (dark grey)

Within the microstructure of the solidified metallic liquid phase some oxide droplets can be
observed (Figure 11). This can be due to the high annealing temperature that causes
convective movements in the liquid phases. Local instabilities close to the liquid-liquid
interface can drive small amount of the oxide liquid moving to the metallic liquid. Therefore,
during solidification the oxide droplets got stuck within the metallic liquid. The U/Zr ratio of
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the droplets (U/Zrgropier=0.35) is comparable with the U/Zr ratio measured in the solidified
oxide liquid (U/Zroxide liquia=0.347), confirming the previous interpretation.

Figure 13 reports some maps of a solidified oxide droplet obtained using EDS.The phases
observed in the solidified bulk oxide liquid can be also identified within the oxide droplets
(i.e., a mixed oxide (U,Zr)O,4, a a-(Zr,U)(O) phase and small precipitated of metallic U). It
may be noted that inside the droplet a W,Zr phase can be also identified. The compositions of
the phases formed during cooling of the metallic liquid, the bulk oxide liquid and the oxide
droplets are reported in Table 7.

Oxide liquid Metallic liquid Oxide droplets
U-met U-met
(U,Zr)O, | o-(Zr,U)(0) % (U,Zr)0, | a~(Zr,U)(O) | U-met | (U,Zr)O,, | a~(Zr,U)(O) "
o,
a:)/o 64.4+1.4 26.0+1.0 38 66.9 26.8+1.0 24 65.6+1.4 26.8+1.0 36
o,
atU/o 27.5+0.4 2.7+0.2 62 30.3 2.1+0.2 69 30.5+0.4 2.1+0.2 64
at%
Zr 8.0+0.6 71.3+0.8 / 2.8 71.1+£0.6 7 3.9+0.6 71.1+£0.6 /

Table 7: Composition of the phases formed during solidification of the metallic liquid, the oxide liquid
and the oxide droplets. A cover factor k=2 is applied to the reported uncertainties. * U-met represents
the white phase that precipitates within the (U,Zr)O,_, and the a~(Zr,U)(O) phases. The reported values
have to be treated carefully, since the large amount of oxide phase surrounding the white precipitates
(U metallic) could affect the measured oxygen content
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Figure 13: (a) SEM image of a solidified oxide droplet; (b) coloured image obtained superposing the
four elemental analyses on the right side of the Figure

Sample OUZr_3

The microstructure of the solidified sample OUZr 3 is shown in Figure 14.
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F1gure 14: BS SEM 1mage of the cfoss section of the solidified sample OUZr 3

A sharp separation between an upper and a lower microstructure can be observed. EDS
allowed identifying the nature of the two structures as for sample OUZr 2. A miscibility gap
between two liquids, one oxide (upper region) and one metallic (lower region) was
observed. It can be noted that the difference in the chemical contrast between the oxide and
the metallic solidified liquids in sample OUZr 3 is more evident compared to the one
observed in sample OUZr 2.
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The composition of the two solidified liquids in reported in Table 8.

Initial OUZr_3 | Oxide liquid | Metallic liquid
at% O 38.0 50.7+1.8 23.6%1.2
at% U 28.0 17.3+£0.4 28.0+0.4
at% Zr 34.0 32.0+0.8 48.4+0.8

Table 8: Initial composition of sample OUZr 3 and EDS analyses on the oxide and metallic liquids. A
cover factor k=2 was applied to the reported uncertainties

Within the metallic region, some solidified oxide droplets are identified. As for sample
OUZr 2, convective movements drove a small fraction of the lighter oxide liquid to move
towards the metallic liquid. During solidification the oxide liquid droplets remained trapped
within the metallic liquid, forming the observed spherical structures (Figure 15 and Table 9).

A fraction of W was transported away from the crucible. The W contamination is evident in
the solidified metallic liquid (about 5 at% W), whilst it can be considered negligible for the
oxide liquid (less than 0.5 at% W). The same correction applied previously is applied for the
present sample.

Figure 15: Oxide droplet solidified within the quenched metallic liquid. The EDS results on the
reported spectra (1-18) are presented in Table 9.
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Spectrum 1 2 3 4 5 6 7 8 9
at% O 25.9 26.9 26.6 26.2 21.5 21.5 21.7 21.7 20.4
at% U 3.4 1.5 2.5 0.8 78.5 78.5 78.3 78.3 74.8
at% Zr 70.7 71.6 70.9 73.0 / / / / 4.8
at% W / / / / / / / / /
Phase a-(Zr,U)(0O) a-(Zr,U)(0O) a-(Zr,U)(0O) a-(Zr,U)(0) U-met U-met U-met U-met U-met

Spectrum 10 11 12 13 14 15 16 17 18
at% O 18.8 21.2 / 65.3 66.2 65.5 66.0 / /
at% U 81.2 78.8 / 30.6 31.1 30.1 30.7 / /
at% Zr / / 34.8 4.1 2.7 4.4 3.3 34.6 34.5
at% W / / 65.2 / / / / 34.8 65.2
Phase U-met U-met WzZI’ (U,ZI’)OQ-X (U,ZI’)OQ_X (U,ZI‘)OZ_X (U,ZI‘)Oz.X WzZI’ WzZI’

Table 9: EDS results on the solidified oxide droplet in Figure 12
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EDS and WDS analyses showed that within the solidified oxide liquid, three phases might be
identified (see Figure 16a):

- Light grey phase: mixed oxide (Ug7Zr3)O 9s;
- Dark grey phase: a-(Zr,U)(O).
- White precipitates: metallic U.

(a) (b
Figure 16: SEM images of sample OUZr 3. (a) Solidified oxide liquid; (b) solidified metallic liquid

In Figure 16b the microstructure of the solidified metallic liquid is shown. A large amount a
U-enriched metallic phase can be seen (i.e., the white phase). The black phase is the a-
(Zr,U)(0). It may be also noted that W,Zr (grey phase in Figure 16b) was found in the
solidified metallic liquid.

The compositions of different phases detected in solidified oxide liquid, metallic liquid and
oxide droplets are reported in Table 10.

Oxide liquid Metallic liquid Oxide droplets
a- o- a-

(U,Zr)O,« (Zt,U)(0) U-met (U,Zr)O,« (Z+,U)(0) (U,Zr,0) | (U,Zr)Op4 (Z+,U)(0) U-met
at% O 66.0+1.6 26.1£1.4 20+£2 66.4 26.8£1.0 11£2 65.8+1.4 26.4£1.2 21£2
at% U 29.6+0.4 2.9+0.2 80+2 30.3 2.1+£0.2 84+2 30.6+0.4 2.1£0.2 78£2
at% Zr 4.4+0.6 71.0+0.8 / 33 71.1+0.6 5+2 3.6£0.6 71.5+1.0 1+1

Table 10: Composition of the phases formed during solidification of the metallic liquid, the oxide
liquid and the oxide droplets. A cover factor k=2 is applied to the reported uncertainties. An estimated
uncertainties of £2 is applied to the U-met and (U,Zr,O) results.

The fact that WDS analyses revealed the existence of a metallic phase with composition of
about UggOy is in contradiction with the U-O phase diagram (see Figure 12 in Appendix B) in
which no such compound is calculated. This is a further confirmation that the choice of the
standards for WDS analysis is crucial for the good estimation of phase composition. It can be
concluded that this metallic phase is metallic U, with a small solubility of Zr (less than
5 at%).

Sample OUZr 4
The solidified microstructure of sample OUZr 4 is shown in Figure 17.
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Figure 17: BSE-SEM irﬁgge of the cross section of the solidified sample OUZr 4

The homogenous dendritic structure suggests that the sample, at the annealing temperature,
was a single liquid phase. Only a negligible amount of W was transported away from the
W effusion cell. Since the present sample had the lowest amount of U, the effect of the
evaporation of UOQ(g) on the solidified composition is limited.

In Figure 18, a magnification of the microstructure of sample OUZr 4 is reported.
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Figure 18: Magnification of the microstructure of sampl
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Thanks to EDS and WDS analyses, three phases can be detected:

- Light grey phase: a mixed oxide (Ua46Z1554)O1 85
- Dark grey phase: a-Zr(O);
- White phase: solidified ternary (U,Zr,0O) liquid.

Post annealing analyses did not reveal the presence of W,Zr. However, an eutectic structure
with a global composition of U Zrs5,Ws30344 can be seen.

EDS results on sample OUZr 4 are reported in Table 11.

Initial OUZr 4 | Final OUZr 4 | (U,Zr)0O,, | a-Zr(0)
at% O 38.0 35.7£1.2 64.2+1.2 | 26.9+1.4
at% U 6.0 4.8+1.8 16.0£0.4 | 2.3+0.2
at% Zr 56.0 59.54+0.8 19.8+£1.0 | 70.7+0.2

Table 11: EDS results on sample OUZr_4. A cover factor k=2 was applied to the uncertainties

Summary
The first set of experiments performed on the O-U-Zr system allowed to confirm the existence

of a miscibility gap in the liquid phase. Post-experiment examinations on three of the four
investigated compositions showed the presence of two liquids, one oxide the other metallic.
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Observations on the remaining two samples showed a solidified structure typical of a rapidly
cooled monophasic liquid.

The compositions of the two liquids in equilibrium found in the solidified OUZr 2 and
OUZr 3 samples were measured by EDS and WDS. These data are fundamental for the
thermodynamic modelling of the ternary O-U-Zr system. In fact, the extension in temperature
and in composition of the miscibility gap in the liquid phase in the O-U-Zr system is still
ambiguous, especially at high temperature.

Experiments performed at temperature above 2000 K are affected by relevant source of
uncertainty. Pyrometry is the best option in the present case, because it avoids direct contact
between the investigated sample and the instrumentation. However, temperature measurement
is normally affected by a relative error of 1 %. The interaction between the sample and the
crucible is the other major source of uncertainty. W was the best available solution for the
present study. However, more effective solutions exist to minimise the sample/crucible
chemical interaction. ThO,-crucibles are highly refractive and chemically resistant, but their
utilisation is not allowed at the CEA Saclay. Another solution might be UO,-crucible:
recently the LM2T was equipped with a set of this type of crucible. Preliminary tests with
these crucibles will be performed to verify the validity of this solution.

The observed microstructure and the effect of W will be interpreted using thermodynamic
calculation in Section 3.4.1.

3.2.1.2 Laser heating experiments

The second part of the experimental investigation on the O-U-Zr system was performed at the
Institute for Transuranium Elements (ITU), Germany in the framework of the TalismAn
European project [5]. The laser heating setup installed in the Material Research Unit was used
to study the melting behaviour of three O-U-Zr samples in the oxygen-poor region of the
phase diagram. This experimental apparatus allows very high temperature studies on a wide
set of materials (e.g., carbides [13,14], nitrides [15] and oxides [16,17]) under different
atmospheres.

Sample fabrication

The starting materials, Zr Van Arkel (supplied by the LTMEx, CEA Saclay), U metallic (CEA
supply) and ZrO, powder (see Appendix E), were arc melted using a Edmund Biihler GmbH
Compact Arc Melter MAM-1. The advantages of arc melting are the rapidity of the
fabrication process and the chemical homogeneity of the melted samples. The fusions were
performed under an inert atmosphere (Ar, Messer purity 99.9999%) in order to limit parasitic
oxidation. Before the arc melting, three purges were performed to minimise the residual
oxygen inside the melting chamber. Before each fusion, an oxygen getter (Zr Van Arkel
shavings) was melted. These precautions limited the amount of free oxygen inside the melting
chamber. This was verified by measuring the oxygen content of Zr Van Arkel before and after
arc-melting. The measure was performed by P.F. Giroux at the LTMEx, CEA Saclay using an
HORIBA EMGA-820 oxygen/nitrogen analyser. The results are reported in Table 12.

O content (ppm)
Zr Van Arkel — before arc melting 32420
Zr Van Arkel — after arc melting 126+33
Table 12: Parasitic oxidation during arc melting
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The oxygen content in the Zr Van Arkel increased by about 100 ppm after the arc-melting. It
can then be estimated that during the preparation of the O-U-Zr samples, a maximum gain of
100 ppm of oxygen did affect the final compositions. For each sample, the arc melting was
repeated three times in order to ensure the highest level of homogeneity.

The initial compositions of the investigated samples is reported in Table 13 and Figure 19.

Sample at% O at% U at% Zr mass/ g Am /g Am/m %
OUZr 6 8.2 5.5 86.3 1.2196 0.000 2 0.016
OUZr 7 12.6 10.6 76.8 1.0384 0.0017 0.164
OUZr 8 19.2 15.3 65.5 0.9636 0.0013 0.135

Table 13: Initial composition of the three O-U-Zr samples. Am stays for the mass loss after the arc-
melting. In the three cases the mass loss can be considered negligible

0,000

Initial compositions

0,75
l\ s
8 ..\\\
1,00 e LN
? 7 7 7 7 7 >
0,00 0,25 0,50 0,75 1,002
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Figure 19: Initial composition of the O-U-Zr samples investigated by laser heating. The samples sit
near the UO,-Zr section

The obtained samples were then cut in two parts.

Laser heating setup
A schematic view of the laser heating experimental setup at ITU is reported in Figure 20.
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Figure 20: Laser heating apparatus at ITU. The Nd:YAG power laser, the Ar'-laser and the optical
instrumentation look at the surface of the sample through a BK7 window

The sample was held in a pressurised steel vessel under controlled atmosphere. The buffer gas
(pressurised at 0.25 MPa) was chosen in order to maintain its composition as close as possible
to the initial one during the heating-cooling cycles.

The heating source was a TRUMPF® Nd:YAG continuous-wave laser emitting at 1064.5 nm
with a maximum power of 4.5 kW. The power vs. time profile is programmable allowing
pulses of different duration and different maximal power.

The temperature at the centre of the heated area was measured with the 650 nm-channel of the
fast pyrometer. The pyrometer was calibrated between 1800 and 2500 K using a standard
tungsten ribbon lamp, as detailed in [18]. At the same time, a 256-channel spectrometer
(integration time of 4 ms), operating in the range 488-1011 nm, was focused on the same spot.
The channel operating at 649 nm was calibrated with the same procedure as for the fast
pyrometer. The remaining channels were calibrated against a graphite tubular blackbody
operating up to 3300 K. The radiance spectra obtained with the spectrometer were then used
to calculate the Normal Spectral Emissivity (NSE), ¢(@4,7). A detailed description of the
optical instrumentation for the temperature monitoring is reported in Appendix A.

The melting transition on the heating stage was detected using the Reflected Light Signal
(RLS) method [18]. The reflected light of a continuous wave Ar' probe laser emitting at
488 nm aimed at the sample centre is detected by the 488 nm-channel of the fast two-channel
pyrometer. The intensity of the reflected light is dependent on the angular reflectivity. The
first appearance of the liquid during the heating of the sample leads to a rapid change in the
reflectivity, and thus to a sharp variation in the recorded signal (Appendix A).

Laser heating results

The laser power and the duration of the laser pulses were optimised in order to obtain a
freezing plateau long enough to clearly observe the solidification temperature. Furthermore,
the dwelling time in the liquid state had to be as short as possible in order to limit incongruent
vaporisation, which could affect the global composition of the samples. The pressure and the
quality of the buffer experimental gas are also relevant. If the total pressure of the vapour
phase in equilibrium with the liquid sample is lower than the pressure inside the autoclave, the
vapours remain confined. In other words, the evaporation is kinetically limited.
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A pre-heating level was set on the laser power to limit thermal stresses due to the extreme
power density impinging on the surface of the sample. This procedure consists of heating the
sample above 1000 K and limiting the temperature gradients during the laser pulse sequences.
Four laser pulses with different power vs time shapes composed each laser sequence. A good
set of data was thus obtained and it was possible to verify the effect of the cooling rate on the
measured solidification temperature. Between two subsequent laser pulses within the same
sequence, the laser power was set back to the pre-heating value and the laser beam delivered
to a graphite beam shutter. The time interval between the pulses was optimised to reduce the
4-pulse sequence duration and to maintain the temperature of the sample above the limit of
detection of the fast pyrometer (radiance temperature of 1500 K). The spectro-pyrometer was
triggered manually on one pulse within each sequence. The selection of the spectro-pyrometer
time resolution is related to the signal-to-noise ratio expected during the experiments. In the
present case, since the temperature of interest were below 2500 K and the emissivity of metal
is relatively low (at least lower than the oxide investigated in the past with the same setup
[17]), an integration time of 6 ms was chosen.

Figure 21 shows sample OUZr 7 before and after a sequence of laser pulses.

y

@ N (b)
Figure 21: Sample OUZr 7 before and after a laser pulse sequence. In figure (b) the circular trace of
laser spot can be clearly seen

Figure 22 shows a sequence of thermograms obtained on sample OUZr 6 under Ar. In this
section, radiance temperature will be reported. Only the correction for the window
transmittance is applied (t=0.86).
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Figure 22: Radiance temperature measured during a sequence of laser pulses performed on sample
OUZr_6 under Ar. Depending on the laser pulse duration and on the maximum laser power level, the
solidification arrest is more or less visible. It may be noted that the third shot led to the formation of a

large amount of liquid, which during cooling released its latent heat of solidification resulting in a

pronounced thermal arrest

The black line represents the radiance temperature measured by the fast pyrometer working at
652 nm. The red line is the laser power sequence, whilst the blue line is the reflected light
signal (RLS) from the second channel of the fast pyrometer.

The investigated samples have metallic properties. In particular, their thermal conductivity is
relatively high. This required high-power laser pulses, especially considering the small size of
the arc-melted samples (about 1 g and less than 1 cm in diameter). The laser pulse shape
influenced the behaviour of the sample during cooling. Depending on the amount of liquid
material formed during heating, the resulting thermal arrest on the cooling flank is more or
less pronounced. However, the measured solidification temperatures are reproducible, within
a single sequence and along all the sequences. This implies that the cooling rate did not affect
the solidification results. Furthermore, the fact that the thermal arrests are reproducible shows
that incongruent evaporation induced negligible composition changes in the samples during
the laser shots.

The RLS method permits to identify a phase transformation when it is not evident in the
thermogram. Figure 23 shows the application of the RLS technique on sample OUZr 6.

The melting point can be identified in correspondence of the sudden variation on the RLS. It
may be noted that the RLS presents the same variation when the surface of the sample
solidifies. Thanks to the RLS technique it is also possible to estimate the dwelling time in the
liquid phase and thus to optimise the laser pulses sequence.

Looking at the thermogram obtained on sample OUZr 8 under Ar reported in Figure 24, a
second thermal arrest on the cooling flank can be noted. The fast pyrometer permits to detect
the formation of the first liquid and the complete solidification of the sample during cooling,
at the condition that the observed phenomena are sufficiently energetic.
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Figure 23: Application of the RLS method to identify the melting transition of the heating flank of the
thermogram. The abrupt variation of the signal from the 488 nm-channel of the fast pyrometer during
heating helps to identify the melting point. A good correspondence exists between the RLS estimation
of the melting temperature and the solidification thermal arrest on the cooling flank of the thermogram

2400 sample QUZr 8 underAr, pulse ¢ 10000
28004 e, S
22004 | 1%thermalarrest 4 8000
200 S e mal arrest ] 2
Xo20004 SN 16000
g 7 I g
51900 ! o}
E 4 : ] . : 2
Foagood /N 40009
4 : . " ©
1600 ™I LW} T ————— 2000
1500
1400 — e 0
75 8,0 85 9,0 95 10,0 105 11,0

time /s
Figure 24: Thermogram obtained under Ar on sample OUZr_8. On the cooling flank, two distinct
thermal arrests can be noted. In correspondence of the inflections, the RLS shows some features as
well

The laser pulse ¢ on sample OUZr_8 showed in Figure 25 allowed us to melt a large amount
of sample. Evident thermal arrests can be observed during cooling. In agreement to the first
thermal arrest, the RLS shows a sudden change. It can be noted that RLS changed also at the
second thermal arrest on the thermogram. Between the two thermal arrests, the surface of the
sample experienced significant changes. This means that the first thermal arrest corresponds
to the formation and growth of the primary solid phase, whilst the second thermal arrest
corresponds to the complete solidification of the surface of the sample. In the second part of
this chapter, thermodynamic calculation will help interpreting this feature.

The same effect was also visible on the cooling flank of the thermograms obtained on sample
OUZr 7. However, the second thermal arrest was less evident.
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A summary of the experimental results obtained on the three O-U-Zr samples is shown in
Figure 25. For each laser pulse the measured radiance temperature is reported. Samples
OUZr 7 and OUZr_8 exhibit a second inflection.

A test under air was also performed on sample OUZr 8. The radiance temperature results are
less regular than those obtained under Ar. The temperature detection resulted to be
challenging. The buffer gas strongly interacts with the sample. No evident thermal arrests are
visible on the cooling flank. Since the experimental conditions were not fully under control,
this test cannot be considered for the thermodynamic modelling. However, it gives useful
information on the paramount effect of the experimental atmosphere on the high temperature
behaviour of the investigated samples.
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Figure 25: Summary of the experimental results obtained on samples OUZr 6, OUZr 7 and OUZr 8.
The reported values are corrected only with the transmittance of the window. The reduced data
dispersion in the three cases shows the excellent repeatability obtained during this experimental

campaign
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Emissivity analysis
In order to convert the radiance temperature into true temperature, the emissivity of the
samples must be known. In the open literature no emissivity data are available for the present
compositions. The current emissivity estimation is the only available way to obtain true
temperature values and represents the main source of uncertainty.

The O-U-Zr samples studied by laser heating are lacated in the Zr-rich corner of the phase
diagram (see Figure 19), with different amounts of oxygen. As mentioned above, because of
the very low oxygen content, they display metallic properties. The optical properties of metals
are normally dependent on wavelength and temperature. Furthermore, depending on the
electronic configuration, the functional relation linking optical properties to wavelength and
temperature is complex. Cagran et al. [19,20] showed that phase transitions (e.g., from solid
to liquid state) may also drive abrupt changes in the emissivity.

Krishnan et al. [21] proved that the emissivity of liquid metals can be considered constant in a
wide range of temperature above melting. The emissivity of liquid U and liquid Zr at 632.8
nm was measured by Krishnan et al. [22]. One can suppose that the optical behaviour of the
investigated samples might be derived from the combination of the metallic components (e.g.,
it can be considered that the emissivity at 650 nm of the samples is the linear combination of
the emissivity of liquid U and Zr). This approach works well for dielectrics materials as
oxides [23]. In case of metals, it must be applied prudently. In fact, Krishnan et al. [21]
showed that the emissivity of Zr-Ni alloys cannot be directly related to the optical behaviour
of Zr and Ni. Furthermore, the non-negligible amount of oxygen in the investigated samples
can induce radical changes in their electronic properties, leading the samples becoming
dielectrics.

In the absence of any experimental data on the normal spectral emissivity, the samples were
considered as grey bodies even if this assumption (g(4)=constant at least in the spectral range
of interest) must be applied to metals very carefully. This approach follows the
recommendation of Neuer et al. [24].

The extrapolation to zero wavelength (Appendix A) method applied to a spectrum recorded
by the spectro-pyrometer during the thermal arrest detected on sample OUZr 8 is shown in
Figure 26.

Sample OUZr_8, laser pulse ¢
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Figure 26: The extrapolation to zero wavelength method applied to the laser pulse ¢ performed on
sample OUZr 8. The black circles represent the radiance temperature spectrum recorded by the
spectro-pyrometer (tiyegration=0 ms) during the first thermal arrest. The spectrum is fitted using
Equation (8) (red line) considering a constant normal spectral emissivity in the spectral range. The
resulting emissivity (1) (blue circles) is 0.40
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The normal spectral emissivity obtained with the same procedure on sample OUZr 6 and
OUZr 7 is respectively 0.243 and 0.264. The difference between the emissivity of sample
OUZr_8 (¢=0.40) and the other two samples is evident. This can be related to the amount of
oxygen in the samples. Krishnan et al. [22] showed that the presence of an oxide layer (even
50 nm thick) on the sample’s surface induces significant changes in the measured normal
spectral emissivity.

The emissivity correction can lead to significant variations on the final result. For example,
considering a measured radiance temperature of 2000 K, an emissivity of 0.3 or 0.4 give true
temperatures of 2244 K and 2180 K respectively (AT=64 K).

Post-experiment characterisation

Post-experiment examinations were performed on the cross section of the laser-melted
samples. The heated surface and the region underneath were observed by means of a scanning
electron microscope (SEM) coupled with a energy dispersion spectrometer (EDS). The global
composition of the sample was measured. However, due to the metallic nature of the sample,
the oxygen content measure is challenging. Surface contamination and the low atomic weight
make the uncertainty rise considerably. For this reason, the U/Zr ratio is taken as comparative
parameter.

The microstructure of the post-melted samples OUZr 6 and OUZr 7 are similar. A thin
lamellar structure is homogenously observed in the samples (Sample OUZr 6 in Figure 27).
Two phases are visible. Considering the position of the sample in the ternary phase diagram, a
a-Zr(O) phase (dark grey phase in the BSE image) and a metallic phase enriched in Zr (light
grey phase) can be distinguished. EDS analysis on sample OUZr 6 and sample OUZr 7
confirmed qualitatively this argument. Using ImageJ® software the mass fraction of the
observed phases was also estimated. These results are reported in Table 14.

@ (b)
Figure 27: BSE image of the microstructure of sample OUZr 7. (a) Laser-heated surface of the
sample; (b) magnification close to the laser-heated surface
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Sample OUZr 6 Sample OUZr 7
Phase o-Zr(0) Zr-U alloy o-Zr(0) Zr-U alloy
at% O 21 // ND /l
at% U 1 8 ND 4
at% Zr 78 92 ND 96
Mass percentage 62 38 70 30

Table 14: EDS results on sample OUZr 6 and OUZr 7. The estimated mass percentage of the
observed phases is also reported. ND=not detected

Table 15 summarises the EDS results obtained on the three samples in terms of U/Zr ratios.

Sample U/Zr before laser melting U/Zx after laser melting
OUZr_6 0.065 0.060+0.005
OUZr_ 7 0.138 0.13540.005
OUZr 8 0.234 0.22240.005

Table 15: Comparison between the U/Zr ratio in the investigated samples before and after the laser
heating experiments

The U/Zr ratio for samples OUZr 6 and OUZr 7 did not changed after the laser heating, at
least within the error bars. However, the composition of sample OUZr 8 slightly moved
towards the Zr corner of the phase diagram.

The microstructure of sample OUZr_8 after laser melting is shown in Figure 28.

A5 b i 2]
UZr 8. EDS analysis revealed that the white
phase corresponds to a (U,Zr)O, mixed oxide, whilst the black phase is a a-(Zr,U)(O) phase

It may be noted that it is radically different compared to those of samples OUZr 6 and
OUZr 7. Sample OUZr 8 has the highest oxygen content. Therefore, the presence of a cubic
(U,Zr)O,« phase is likely (white phase in Figure 28). Furthermore, the last laser sequence
before the EDS analysis was performed under air. Therefore, the resulting microstructure is
affected by the interaction between the sample and the oxidising atmosphere.

Discussion
The current laser heating results exhibit an excellent repeatability. The radiance temperatures
measured during the solidification plateau of the three samples is affected by a relative error
of about 0.5 %. This indicates that the experimental conditions used during the experiments
allowed to limit incongruent evaporation. EDS analyses confirm this assumption. The
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recorded radiance temperatures under Ar, for the three samples, are comparable. The
temperature of the first inflection is about 2000 K for all compositions. This can be related to
the solidification of a common phase in the three samples. However, these temperatures
should be transformed into real temperatures through Equation (15) in Appendix A.

The emissivity of samples OUZr 6 and OUZr 7 is lower (about 30 %) than that of OUZr 8.
This could be related to the different amount of oxygen dissolved in the samples. This can
lead to the presence of an oxide layer affecting the emissivity estimation. The validity of this
approach should, however, be confirmed with further emissivity measurements.

The uncertainties on the radiance temperature at 650 nm are the combination of the statistical
dispersion of the experimental data and the systematic error of the pyrometric technique. The
measured radiance temperatures lay within the calibration range of the fast pyrometer (1800-
2500 K): the uncertainty contribution from the radiance temperature is thus minimised.

The second inflection measured on the cooling flank of sample OUZr 7 and OUZr 8 is less
reproducible. The same emissivity correction used for the first inflections was applied for the
second inflection recorded for sample OUZr 7 and OUZr 8. The low signal-to-noise ratio at
the temperature of the second inflection did not allow us to obtain exploitable data from the
extrapolation to zero wavelength method.

Table 16 summarises the laser heating experimental results on the three O-U-Zr samples.

Sample | Radiance temperature / K True Temperature / K
1* inflection | 2" inflection | (650 nm) | 1* inflection | 2" inflection
OUZr 6 | 2011+£11 /! 0.243+£0.05 | 2307+£101 /
OUZr 7| 2020+£10 1665426 0.264+0.05 | 2299494 1850470
OUZr_8 | 2002t16 1889+18 0.40+0.08 2183194 2049161

Table 16: Summary of the laser heating experiments on the three O-U-Zr samples. In the table are
reported both the radiance and the true temperatures. The expanded uncertainties on the true
temperatures are corrected with a coverage factor k=2

Since the uncertainty on the emissivity estimation affects the final values of the true
temperatures, Table 16 reports both radiance and true temperatures, corrected using the
calculated emissivity at 650 nm. A conservative value of 20 % is selected for the uncertainty
on the emissivity. The large error bars on the true temperature are due to the propagation of
emissivity uncertainty. For sample OUZr 8, the uncertainty on emissivity contributes for
90 % on the overall error bar on true temperature.

3.2.2 O-Fe-Zr system
The same experimental setup described in Section 3.2.1.2 was used for the study of six O-Fe-
Zr samples. This system is of great interest in the framework of severe accident investigation.

In the past, the O-Fe-Zr system has been studied especially in the oxygen-rich side of the
phase diagram.

The experimental results on the O-Fe-Zr samples are reported in Table 17.
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Sample | Radiance temperature / K True Temperature / K
1* inflection | 2" inflection | £(652 nm) | 1* inflection | 2" inflection
OFeZr 1 1989+£18 16604 0.5620.11 2098+86 1735454
OFeZr 2 1883+29 // 0.5620.11 1980194 //
OFeZr 5 1847411 1572415 0.55%0.11 1943+72 1642+58

Table 17: Summary of the laser heating experiments on the three O-Fe-Zr samples. In the table are
reported both the radiance and the true temperatures. The expanded uncertainties on the true
temperatures are corrected with a coverage factor k=2

As for O-U-Zr samples, both radiance and true temperature are presented. The emissivity
constitutes once more the main source of uncertainty. The reported values are calculated using
the extrapolation to zero wavelength method (Appendix A). A conservative 20 % uncertainty
is selected for the calculated emissivity. A more detailed description of the laser heating
experimental results on O-Fe-Zr samples is in Appendix A.

3.2.3 PuO;-UO»-ZrO; system

A large number of the PWR based nuclear power plants, are loaded with MOX fuel, a mixture
of UO; and PuQO,. In order to be able to add plutonium to the thermodynamic description of
the corium/concrete interaction, experimental data involving Pu-containing-subsystems are
paramount. However, very few experimental investigations have been carried out on Pu-
containing corium subsystems, due to the high radiotoxicity and limited availability of
plutonium [25]. Furthermore, the high oxygen potential of actinide dioxides (AnO,, where An
represents a generic actinide) plays a crucial role in the high temperature behaviour of these
compounds [26]. The oxygen potential is defined as:

#(0,) =RT In p(O,) )
Where R is the ideal gas constant, 7" the absolute temperature and p(O;), the oxygen partial
pressure, is specific to the reference atmospheric pressure (101325 Pa).

This parameter defines the tendency of a given compound to exchange oxygen with its
environment. In the system under investigation, the oxygen potential of uranium dioxide is of
most importance. Uranium can exist in the oxidation states +3, +4, +5 and +6 in its dioxide
form. This particular feature, related to the [Rn]5f°6d'7s* electronic configuration of U,
allows the occurrence, besides stoichiometric UO;o (mostly U4+), of both hypo-
stoichiometric (down to UO; ¢, with mostly U*" and U*") and hyper-stoichiometric dioxides
(up to UO, 15, with mostly U4+, U, and U6+). In contrast, Pu and Zr are known to exist only
in the oxidation states +3 and +4 (+2 and +4 for Zr) in their oxide forms (at least in the
absence of humidity [27]). Therefore, it is generally sufficient to keep zirconium and
plutonium dioxides in an oxidising atmosphere to ensure that they are stable at a composition
very close to stoichiometry (ZrO,op and PuO, ). The behaviour of uranium dioxide is
atmosphere-dependent and therefore more complex. It was shown [18] that an inert or slightly
reducing atmosphere stabilises nearly-stoichiometric UO, y, as a consequence of the very
slow kinetics of the reduction to UO,. An oxidising atmosphere will, however, result in the
oxidation of uranium dioxide to UO, or even to higher oxides, ultimately U;Os.

During experiments carried out at a temperature close to melting, as in standard furnace

treatments, the oxygen chemical potential triggers an overwhelming oxidation reaction both

towards the experimental atmosphere and the metallic containment (see Kato et al.’s work

[29]). Guéneau et al. [28] argued that the atmosphere used during the experiment was a
-87-



crucial parameter for maintaining the composition of the samples as close as possible to their
initial stoichiometries [26].

In this framework, collaboration with the JRC-ITU (Germany) allowed to explore the high
temperature behaviour of the PuO,-UO,-ZrO, system. Uchida et al. [25] published the only
experimental data on the melting behaviour of this system. The author performed melting
experiments using W-capsules. Kato et al. [29] showed that employing W-capsules during
high temperature experiments induces relevant errors in the temperature measurements.
Therefore, these data must be treated carefully.

3.2.3.1 Sample preparation and characterisation

In this work six compositions within the pseudo-ternary system were studied. The
compositions of the samples are reported in Table 18 and Figure 29. In the following, the
composition of a PuO,-UO,-ZrO, mixture containing x mol % UQO;, y mol % PuO, and v mol
% ZrO, will be noted U,P,Z,. The samples were in the form of cylindrical pellets 3 mm high
x 8 mm dia.

Sample mol% UO, | mol% PuO, | mol% ZrO, | mass/g
U48P3749 48 3 49 1.050
U45P10Z45 45 10 45 1.052
U33P33Z733 33 33 33 1.210
U20P40740 20 40 40 0.759
U10P45745 10 45 45 0.946

P50Z50 0 50 50 1.081

Table 18: Molar composition and mass of the six investigated PuO,-UO,-ZrO, samples

Zro

2

(UO,)0.50(2r05) 050 ; 6 (PUO,)p 50(Zr0,)o 50

T v T va T ' d T >
vo, 0.25 050 0.75 PuO,
Figure 29: Compositions of the six samples investigated in the UO,-PuO,-ZrO, phase diagram

As described in an earlier JRC report [30] the samples were prepared in the JRC-ITU Nuclear
Fuel Laboratories by mixing ZrO; (Alfa Aesar, 99.7 % purity with hafnium content less than
75 ppm), UO, and PuO, (JRC-ITU supplies). The mixed powders were then pressed into
pellets at an operating pressure ranging from 500 to 800 MPa and placed on a Mo tray.
Sintering was subsequently performed in a metallic furnace at 1873 K for 6 hours under
Ar/6.5%H, atmosphere with 1500 ppm H,O in order to maintain the oxygen-to-metal ratio as
close as possible to O/M=2.
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These compositions were specifically chosen to study the melting behaviour of the central
part of the phase diagram. Furthermore, this choice allows to investigate the influence of the
addition of UO, and PuO, when moving across the (PuO;)os0(Zr0O;)ps50-UO; and
(U0O2)0.50(Zr0O3)0.50-PuO, sections, respectively, as well as the effect on the measured
solidification temperature of the experimental buffer gas inside the autoclave.

The characterisation of the samples before and after the laser treatment is essential for
understanding the phenomena occurring during the experiments. In this work, Secondary
Electron (SE) images were recorded on a Philips XL40 scanning electron microscope
operated at 25kV installed in a glove-box.

The crystal structures of the synthesised and laser-melted samples were determined at room
temperature by X-ray diffraction (XRD) at ITU [31].

The XDR results before and after the laser heating experiments are presented in Chapter 4 and
interpreted by using thermodynamic calculations.

3.2.3.2 Laser heating results

The experimental setup reported in Section 3.2.1.2 was slightly modified to face the high
radiotoxicity of Pu. In particular the autoclave was enclosed in an alpha-tight glove box to
enable the handling of PuO, samples and shield against 3 radiation.

The samples were pre-heated with a 30 s long low power (40 W) laser pulse to reduce thermal
stresses and cracking phenomena. After this treatment, the temperature at the surface of the
sample reaches a steady state between 1500 K and 2000 K. The sample was then brought to
the liquid state with shorter (100 to 1000 ms) and more powerful (up to 700 W) pulses. A
BSE image of the molten sample is reported in Figure 30.

Figure 30: BSE image of the interface (highlighted by the red dashed line) between the molten and
non-melted sample P50Z50

Each laser pulse sequence was composed of four low power/high power cycles in order to
verify the repeatability and obtain a significant set of data. With this precaution, different
heating and solidification rates were applied to the samples. The observed cooling rates were
of the order of 10>-10° K/s. A typical sequence of laser shots is reported in Figure 31.
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Figure 31: Sequence of laser shots on sample U33P33Z33 under Ar atmosphere (p=0.25 MPa)

The black line is the thermogram showing the true temperature of the sample versus time
recorded with the 650 nm-channel of the fast pyrometer, whilst the red line is the power vs.
time profile of the laser beam impinging on the sample. It may be noted that the shape of the
laser pulse strongly influences the heating and cooling rates of the sample. The blue line
shows the signal from the 488 nm-channel of the fast pyrometer used for the RLS technique.
Figure 32 shows a melting/solidification cycle on sample U33P33Z33 sample. The reported
thermogram was obtained under inert gas (0.25 MPa of Ar). This atmosphere can actually
have reducing effects on the sample, as it provides no compensation for oxygen losses at high
temperatures. No transitions are visible on the heating stage of the thermogram. However,
thanks to the RLS (blue line) it is possible to identify the temperature where the surface of the
sample became liquid.

On the cooling stage of the thermogram (black line), a clear thermal arrest can be observed. It
corresponds to the solidification of the sample’s surface. It can be noted that at the same time
the oscillations on the RLS disappear due to the vanishing of the movements of the surface of
the molten pool.
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Figure 32: a) Melting/solidification cycle on sample U33P33Z33. The reported thermogram was
obtained under reducing conditions (Ar atmosphere); b) magnification of the solidification process

The process of solidification under these experimental conditions was recently described by
Bohler et al. [16] based on a multi-physical approach [32]. Figure 32b shows a magnification
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of the cooling flank of the thermogram reported in Figure 32a. After the power laser is
brought to the “lower level”, the temperature of the molten material rapidly decreases
reaching undercooling conditions (1). Meanwhile, the molten material starts to solidify at the
bottom, on the sides and on the surface of the liquid pool. As long as the crust on the surface
of the sample keeps growing, the latent heat of solidification contributes to the raise of the
temperature up to a local maximum, which correspond to the formation of a completely re-
solidified layer at the surface of the sample (2). The release of the latent heat of solidification
from the remaining enclosed molten material counteracts the process of cooling of solid
surface, itself driven by radiation and convection/conduction (3). The inflection after the local
maximum is ascribable to the complete solidification of the molten pool (4). After the last
inflection the solidified sample continues cooling to ambient temperature.

The radiance temperature obtained by the pyrometer has been converted in true temperature
applying Equation (15) in Appendix A. Bober [33] reported an emissivity of 0.83 for UO, at
the melting temperature, showing that the assumption of greybody is valid. The result on the
emissivity of PuO, (0.8310.05) reported by De Bruycker [23] is in good agreement with ab-
initio calculations performed by Shy et al. [34]. De Bruycker used the same method described
above to obtain the normal spectral emissivity at 652 nm. The emissivity of ZrO, can be
estimated as €(652 nm)=0.85 as reported by Avdoshenko & Strachan [35]. As a first
approximation the emissivity at 652 nm for the mixed U,P,Z, is:

£(650nm) = x - e(UO,) + y - e(PuO,) + v - &(Zro,) 3)

Figure 33 shows the calculated normal spectral emissivity (NSE) with the extrapolation to
zero wavelength method (see Appendix A).

Sample P50250, laser pulse i

3,80E-4 .
H095
3,78E-4 |
4 ) _ 8;. ----- _— . 1090
3.75E-4 SRRy BT " - s
o085
: ]
=, 3.73E-4 I
L_- i ’
‘_ H075
3.70E-4 -
0.70
3 6854 R Jiy o
{T(2~0)=2753 K lo
o ——————————————— 080
0,55 0,60 0,65 0,70 0,75 0.80

wavelength / um
Figure 33: Normal spectral emissivity calculated with the extrapolation to zero wavelength method

The validity of the grey body approximation is confirmed for these compounds by the good
linear fit plotted in Figure 33, at least in the spectral range of interest (550-800 nm).
Moreover, good agreement exists between the emissivity calculated with Equation (13) and
the extrapolation to zero wavelength method.
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3.2.3.3 Discussion

The experimental atmosphere plays a crucial role in the melting behaviour of these samples.
In fact, the high temperature fcc allotropic form of UO,, PuO, and ZrO, is not stoichiometric.
For UO,, the cubic fcc phase is stable both in the presence of oxygen vacancies (hypo-
stoichiometric domain) and oxygen interstitials (hyper-stoichiometric domain). For PuO, and
ZrO,, only a hypo-stoichiometric domain in the cubic fcc phase exists (Figure 34a-c).

The heating treatment in oxidising or reducing conditions could result in a departure from the
stoichiometric plane (i.e., x(O)=.66667, where x(O) is the molar fraction of oxygen) toward
regions richer or poorer in oxygen.
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Figure 34: Calculated phase diagrams of’ (a) U-O system [28]; (b) Pu-O system [28]; (¢) Zr-O system
(this work). The reported diagrams are a magnification of the high oxygen content regions of the
respective systems

The calculated oxygen partial pressure as a function of the oxygen-to-metal ratio (O/M) for

the three oxides at a temperature near to the melting/solidification points recorded in this
work is reported in Figure 35.
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Figure 35: Calculated oxygen partial pressure in the cubic UO,., (red line), ZrO,_ (black line) and

PuO, (green line) oxide phases at T=2700 K and p=0.1 MPa. Concerning PuO, and ZrO, beyond

O/M=2, it must be pointed out that the solid+gas equilibrium imposes a constant oxygen potential
equal to zero, that is an oxygen partial pressure equal to 0.1 MPa

Knowledge of the oxygen partial pressure over the three oxides permits to estimate the
behaviour of the samples under the different experimental gaseous conditions. Furthermore, it
can be concluded that UO, and ZrO, are more stable than PuO,. During the laser heating
investigation, the melting/solidification behaviour of the whole set of samples was tested
under different atmospheric conditions. In particular, reducing (i.e., Ar or Ar + 6.5 % H,
mixture) and oxidising (i.e. air) conditions were used.

Figure 36 shows the comparison between two laser pulses performed on sample U48P3Z49
and U10P45Z45 under Ar and air respectively. The black line represents the temperature
measured under Ar, whilst the blue line is the thermogram recorded under air.
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Figure 36: Effect of the atmosphere on the melting/solidification behaviour of samples U48P3749 and
U10P45745. (a) Sample U48P3Z49; (b) sample U10P45Z45

Due to the high temperature chemical reactivity, in presence of an oxidising atmosphere the
liquid sample must have dissolved part of the oxygen present in the buffer gas. Therefore, for
high UO;-content samples as U48P3Z49, the composition of the molten pool can move
toward more oxidised regions, to a different extent depending on the experimental conditions
(dwelling time beyond melting, purity of the atmosphere). During heating, the thermograms
in Figure 36a resulted less smooth than the ones obtained under reducing conditions,
confirming that a strong interaction between the liquid sample and the buffer gas was present.
During the cooling stage under air, the prevailing effect of UO, oxidation leads the sample
crossing the projection of the U-O hyper-stoichiometric liquidus line (Figure 34a).
Agreementingly, the measured solidification temperatures obtained under oxidising
conditions are significantly lower than those measured under Ar (by about 200 K). This effect
is clearly visible comparing the solidification results obtained on sample U48P3ZR49 under
oxidising and reducing conditions (Figure 36a).

The described liquid oxidation cannot be controlled accurately in the present experiments
under air. Furthermore, the control of the oxygen potential was not possible, leading to a
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limited repeatability of the observed solidification arrests. The thermodynamic calculation
presented in Section 3.4.3 will help the comprehension of the complex phenomena occurring
during the laser heating experiments. The solidification temperatures obtained under reducing
conditions are more reproducible, confirming the observation of Manara et al. [18].

When a sample with a lower UO,-content is considered, ZrO; and PuO; play the main role in
the melting/solidification behaviour results. Looking at sample U10P45Z45when oxidising
conditions were used, a smooth thermogram was obtained (blue line in Figure 36b). The
molar fraction of UO, in the U10P45Z45 was not high enough to ensure accommodation of
oxygen interstitials in the lattice. The solidification temperature measured under conditions is
comparable to that under air.

Figure 37 and Figure 38 report the solidification results of three sequences of laser cycles
performed on sample U45P10Z45 and four sequences on sample U10P45745 respectively.
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Figure 37: Sequence of experiments performed on sample U45P10Z45. The lines correspond to the
overall mean values for the solidification temperature under Ar (2812440 K), Ar-6.5 % H,
(2796+32 K) and under air (2663146 K). Solidification temperature obtained under (m) reducing
conditions (i.e., under 0.25 MPa of Ar); (m) oxidising conditions (i.e., under 0.25 MPa of air); (m)
reducing conditions (i.e., under 0.25 MPa of Ar-6.5 % H,). It may be noted that the solidification
temperatures obtained under oxidising conditions are significantly lower than the results under
reducing atmosphere.

In Figure 37, the red squares represent the solidification temperatures measured under Ar, the
blue squares the results under Ar-6.5 % H,, whilst the black squares the results under
oxidising conditions. Four laser pulses were performed under Ar-6.5 % H, atmosphere after
the sequence under air. The observed solidification temperatures are slightly lower than those
observed under Ar. However, the spread between the two sets of data is within the error bars.
The difference between the sets of data under Ar (or Ar-6.5% H,) and under air is
remarkable. Passing from reducing to oxidising conditions during experiments on sample
U45P10Z45 resulted in a significant drop in the observed thermal arrest temperature (200 K).
The Ar-6.5 % H, sequence performed after that under air drives the O/M ratio closer to 2,
probably slightly lower than under Ar.

It can thus be concluded that the interaction kinetics between the molten sample and the
buffer gas is extremely rapid, even taking into account the small dimension of the molten

pool (approximately Smm in diameter, 50 um in depth [23]).
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Figure 38: Sequence of experiments performed on sample U10P45Z45. The blue dotted lines
correspond to the overall mean value calculated for the solidification temperature under Ar
(2835+44 K) and under air (2812444 K). (m) Solidification temperature obtained under reducing
conditions; (m) Experimental results obtained under oxidising conditions (i.e., under 0.25 MPa of air).

Concerning sample U10P45745, the spread between the solidification temperature under Ar
and under air is less evident. When oxidising conditions were used (i.e., sequences one and
two in Figure 38), the measured solidification temperatures were rather consistent. During the
cycles under reducing atmosphere, the detected solidification temperature progressively
decreases. Since in the last two sequences the oxygen potential of the buffer gas was lower
than that of the sample, a certain amount of oxygen passed from the molten sample to the
atmospheric gas after each laser power cycle. The composition of the sample progressively
moves towards the projection of the hypo-stoichiometric liquidus lines originating from the
Pu-O and Zr-O phase diagrams (Figure 34b-c). This phenomenon is less strong than the
oxidation observed for sample U48P3Z49: UQO, thermodynamics dominates the high
temperature material behaviour in the current laser heating experiments, and in general
is fundamental for the comprehension of the high temperature behaviour of U-
containing mixed oxides.

The selection of the atmospheric conditions that stabilise UO, the best during the experiments
limits incongruent vaporisation and stabilise the oxygen-to-metal ratio O/M. The comparison
between the experimental results obtained under reducing and oxidising conditions
respectively on UO,-rich and UO;-poor samples corroborates this assumption: as long as
UQO;-rich samples are concerned, it is recommended employing reducing conditions
during the laser melting experiments, whilst oxidising conditions are preferable when
UO;-poor samples are considered.

The repeatability of the reported results indicates that segregation effects and incongruent
evaporation were weak enough to not affect the experimental melting/freezing points.

3.2.3.4 Summary

The experimental results obtained during this work represent one of the rare sets of data
investigating the high temperature behaviour of the UO,-PuO,-ZrO, system. It is nevertheless
the first systematic study on the effect of the experimental gaseous atmosphere on the
melting/solidification behaviour. In fact, it has been shown that the experimental atmosphere
plays a crucial role on the measured solidification temperatures. Depending on the UO,-
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content of the samples, reducing or rather oxidising conditions tend to stabilise the O/M close
to the stoichiometry (O/M=2). This is essentially related to the high temperature
thermodynamics of the three actinide dioxides, UO,, PuO, and ZrO,.

A summary of the measured solidification temperatures under reducing and oxidising
atmospheres for the six investigated samples is reported in Table 19. A cover factor k=2 has
been applied to the reported uncertainties.

Reducing atmosphere (Ar) Oxidising atmosphere (air)

Sample T solidification / K | Uncertainty / K | T solidification / K | Uncertainty / K
U48P3749 2799 54 2620 39
U45P10745 2812 40 2663 46
U33P33733 2786 57 2772 150
U20P40Z40 2726 50 2731 58
U10P45745 2812 44 2835 44

P50Z50 2819 50 2848 43

Table 19. Experimental results obtained on the six analysed sample. A cover faction k=2 is applied to
the reported uncertainties

Taking into account the very high temperature produced during the experiments, and the
relative uncertainties, a good reproducibility has been shown, except for sample U33P33Z33
under air.

The evolution of the measured solidification temperatures gives an idea of the shape of the
solid/liquid surface in the UO,-Pu0,-ZrO, system. Across the UO,-(Pu0O,)o.50(Zr0Oz)o.50
section, increasing the UO,-content, the detected solidification temperature decreases showing
a minimum at about x(UO;)=0.20. In this region of the phase diagram, results obtained under
Ar and under air are comparable, at least within the bars of incertitude. Starting from the UO,-
ZrO, side, the effect of adding PuQ, is weak in the measured transition temperature under Ar,
leading to the conclusion that the solidus curve is rather flat. On the other hand, results
obtained under air show that adding PuO, increases the melting temperature. Across the latter
section the differences between the results obtained under Ar and under air are significant.

In Chapter 4, the thermodynamic assessment of the UO,-PuQO,-ZrO, system will be presented.
Furthermore, the present set of results will be interpreted more thoroughly by means of
thermodynamic calculations. XRD results obtained at JRC-ITU laboratories on sintered and
melted samples will be also interpreted.

3.3 Conclusions

This chapter summarises the experimental results obtained on in-vessel corium key systems.
The heat treatment performed on four O-U-Zr samples allowed to study the phase equilibria at
2567 K. Two of the four samples showed a stratified microstructure, meaning that at the
annealing temperature two immiscible liquids were in equilibrium. The compositions of the
two liquids were measured obtaining two tie-lines in the miscibility gap in the ternary O-
U-Zr liquid phase at 2567 K. The laser heating experiments on three O-U-Zr samples give a
good set of data. However, further investigations on the optical properties of the samples are
needed to confirm the current results. The results obtained using the same technique on the O-
Fe-Zr samples showed a more complex behaviour, probably due to Fe vaporisation.

The experimental results obtained on the UO,-PuQO,-ZrO;, samples represent the first
systematic study on the effect of the atmosphere on their melting/solidification
behaviour. The interaction with the buffer gas is more or less pronounced depending on the
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nature of the gas and on the composition of the samples. The repeatability of the experimental
thermal arrests means that incongruent vaporisation phenomena were minimised.

The present set of experimental data will be used in the next Chapter for the thermodynamic
modelling of the prototypic in-vessel corium system.
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Chapter 4 — Thermodynamics of the in-vessel
corium: modelling and calculations

The prototypic in-vessel corium considered in this work is a “pentary” system. This implies
the existence of 10 binary sub-systems and 10 ternary sub-systems. Figure 1 summarises the
thermodynamic description of the binary systems selected for the present assessment.

Fe Pu U Zr (@]
F e Kurata Kurata -ﬁm Sundman
2010 2010 2008 1991
P Kurata Kuraia Guenéau
u 1999 2006 2011
U Kurata Guenéau
1999 2011
Liang
Zr 2001 (%)

Figure 1: Selected thermodynamic description for the 10 binary systems of the in-vessel corium
system. These models can be found in the TAF-ID database. Kurata 1999 [1], Kurata 2006 [2], Kurata
2010 [3], Toffolon-Masclet 2008 [4], Sundman 1991 [5], Liang 2001 [6], Guéneau 2011 [7]. (*)
means that the model was modified in this work

Table 1 summarises the origin of the thermodynamic description of the 10 ternary systems
and the contribution of the present work to the thermodynamic model of the in-vessel corium
system.

The mathematical models used to describe the Gibbs energy of the assessed phases are
reported in Appendix C. The binary phase diagrams involved in the formation of the Pu-U-Zr-
O-Fe in-vessel corium system are shown in Appendix B. In this chapter the assessed ternary
systems are listed and the assessment procedure is described (the assessed thermodynamic
parameter can be found in Appendix D).

The second part of the chapter is dedicated to the solidification path calculation, using this
model, applied to the interpretation of the experimental results obtained during this work. It is
shown that this kind of calculation helps the comprehension of the solidification behaviour of
complex systems and might also be employed to estimate nature, composition and fraction of
phases formed during a severe accident.
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Ternary system |

Metallic systems
Fe-Pu-U Extrapolation from binary systems
Fe-Pu-Zr Extrapolation from binary systems
Fe-U-Zr Assessed by N. Dupin [8] (TAF-ID database)
Extrapolation from binary systems. A comparison with the experimental
Pu-U-Zr . .
data was performed by N. Dupin showing a good agreement
Oxide systems
O-Fe-Pu Extrapolation from binary systems
This work:
O-Fe-U UO,-FeO,., section
This work:
Zr0,-FeO section
O-Fe-Zr Zr0,-Fe;0, section
Zr0,-FeO-Fe,0; isothermal section at 1473 K
O-Pu-U Guéneau et al. [7]
This work:
O-Pu-Zr PuQO,-Zr0O, section
UO,-ZrO; section from Baichi [9]
O-U-Zr This work:
ternary phase diagram: UQO,-ZrQO,-U-Zr

Table 1: Contribution of the present work to the thermodynamic model of the prototypic in-vessel
corium system

4.1 Thermodynamic modelling

In the following, the thermodynamic assessment on the O-U-Zr, O-Fe-Zr and O-Fe-U ternary
systems will be presented. The metallic Fe-U-Zr metallic system has been already assessed by
Dupin [8].

4.1.1 O-U-Zr system

The present assessment on the O-U-Zr ternary system is based on the optimisation performed
by Baichi [9] on the UO,-ZrO, phase diagram and on the ternary experimental data reported
in Table 2 of Chapter 2. Furthermore, the present experimental results obtained by thermal
treatment at 2567 K and by laser heating given in Section 3.2.1 are used.

The addition of ternary interaction parameters in the liquid description and in the fcc mixed
oxide model allows to better fit the solubility data of Maurizi [10] and to better shape the
miscibility gap in the liquid phase.

In this section we will present successively the assessment of the UO,-ZrO, system, of some
1sothermal section of O-U-Zr system at high temperature (2273 K, 2567 K and 3223 K) and at
low temperature (1373 K and 1673 K). For each case, the calculated diagram will be
compared to the existing experimental data found in literature.

4.1.1.1 UO,-ZrO, system

The UO,-ZrO, phase diagram has been widely studied in the past, as shown in Chapter 2. In
the present work, the interaction parameters for this system have been taken from Baichi [9].
No solubility of UO, in monoclinic ZrO,-m phase is considered. The calculated UO,-ZrO,
phase diagram is reported in Figure 2.
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Figure 2: (a) UO,-ZrO, phase diagram calculated with the present thermodynamic model; (b) activity
of UO, calculated at 2000 K, 2100 K, 2200 K, 2300 K, 2400 K and 2500 K compared to the
experimental results of Baichi [11]

Baichi [11] based his thermodynamic assessment on the experimental data appended to the
phase diagram in Figure 2a. The author assessed interaction parameters of 0™ and 1°*' order in
the fluoride (U,Zr)O,-c phase between U’ and Z**. This permits to shape the solubility limit
of ZrO, in cubic (U,Zr)O,-c in equilibrium with (Zr,U)O,-t. The calculated solubility limit
well reproduces the selected experimental results. The author also added a 0™ order
interaction parameter in the tetragonal (U,Zr)O,-t phase in order to readdress the solubility of
UQO; in (Zr,U)O,-t obtaining excellent agreement with the experimental data of Cohen &
Shaner [12]. A 0™ and 1* order interaction parameters were finally added in the liquid phase
description to take into account the experimental data of Lambertson & Miiller [13]. The
liquidus/solidus lines present a minimum at about 52 mol % ZrO, in agreement with
Lambertson & Mueller observation [13]. The calculated activity of UO, between 2000 K and
2500 K are in agreement with the activity data reported by Baichi et al. [11] (Figure 2b).

The fact that ZrO,-c is hypo-stoichiometric at high temperature, leads to the presence of gas
in equilibrium with the cubic (U,Zr)O,-c phase. Therefore, the UO,-ZrO, section cannot be
considered a pseudo-binary system. The calculated phase diagram in Figure 2 is a simplified
version, considering the cubic ZrO,-c as perfectly stoichiometric.

4.1.1.2 O-U-Zr isothermal section at high temperatures (2273, 2567 and 3223 K)

a) Optimised O-U-Zr isothermal sections

- O-U-Zr isothermal section at 2273 K
The isothermal section at 2273 K has been optimised to fit the data reported by
Juenke & White [14], Politis [15], Skokan [16] and Maurizi [10]. The calculated 2273 K
section is reported in Figure 3.
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Figure 3: O-U-Zr isothermal section calculated at 2273 K. The reported experimental data are from
Juenke & White [14], Politis [15], Skokan [16] and Maurizi [10]

The solubility limit of oxygen in metallic liquid was shaped using the 0™ and 1* order
interaction parameters L™ (U Lzt 07, Va). The 0™ order parameter has an entropic term

in order to destabilise the liquid at higher temperature and allow the presence of the liquid
miscibility gap. The 1 order parameter helps stabilise the liquid in the region close to the Zr-
O side of the ternary phase diagram. The calculated solubility limit of O in metallic liquid
(6.9 at % O) is in excellent agreement with the experimental data of Maurizi at U/Zr=1.5
(7 at % O). The tentative ternary liquidus line reported by Politis [15] (see also Figure 2b in
Chapter 2) overestimates the oxygen solubility in the metallic liquid. In the present work, the
experimental results obtained by Maurizi are considered the most reliable, since a detailed
description of the experimental methods and the post-experiments analyses are given.

The calculated phase diagram reported in Figure 3 shows the presence of a [Liq.to-
(Zr,U)(0)] two-phase region. The tentative isothermal section reported by Politis [15] does
not exhibit neither this feature nor the [(U,Zr)O,4+Liq.+a-(Zr,U)(O)] three-phase region.

The description of the cubic (U,Zr)O,«-c phase was also modified. The ternary interaction
parameter L™"“-""(U*,Zr** :0” :Va) was added to avoid a miscibility gap in the

(U,Zr)O,«-c phase propagating across the ternary phase diagram. Furthermore, to better shape
the stability region of the (U,Zr)O,.«-c phase close to O/M=2, a ternary interaction parameter

bi id 3 4 2-
between U° " and Z**, [ e(U Y Zrt 0 :Va) was assessed.

In the present work an interaction parameter in the a-(Zr,U)(O) phase description was added
to take into account the solubility of U.

It may be noted that close to the U-O binary section above O/M=2 a miscibility gap between
two cubic (U,Zr)O,x-c phases is calculated. Barrachin et al. [17] reported a thermodynamic
description of the hyper-stoichiometric region of the ternary phase diagram, obtaining the
same feature. However, the lack of experimental data in this region and the large uncertainties
on the few available experimental data [18] did not allow the authors to conclude on the
validity of their description. In the present work, no interaction parameters were added to
shape the hyper-stoichiometric region of the ternary phase diagram. Nevertheless, it is
recommended to obtain new experimental data to shed light on this region.
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- O-U-Zr isothermal section at 2567 K
Using the experimental results obtained during heat treatment experiments (see Section 3.2.1),
the isothermal section at 2567 K has been optimised (Figure 4).

e This work OUZr_1

e This work OUZr_2: L1+L.2
0.8 e This work OUZr_3:L1+L2
e This work OUZr_4:L

Y
0.2 Lig/+V,2r)0;.,

0.14’/
0

43 A A N

A
0 0.2 0.4 0.6 0.8 1.0
U x(Zr) Zr

Figure 4: O-U-Zr isothermal section calculated at 2567 K. The present experimental tie-lines between
metallic liquid L1 and oxide liquid L2 are appended on the ternary phase diagram

The miscibility gap in the liquid phase has been shaped considering the tie-lines of samples
OUZr 2 and OUZr 3 by using the L™ (U R/ :027,Va) parameters described above. The

calculated tie-line between the oxide and the metallic liquids in the case of a composition
equal to that of sample OUZr 3 is in good agreement with the experiment. The calculation
does not fit the experimental tie-line obtained on sample OUZr 2. This might be due to the
stronger interaction between the sample and the W-crucible. The compositions of the two
liquids detected in sample OUZr 2 are closer to each other compared to those measured in
sample OUZr 3. This is consistent with the extension of the calculated miscibility gap: since
the miscibility gap originates from the U-O binary section [19], moving towards composition
richer in Zr leads to shorter tie-lines and then to closer liquid compositions. The remaining
samples (OUZr 1 and OUZr 4) exhibited a microstructure typical of a solidified single liquid
phase. The calculated isothermal section is in agreement with the experimental
observation.

- O-U-Zr isothermal section at 3223 K
The calculated isothermal section at 3223 K is reported in Figure 5.
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Figure 5: O-U-Zr isothermal section calculated at 3223K. The reported experimental tie-line between
the metallic liquid L1 and the oxide liquid L2 is taken from Guéneau et al. [19]

The experimental tie-line between metallic and oxide liquids (L1 and L2 respectively)
obtained by Guéneau et al. [19] was used to shape the miscibility gap at this temperature.
Taking into account the large uncertainty on the temperature measurement (Guéneau et al.

reported £100 K at 3223 K) the tie-line at 3223 K is in good agreement with the calculated
isothermal section.

b) Comparison with the MASCA experimental data
As introduced in Chapter 2, in the framework of the MASCA project [20], two tielines within

the liquid miscibility gap were obtained at 2643 K and 2753 K (Table 1 in Chapter 2). These
tie-lines are reported on two calculated section at 2643 K and 2753 K (Figures6a-b).
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Figure 6: Comparison between the O-U-Zr calculated isothermal section at (a) 2643 K and (b) 2753 K
and the experimental data reported by Bechta et al. [20]

It is clear that the orientation of the reported tie-lines are in disagreement with the present heat
treatment results and with the data of Guéneau et al. [19]. The segregation argued by
Bechta et al. [20] strongly affected the composition of the oxide and the metallic liquids.
Furthermore, significant temperature gradients inside the samples are reported. In addition, no
microstructures are presented in the publication. At 2643 K the calculated tie-line is
significantly bigger than the experimental one. Nevertheless, these experimental results are
still of great interest because they confirm the existence of a large miscibility gap in the
ternary O-U-Zr liquid phase.
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c) Zr-UO;isopleth section

In the past, a large number of research groups investigated the isopleth section Zr-UO,. This
section is extremely important during the normal functioning of a PWR as well as in the case
of accidental scenario. The interaction between the UO,-based fuel and the Zircaloy cladding,
a Zr-based alloy, is crucial to understand the progression of a severe accident.

The calculated Zr-UQO; isopleth section is shown in Figure 7. The experimental results of
Juenke & White [14], and the present laser heating results are appended to the phase diagram.

3200 4 ~a L1+ L2 - Juenke (1970)
o Lig. + (U,Zr)O2-x - Juenke (1970)
3000 4 = Solidus - Juenke (1970)
Lig. 1 Liquidus - Juenke (1970)
e Lig. - Juenke (1970)
2800 — & Liquidus - This work

o L1 + L2 - This work

A
- -
2400 Lig.+(U,Zr)O,,
e o o o
2200 - i
2000 - 3 i
Lig.+(U,Zr)0,
1800 +a-Zr(0) L

T I- I | I 1
0 0.05 0.10 0.15 0.20 0.25 0.30
Zr x(U) uo,

Figure 7: Calculated Zr-UO; isopleth section. The reported experimental data are from
Juenke & White [14]. The L1+L2 reported for this work is referred to the heat treatment result
obtained on sample OUZr 3

It must be pointed out that the Zr-UQ; isopleth is not a pseudo-binary system, since tie-
lines do not lie in the plane of this section. The extension of the liquid miscibility gap partially
agree with the experimental data from Juenke & White [14]. The authors reported a tentative
Zr-UQ; section (Figure 1 in Chapter 2). It can be affirmed that their interpretation of the Zr-
UO; is not fully accurate. In fact, they reported an isothermal ternary monotectic reaction,
which is in contradiction with the Gibbs’ rule. The authors did not give neither a detailed
chemical analysis on their samples nor the graphical results of the metallographic
analysis. The authors only argued the presence of a miscibility gap and of a [Liq.+(U,Zr)O,4]
two-phase region. They also considered that the global composition of the samples did not
change after the heat treatments. However, as shown in Section 3.2.1.1, a certain mass is
inevitably lost during a high temperature (T>2500 K) heat treatment. The final
composition of the sample investigated by Juenke & White probably moved across the O-U-
Zr phase diagram. Juenke & White also affirmed that the post-test chemical analyses revealed
a contamination with W, without giving any quantitative information. It has been shown in
Section 3.2.1.1 that even a small fraction of W can drive the composition of the sample away
from the initial one and affect the orientation of the tie-lines. Therefore, the discrepancies
between the calculated diagram and the experimental results by Juenke & White could be
related to the non-exhaustive interpretation of their results.
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The laser heating results on sample OUZr 6, 7 and 8§ are also reported on the calculated Zr-
UQO; section. It may be noted that especially for sample OUZr 7, the calculation is in good
agreement with the experimental results. The first detected thermal arrest for sample OUZr 7
can be attributed to the formation of the a-(Zr,U)(O) phase, whilst the second inflection can
be attributed to the complete solidification of the molten pool. The calculated liquidus
underestimates the thermal arrest detected on sample OUZr 6. However, the calculation lies
within the experimental error bar. The thermal arrest and the second inflection detected on
sample OUZr 8 are significantly lower than the calculation transitions (Table 2).

Sample Uz g | EXperimentalesult /K Bxperimental ult K| apeypion/

1* thermal arrest 2183 2343 2345

2" thermal arrest 2049 2190 2220
Difference 134 153 125

Table 2: Comparison between the experimental results obtained on sample OUZr_8 and the
calculation performed using the present thermodynamic model

However, the difference between the 1% and 2™ thermal arrest temperature, in the experiments
and the calculation respectively, are similar. Therefore, the distance between the observed and
calculated transitions is comparable. As introduced in Section 3.2.1.2, the emissivity
correction can strongly influence the final result of a laser heating experiment. In the present
case it can be affirmed that the detected thermal arrests correspond to the calculated
transitions [Liq.2Liq.+(U,Zr)O,,] and [Liq.+(U,Zr)0,.]=2[Liq.+(U,Zr)O;,t+a-Zr(0)]
respectively. Using an emissivity of 0.20 instead of the 0.40 as in Section 3.2.1.2, the
resulting true temperatures would be 2343 K and 2190 K, which are significantly closer to the
calculated value reported in Table 2. Furthermore, in principle, the emissivity correction
applied to the radiance temperature is valid only for the first thermal arrest. However,
emissivity estimation for the second thermal arrest was not possible, leading to the use of the
same correction for the two temperature plateau.

4.1.1.3 O-U-Zr isothermal section at low temperatures (1373 and 1673 K)

a) O-U-Zr isothermal section at 1373 K

Once the high temperature ternary sections were optimised, the lower temperature sections
were calculated to check their quality.

The calculated isothermal section at 1373 K is reported in Figure 8a. The calculated section
presents a large [UO,+H(yU-BZr)+a-Zr(O)] three-phase region as inferred by Saller et al. [21].
Saller et al. proposed a tentative region between UO,, ZrO; and a-Zr(O) starting from the
data obtained by Lambertson & Miiller on the UO,-ZrO, phase diagram [13] (see Figure 8b).
However, Saller et al. did not confirm the shape of this zone of the phase diagram by
experimental investigation. Moreover, Saller et al. argued the existence of an equilibrium
ZrOx+a-Zr(O) (Figure 8b) but no experimental evident of this region has been reported.
Politis [15] reported a tentative phase diagram at 1273 K very similar to that obtained by
Saller et al.. It can be concluded that a lack of experimental data exist in the [UO,+ZrO,-
m+a-Zr(0)] region. Therefore, no conclusion can be given on the quality of the calculated
zone lying between UO,, ZrO; and a-Zr(O).
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Figure 8: (a) Calculated O-U-Zr isothermal section calculated at 1373 K; (b) tentative O-U-Zr
isothermal section reported by Saller et al. [21]

b) O-U-Zr isothermal section at 1673 K

The calculated section at 1673 K is reported in Figure 9a with the tentative isothermal section
by Yamanaka et al. [22] (Figure 9b).

Significant differences exist between the calculated diagram and the experimental tentative
isothermal section by Yamanaka et al. [22]. First of all, the calculated central three-phase
region is an equilibrium [(U,Zr)O,4+a-(Zr,U)(O)+(yU-BZr)]. This implies that a biphasic
equilibrium [(U,Zr)O,4x+(yU-BZr)] is also calculated. At this temperature the UO;-c
solubilises a significant amount of ZrO,-t, leading to an equilibrium with a (U,Zr)O;4-c
mixed oxide. At the same time, the tetragonal ZrO»-t solubilises a significant amount of UO,-
c. At 1673 K, the presence of equilibria involving mixed (U,Zr)O,4-c and (Zr,U)O;-t is
therefore expected. Yamanaka et al. did not report any chemical analysis on their O-rich
samples; therefore no conclusion can be given on the validity of the extension of the UO, and
ZrO,-t domain of existence. Yamanaka et al. proposed a large central three-phase zone
[UOs+a-(Zr,U)(O)+Liq.]. The samples investigated to shape this region are on the UO,-Zr
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section, far from the inferred liquid corner. The authors did not use a systematic method to
distinguish a solidified liquid from an (yU-BZr) alloy in equilibrium at the annealing
temperature. They only inferred the existence of a liquid phase considering the U-Zr binary
side of the ternary phase diagram. Furthermore, the authors affirmed that the composition of
the liquid was not measured with precision.

Hofmann & Politis [23] performed diffusion couple experiments between 1173 K and
1773 K, showing that at 1673 K a U-rich liquid phase formed. They proposed a phase
diagram similar to that of Yamanaka et al. on the bases of a tentative diffusion path. However,
the authors chose only one of the possible diffusion paths available to interpret their results. In
fact, considering the calculated diagram in Figure 9a, the diffusion layers reported by
Hoffmann & Politis [23] could be also obtained. The region lying between UO,, ZrO; and o-
(Zr,U)(0) was also investigated by Yamanaka et al.. The study of this zone is challenging,
because the solid/solid reaction kinetics is significantly slower those involving liquid. The
authors performed heat treatments for 20 h. The authors reported the presence of four
phases — UQO;, ZrO;-t, ZrO;-m and a-Zr(O) — in four investigated samples indicating
that equilibrium conditions were not reached. Therefore, the extension of this three-phase
region in still uncertain at 1673 K.
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Figure 9: (a) O-U-Zr isothermal section calculated at 1673 K; (b) tentative O-U-Zr isothermal section

at 1673 K proposed by Yamanaka et al. [22]
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4.1.1.4 Summary

The O-U-Zr ternary system has been reassessed using significant experimental data and the
present annealing results.

The calculated ternary phase diagram at 2567 K reproduces well the experimental tie-line
observed during this work. This new set of experimental data represents a precise
investigation of the miscibility gap in the liquid phase. These results can be considered
more reliable than previous investigation by Juenke & White since the accurate temperature
monitoring and the sound post-experiment analyses.

The present version of the thermodynamic model of the O-U-Zr ternary system is
satisfactory, especially at high temperature (T>1800 K). However, the low temperature
isothermal sections revealed that some inconsistencies exist with previous tentative diagrams.
In particular, the presence of a large [UO,+a-(Zr,U)(O)+Liq]. three-phase region at 1673 K
must be confirmed experimentally investigating the U-rich corner of the O-U-Zr phase
diagram. Furthermore, the region between UQO,, ZrO, and o-(Zr,U)(O) needs to be
investigated between 1600 K and 2300 K to define the extension of the (U,Zr)O,-ZrO,-a-
(Zr,U)(O) three-phase equilibrium.

A very small miscibility gap in the fcc (U,Zr)O,.«-c phase is calculated between 1634 K and
1655 K. The presence of this miscibility gap is due to extrapolation of the parameters used to
fit the high temperature experimental data. In the future, this feature should be removed by
modifying the present assessment. Furthermore, new oxygen potential experimental data are
needed to better model the region of existence of the (U,Zr)O,.x-c phase in the ternary phase
diagram.

4.1.2 O-Fe-Zr system

The experimental investigation of the O-Fe-Zr system is particularly challenging due to the
strong affinity for oxygen for both Fe and Zr. The control of the oxygen potential and thus of
the oxidation state of Fe are the main issues.

The limited number of available experimental data is concentrated in the O-rich region of the
ternary phase diagram. Namely, equilibria involving ZrO, and iron oxides have been
investigated.

The present assessment is essentially based on the experimental results reported by Bechta et
al. [24], Kiminami et al. [25] and Katsura et al. [26]. The experimental results obtained by
Jones et al. [27] will be also compared to the calculations but were not considered during the
assessment.

The first step of the assessment was dedicated to the model of the ZrO,-FeO section.
Bechta et al. [24] reported a composition for the iron oxide of FeO, ¢s. However, due to the
large uncertainties on their measurements, the section ZrO,-FeO is considered. The
thermodynamic model by Fabrichnaya & Pavlyuchkov [28] has been used as a starting point
for the present assessment. Their description was modified since the Zr-O model is different
from the present one.

The second step of the modelling was dedicated to the assessment of the ZrO,-Fe;Oy4 section.
In this framework, the Fe’ " ion in (Zr,Fe)Oax-c, (Zr,Fe)O,-t and (Zr,Fe)O,-m phases plays the
dominant role. Using the work of Fabrichnaya & Pavlyuchkov [28] as a start point, the spinel
and the corundum phases have been also reassessed.
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4.1.2.1 ZrO,-FeO section

xide cubic

e 2y 0T X ) has been reassessed to better shape the domain of

The interaction parameter OL‘(’

OLox[d67 cubic

(e 2 X O X has a weaker

existence of the cubic (Zr,Fe)O,-c phase. The parameter

effect on the present section. The Gibbs energy of the end-members in the tetragonal
(Zr,Fe)Os-t phase reported by Fabrichnaya & Pavlyuchkov [28] have been modified to avoid
the presence of a (Zr,Fe)O,-t phase in the Fe-O phase diagram. The interaction parameter

OL‘(”;;?ZK)( o>, has been reassessed to better fit the solubility data of Bechta et al. [24] and to

increase the temperature of the reaction [T+L1+L2] = [C+L1+L2]. The description of the
monoclinic (Zr,Fe)O,-m phase has not been modified, maintaining the model reported by
Fabrichnaya & Pavlyuchkov [28].

The °L"

(Fe™ 21 YO ) interaction parameter in the liquid phase has been reassessed to better
reproduce the experimental observation of Bechta et al. [24]. The 1* order interaction
parameter reported by Fabrichnaya & Pavlyuchkov [28] has been maintained. The calculated

ZrO,-FeO section is shown in Figure 10.
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Figure 10: Calculated ZrO,-FeO section, where the experimental data are from Bechta et al. [24]

A good agreement is obtained between calculation and experimental data. The calculated
solubility of FeO in ZrO,-t (3.3 mol % FeO) is in agreement with the experimental result
(2.6 mol % FeO). The calculated eutectic composition, 5 mol % FeO, is lower than that
reported by Bechta et al. (10.5 mol % FeO). The calculated liquidus curve is in excellent
agreement with the experimental data of Bechta et al.. It may be noted that a miscibility gap in
the liquid phase is calculated. The extension of the miscibility gap misses of experimental
confirmations.

4.1.2.2 7ZrO,-Fe;04 section

The solubility data obtained by Kiminami [25] and the oxygen partial pressure measurement
of Katsura et al. [26] have been used to shape this section. The ZrO,-Fe;O4 phase diagram
calculated under a partial pressure of oxygen p(0,)=0.21 atm is reported in Figure 11.
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The temperature of transition [T+H] = [T+S] calculated in Figure 11 is 1674 K, consistent
with the experimental observation of Kiminami [25] and Jones et al. [27] at about 1710 K.
The calculated solubility of Fe,O; in ZrO;-t (1.3 mol % Fe,03) is in fair agreement with
Kiminami (3 mol % Fe,O3). However, the calculated solubility of ZrO,-t in Fe,Os3 is
underestimated compared to the experimental results. The temperature of transition
[T+S] = [T+L] is in agreement with Jones et al. data.
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Figure 11: Calculated ZrO,-Fe;04 section under p(0,)=0.21 atm. The reported experimental data are
from Jones et al. [27] and Kiminami [25]

4.1.2.3 O-Fe-Zr isothermal section at 1473 K

Katsura et al. [26] determined phase equilibria and measured the oxygen partial pressure in
the FeO-Fe,0;-ZrO, system at 1473 K. The calculated isothermal section of the FeO-Fe,0;-
ZrO; system at 1473 K is presented in Figure 12.

ZrO,-t

A: T+y-Fe+FeO
B: T+FeO+Fe;0,
C: T+Fe304+Fe,04

A} . N _f\
0 0.2 0.4 0.6 0.8 1.0
FeO X(Fezo3) Fezo3
Figure 12: FeO-Fe,03-ZrO, isothermal section calculated at 1473 K. The three-phase domains
labelled A, B and C correspond to the equilibria reported in the legend. T stays for the ZrO,-t
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The calculated isothermal section in Figure 12 is in agreement with the experimental
observation of Katsura et al. [26]. Katsura et al. also measured the variation of the oxygen
partial pressure inside the two-phase regions separating the three phase regions A, B and C.
The comparison between the calculated oxygen partial pressure in the three-phase regions and
the experimental results is reported in Table 3.

A B C
Exp. Calc. Exp. Calc. Exp. Calc.
Log(p(Oy))/atm | <-11.82 |-11.9| -9.21 +-9.09 | -9.45 >-3.76 -2.9

Table 3: Comparison between calculated and measured oxygen partial pressure in the three-phase
regions (A, B and C) in Figure 12. The reported experimental values correspond to the results obtained
in the two-phase regions separating A, B and C

Agreementing to the results of Katsura et al., the oxygen partial pressure P, inside the two-
phase region between A and B varies from 107" to 10°!. The calculation of Po, in zone A
is in good agreement with Katsura et al.. The calculated value of Po, in zone B is lower than
the value suggested by Katsura et al. (i.e., between 10°*' and 10°%"). The same discrepancy
was obtained by Fabrichnaya & Pavlyuchkov [28]. The authors argued that a large solubility
of ZrO, in Fe;04 might induce a decrease in the oxygen partial pressure. The value of Po,
calculated in zone C is consistent with the experimental observation.

4.1.2.4 Calculated O-Fe-Zr isothermal sections

Four calculated O-Fe-Zr isothermal sections are reported in Figure 13. The miscibility gapin
the Fe-O system between liquid Fe and FeO (i.e., L1 and L2 respectively) propagates into the
ternary phase diagram. The presence of this miscibility gap in the liquid phase is noticeable at
3073 K.

4.1.2.5 Summary

The O-Fe-Zr ternary system has been assessed using the limited number of significant
experimental data found in literature. The optimisation is based on the recent reassessment
published by Fabrichnaya & Pavlyuchkov [28]. Their model has been significantly modified
mainly to be consistent with the mathematical description of the fcc mixed oxide phase used
in this work.

It can be concluded that the available experimental data are not sufficient to perform an
accurate thermodynamic modelling for the O-Fe-Zr ternary system. Furthermore, the
limited amount of experimental data is concentrated in the O-rich part of the diagram. The
region close to the Fe-Zr binary side is experimentally unknown.

In order to obtain a reliable description of the O-Fe-Zr system the O low-content region of the
phase diagram must be investigated. Even if the experimental data on the ZrO,-iron oxides
equilibria cited above can be considered consistent, a new set of experimental data is needed
to better shape the solubility limits of the ZrO, allotropic forms as well as those of iron
oxides. Thermodynamic data such as oxygen potential measurements will be also extremely
useful to define equilibria in the ternary phase diagram. Finally, the extension of the high
temperature miscibility gap in the liquid phase is totally unknown. In the present work it is
calculated by extrapolation from the binary systems and from the ternary interaction
parameters assessed for the ZrO,-iron oxides systems.

The presence of this miscibility gap is of great importance during a severe accident in a
nuclear reactor. As for the O-U-Zr miscibility gap, it contributes to the stratification of the
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molten corium into two immiscible liquid layers. The miscibility gap in the liquid phase has
been investigated using the experimental setup developed during the present work. The results
will be presented in Chapter 6 and represent an exploratory study. Therefore, they have not
been used for the present assessment.

0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
) Zr  Fe x(Zr) Zr
(c) (d)
Figure 13: O-Fe-Zr isothermal sections calculated with the present model. (a) 1273 K; (b) 1773 K;
(c) 2273 K; (d) 3073 K

0 : 0.4
Fe X(Zr

4.1.3 O-Fe-U system

The experimental investigation of the O-Fe-U ternary system involves the same issues
presented for the O-Fe-Zr system. Both Fe and U have several oxidation states depending on
temperature, oxygen potential and total pressure during the experiments. The high
temperature vaporisation tendency of Fe makes the control of the sample composition
challenging.

In the present assessment, the experimental data of Bechta et al. [29] on the UO,-FeO,
section were considered. As introduced in Chapter 2, significant uncertainties exist on the
stoichiometry of the FeO,. phase. In this work, the section UO,-FeO; ; has been modelled.
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Three interaction parameters have been added in the fcc phase in order to model the solubility
of Fe in UO,. In the present work, only interaction parameters between U’" and Fe’™ ions
have been assessed. The Fe’ ion certainty influences the equilibria between UO, and iron
oxide. However, due to the lack of experimental data, it was preferred to keep the model as
simple as possible.

The starting point of the assessment is the model of the UO,-CaO system performed by
N. Dupin [8].

4.1.3.1 UO,-FeQ, ; section

The calculated UO,-FeO; ; section is reported in Figure 14.
The solubility of FeO in the (U,Fe)O,x-c phase has been initially shaped using the

OLoxideicubic
24 prd+ ek
(Fe™" U™ )()(*)

along the fictive UO,-FeO, section. In order to stabilise the phase along the UO,-FeO section,

the 1% order parameter IL‘(’?;?;'ZE’;*)(*) has been added. The calculated solubility of FeO in UO,

at the eutectic temperature (1627 K) is 20 mol % FeO. This result is higher than the
experimental observation by Bechta et al [29] (171 mol % FeO). The ternary parameter

OL‘(’}ff;i*;'ifi‘[’]5+)(*)(*) was added to the description of the (U,Fe)O,.«-c phase in order to avoid the

interaction parameter. However, this parameter stabilise the fcc cubic phase

presence of a miscibility gap at high temperature (T>2000 K). However, the addition of this
parameter was not sufficient to completely remove the miscibility gap from the UO;,-FeO; ;
section. Below 1000 K, a miscibility gap in the (U,Fe)O,.-c phase is still calculated. Since no
experimental studies are available, no conclusions can be drawn on the existence of this

feature.
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Figure 14: Calculated UO,-FeO, | section compared to Bechta et al [29] experimental data (b)

The calculated eutectic composition (3 mol % FeO) is in good agreement with the experiment
(4 mol % FeO). The calculated eutectic temperature (1647 K) is overestimated compared to
the value reported by Bechta et al. (1627+5 K). The liquidus line has been shaped by fitting

the experimental data obtained by Bechta et al. [29]. Two interaction parameters,
0 ylig
(Fez+’U4+X027

1 ylig

) and L (e U0 have been assessed.
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4.1.3.2 Calculated O-Fe-U isothermal sections

Four isothermal O-Fe-U sections calculated at 1273 K, 1773 K, 2273 K and 3073 K are
reported in Figure 15. Both Fe-O and U-O binary systems exhibit a miscibility gap in the
liquid phase (see Appendix B). At 3073 K the two binary miscibility gaps propagate into the
ternary system, leading to the presence of a large immiscibility region.

y-U 0-X ay 7~ 7 7~ X o-Fe
0 0.2 0.4 0.6 0.8 1.0
U x(Fe) FeU Fe

(d)
Figure 15: O-Fe-Zr isothermal section calculated with the present model. (a) 1273 K; (b) 1773 K;
(c) 2273 K; (d) 3073 K

4.1.3.3 Summary

The UO,-FeO;; section has been optimised using the experimental data measured by
Bechta et al. [29]. Taking into account the uncertainties on the exact stoichiometry of FeO i,
the present assessment can be considered satisfactory. However, the lack of experimental data
in the ternary diagram does not allow to perform a sound modelling of the O-Fe-U system. As
already affirmed for the O-Fe-Zr system, thermodynamic experimental data such as oxygen
potential measurement are crucial for the thermodynamic assessment of a ternary system and
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are missing for the present case. The metallic region of this ternary system is experimentally
unknown, therefore the calculation in this zone are the result of extrapolation from the Fe-U
binary system.

4.1.4 O-Pu-U-Zr system

In this work, only the PuO,-ZrO, section has been optimised using the solubility data of
Mardon et al. [30] and the HTXRD results by Albiol et al. [31]. The present laser heating
results on sample P50Z50 has been also used to shape the liquidus/solidus transition. Since
the lack of available experimental data, only two interaction parameters have been assessed.
In particular, an interaction parameter in the liquid phase was added to fit the laser heating
results obtained during this work. A second interaction parameter was added in the fcc
(Pu,Zr)Os-c phase to improve the agreement with the solubility data of Mardon et al. [30]. No
interaction parameters were added to the description of the (Pu,Zr)O,-m and (Pu,Zr)O,-t
phases, since the lack of available experimental data. Only the Gibbs energies of the end-
members have been assessed. At the end of the section a calculated liquidus surface of the
UQO;-Pu0,-ZrO; system will be also presented.

4.1.4.1 Pu0,-Zr0,

The calculated PuO,-ZrO, phase diagram is reported in Figure 16.

3500 | | |
Lig.
3000—W—
2500 I
X
= 2000 i
1500+ E% o % i
Albiol 2002 (Pu,Zr)O,-m
1000 grtt X c/c+t - Mardon 1969
- Ccn%mﬂ * Laser heating - This work
5 i

T T T T
0 02 04 06 08 1.0
PuO, X(ZrO,) ZrO,

Figure 16: Calculated PuO,-ZrO, phase diagram, where the experimental data are from Mardon et al.
[30] and Albiol et al. [31]

A good agreement has been obtained with the selected experimental data. However, a need of
new data is evident: The solubility limit of (Pu,Zr)O,-t in cubic (Pu,Zr)O,-c needs to be better
investigated. The calculated liquidus/solidus lines are in excellent agreement with the
experimental data obtained by laser heating during this work on sample P50Z50

((Pu0O2)0.50(Zr02)0.50)-

The present calculated phase diagram is in general agreement with the calculated phase
diagram reported by Kinoshita et al. [32—-34], except for the selected melting temperature of
PuO,. Kinoshita et al. selected the experimental value by Kato et al. [35] (2843 K), whilst in
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the present work, the value obtained by De Bruycker et al. [36] (3017+£28 K) has been
selected. As highlighted by Guéneau et al. [7] and Kato et al. [35], PuO,-rich samples across
the PuO,-UO, system can be affected by uncontrolled reduction due to the contact with the
metallic containment crucible. Indeed, De Bruycker et al. obtained the melting temperature of
PuO, under containerless conditions, using the laser heating setup at ITU. This technique
avoids the interaction of the sample interacting with the crucible, which is not the case in
experiments performed by Kato et al. [35] who used a W and Re capsules that can interact
with the liquid PuO,. Furthermore, this choice allows to be consistent with the assessment of
the UO,-PuO, system by Guéneau et al. [7].

4.1.4.2 UO,-PuO,-ZrO, system

Starting from the thermodynamic assessment on the U-Pu-Zr-O systems it is possible to
deduce the pseudo-ternary UO,-PuO,-ZrO, phase diagram. It must be pointed out that in the
present work no quaternary interaction parameters were introduced. Therefore, the calculated
UQO;-PuO,-ZrO; phase diagram is a result of extrapolation from the UO,-ZrO,, UO,-PuO, and
Pu0,-ZrO, isopleth sections.

Figure 17 represents the extension of the liquidus lines into the UO,-PuO,-ZrO, pseudo-
ternary system.

PuQ,

uo, 0 02 04 06 08 1070,
X(Lig,ZrO,)
Figure 17: Calculated liquidus surface in the PuO,-UO,-ZrO, system showing the location of the
minimum on this surface

This diagram allows to identify the minimum of the liquidus surface at the composition
(U0O12)0.15(Pu02)0.50(ZrO5)p 35 and temperature T=2770 K.

The reported liquidus surface has been calculated considering the system at the
thermodynamic equilibrium. Note that the laser heating experiments described in
Section 3.2.3 should be compared to this diagram with precaution.

In the following section dedicated to the thermodynamic calculation to interpret experimental
results, it will be shown that the atmospheric conditions strongly influence the solidification
behaviour of the UO,-PuO,-ZrO, samples.
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4.2 Solidification path calculations

The experimental results reported in Chapter 3 on O-U-Zr and UO;-Pu0,-ZrO, systems will
be compared with calculation performed using the current thermodynamic model.

(1) The solidification path followed by the annealed samples OUZr 1 and OUZr 3 are
calculated and the observed microstructures interpreted.

(i1) The laser heating experimental on the OUZr 7 sample will be also interpreted.

(ii1) The effect of the experimental atmosphere on the UO,-Pu0,-ZrO, laser heated samples
can be taken into account during the calculations, showing that depending on the nature of the
investigated samples, the buffer gas can play both minor and major role.

(iv) Solidification path calculations will be finally used to interpret the microstructure of an
arc-melted U-Zr-Fe-O prototypic in-vessel corium.

4.2.1 O-U-Zr samples

The present annealing experimental results (Section 3.2.1) showed that the visual
investigation of the microstructure of the solidified samples coupled with EDS and WSD
analyses can help the identification of a prior single phase liquid or a two immiscible liquids
structure respectively. However, to better understand the solidification sequence during
cooling, it is useful to calculate the solidification path followed by the samples.

4.2.1.1 Sample OUZr 1

Using the global composition measured by WDS and corrected for W contamination
(O039Uo.103Z10507), the solidification path of sample OUZr 1 has been calculated. The
calculation has been performed considering the system at the thermodynamic equilibrium at
each temperature step. The resulting path is reported in Figure 18.
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Figure 18: (a) Solidification path of sample OUZr 1 annealed at 2567 K for 45 minutes. The
calculation was performed considering the system at the thermodynamic equilibrium; (b)
microstructure of the solidified sample OUZr_1
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The different calculated phase transformations are:

T=2361 K:  Liq. = Liq. + (U,Zr)O
T=2258 K:  Liq. + (U,Zr)O,4 = Liq. + (U,Zr)O, + a-(Zr,U)(0O)
T=1759 K:  Liq. + (U,Zr)O,4 + a-Zr(O,U) =2 (U,Zr)O,4 + a-(Zr,U)(O) + (yU-BZr) alloy

At lower temperature, the allotropic transitions of U are also calculated.

The equilibrium calculation reveals that at the annealing temperature — T=2567 K — the
sample consists in a single liquid phase. The calculations suggest that the first condensed
phase formed during cooling is a fcc (U,Zr)O,4-c phase at 2361 K: by the reaction
Lig. = [Lig. + (U,Zr)O,x-c]. This phase should grow in the form of dendrites. However, the
observed microstructure (Figure 18b) shows that the dendritic phase is the a-(Zr,U)(O),
meaning that it is this phase that firstly form during cooling. While oxide phases may
experience large undercooling, metallic phases are normally characterised by small
undercooling. The fact that the a-(Zr,U)(O) firstly formed, it can be explained by a metastable
state of the system during cooling, which drove the liquid oxide in an undercooled condition,
leading the a-(Zr,U)(O) phase solidifying first.

Following the solidification path, the composition of the liquid phase starts to change: the
formation of an oxide phase leads to the decrease of the O atomic fraction and the
simultaneous increase in the atomic fraction of U and Zr (Figure 19a). The mixed (U,Zr)O
oxide is initially enriched in Zr (Figure 19b). At 2252 K the liquid phase reacts with the
mixed oxide leading to the formation of a-(Zr,U)(O). In correspondence of this transition, the
atomic fraction of Zr and O in the liquid phase and in the mixed oxide decreases. It may be
noted that a small solubility of U (2 at % U) is calculated in the a-(Zr,U)(O) (Figure 19c).
Following the solidification path, the amount of liquid keeps decreasing whilst the o-
(Zr,U)(0O) experiences a rapid growing up to about a molar fraction of 0.7. At 1759 K, the
solidus temperature, the remaining liquid solidifies into a (yU-BZr) alloy with a composition
of Uy spZrg 43. At this temperature, three condensed phases — (U,Zr)O,, a-(Zr,U)(O) and (yU-
BZr) alloy — are in equilibrium. The major phase is a-(Zr,U)(O) (molar fraction of 0.69).
Considering the solidification path in the solid state (T<1759 K), the minor (yU-BZr) alloy
progressively disappears. The room temperature configuration (T=300 K), is characterised by
the presence of the two oxide phases, UO, and a-Zr(O). No metallic phase is calculated
below 570 K. However, EDS and WDS analyses revealed the presence of a solidified metallic
phase enriched in U within (U,Zr)O, and a-(Zr,U)(O) (see Table 5 of this Chapter 3).

It should be stressed that during the present experiment, thermodynamic equilibrium is
reached when the sample is completely liquid that is at 2567 K. During the first part of
cooling, the rapid decrease in temperature may lead to out-of-equilibrium conditions.
However, the rapid kinetics reaction due to the high temperature and the presence of a liquid
phase, counterbalanced temperatures effects. Therefore, the solidus temperature, 1759 K, is
considered in this work, as the limit of validity of the solidification path calculations. Below
the solidus temperature, solid/solid reactions take place. The kinetics of these reactions is
slower that those involving liquid phase. This is also confirmed by the experimental
observation: the presence of a mixed oxide (U,Zr)O, and of a metallic phase enriched in U is
the sign that the sample did not completed the solidification path shown in Figure 19.
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Figure 19: Composition of the phases appearing during the solidification of sample OUZr 1. (a)
composition of the liquid; (b) composition of (U,Zr)O,.; (¢) composition of a-Zr(O); (d) composition
of (yU-BZr)

The composition of (U,Zr)O,y, o-(Zr,U)(O) and of liquid calculated at the solidus
temperature (T=1759 K) is reported in Table 4 with the experimental observation.

(U,Zr)0,. a-(Zr,U)(0) Quenched liquid
Calc. Exp. Calc. Exp. Calc. Exp.
at % O 65.8 64.4+3 29.6 25.1+1 2.4 33.1£10
at % U 30.8 30.5+0.5 1.8 2.0+0.5 56.0 63.9+5
at % Zr 3.4 5.1+1 68.6 72.9+4 41.6 2.6+1
Molar fraction (%) 27 23 72 76" 1 1

Table 4: Comparison between calculated composition of different phases at equilibrium at 1759 K, the
calculated solidus temperature, and experimental results. ~ Obtained using ImageJ® software

In general, a good agreement between experiment and calculation is obtained. The calculated
U content in the fcc mixed oxide is in excellent agreement with the experiment. However, the
calculated Zr content in the same phase is slightly underestimated compared to the
experimental result. An exact comparison between the calculated and the experimentally
observed O content in the (U,Zr)O,4-c phase cannot be done, since the significant
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uncertainties in the experimental O detection. Nevertheless, it can be concluded that at the
solidus temperature a hypo-stoichiometric mixed oxide is present. A general agreement is
obtained on the a-(Zr,U)(O), except for the underestimated Zr content in the calculation. A
significant discrepancy is observed between the calculated and the measured composition of
the quenched liquid. The experimental O-content in the minor metallic phase is overestimated
due to the presence of the surrounding major oxide phases. Furthermore, UO; has been used
as a standard for the WDS analyses on both U and O. A metallic U standard should have been
probably more adapted for WDS measurement on U-rich metallic phases.

The calculated mass fraction of each phase is in agreement with the results obtained using
Imagel® software.

A detailed calculation on the effect of W on the heat treatment experiment is given in
Appendix C. Calculations confirm that W is not dissolved by the liquid. Therefore the only
contribution of W is to bias the Zr fraction available for the O-U-Zr reaction.

4.2.1.2 Sample OUZr 3

The post-experiment analyses performed on sample OUZr 3 revealed the presence of two
solidified immiscible liquids, one oxide and one metallic.

The final composition of the two liquids was measured by WDS at the LMAC, CEA
Marcoule. However, a precise measurement of the final global composition of the sample was
not possible. Applying the same procedure used for sample OUZr 1 (see Section 3.2.1.1) the
final composition of sample OUZr 3 can be estimated. Considering that the mass loss was
only due to the departure of the UO(, volatile species, the estimated final composition is
00.359U0.243Z10 308 (Table 5).

(1) (1) (1) (1)
Sample OUZr_3 i?lti ti/;l irlvi ti/;l Mipiia1 /€ | AM/ g "l Mg/ g gna/(i ?n:;
0) 38 5.86 0.2149 0.0411 0.1738 5.74 35.9
U 28 64.20 2.3545 0.6000 1.7545 57.96 24.3
Zr 34 29.95 1.0990 / 1.0990 36.30 39.8
Total 100 100 3.6684 0.6411 3.0273 100 100

Table 5: Estimation of the final composition of sample OUZr_3 before cooling. ~ The mass loss is only
due to the departure of the UO, volatile species

Starting from the estimated final composition, the calculated solidification path revealed the
presence of two liquids in equilibrium at 2567 K (Figure 20).
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Figure 20: Solidification path calculated for sample OUZr 3, annealed at 2567 K for 45 minutes

The microstructure observed in Figure 14 of Chapter 3, shows two solidified liquids separated
by a sharp interface. However, following the calculated solidification path down to 500 K, a
three-phase equilibrium, [(U,Zr)O,x+a-(Zr,U)(O)+a-U] is obtained. Due to the rapid cooling
of the sample, the two immiscible liquids solidified separately, following two parallel
solidification paths.

The comparison between the calculated composition of the two liquids at 2567 K and the
experimental results is reported in Table 6.

Sample OUZr 3 Estimated final composition Cl\:lec t.alhc hqlélij“l C(z?l):: 1'de 11quéi;2
at% O 35.9 19.8 23.6+3 51.7 50.742
at% U 24.3 31.5 28.042 17.2 17.3+1
at % Zr 39.8 48.7 48.4+3 31.1 32.0+£2

Mass fraction / 0.6 ~0.5 0.4 ~0.5

Table 6: Comparison between calculation at 2567 K and experimental observation on the composition
of the two immiscible liquids in sample OUZr 3. The experimental mass fractions are obtained using
ImageJ]® software

A good agreement is obtained between the calculation and experimental results. The
comparison between the calculated and the measured liquid oxide composition reveals an
excellent agreement. Concerning the composition of the metallic liquid, the calculated U and
O contents are overestimated and underestimated, respectively.

In order to interpret the microstructure of the solidified liquids, metallic and oxide, two
parallel solidification paths are calculated. The starting compositions of the liquids are those
measured by WDS (see Table 6) on the oxide and metallic region in Figure 14 of Chapter 3.

The resulting solidification path for the metallic liquid is shown in Figure 21.
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Figure 21: (a) Solidification path calculated starting from the measured composition of the solidified
metallic liquid; (b) SEM-BSE image of the solidified metallic liquid

At 2567 K the calculation reveals the presence of two liquids, one with a composition close to
that of the initial liquid (Liquid 1), the other enriched in O (Liquid 2). Therefore, the
formation of a secondary oxide liquid is due to the crossing of successive tie-lines in the
miscibility gap. The starting composition of the metallic liquid lies within the miscibility gap.
The amount of this secondary Liquid 2 phase increases down to 2470 K, where it is replaced
by a (U,Zr)O,x-c cubic phase. Decreasing temperature, the miscibility gap becomes bigger
until the ternary monotectic reaction [L1+L2] = [L1+(U,Zr)O,] is reached. At 2083 K a a-
(Zr,U)(O) phase is formed by the reaction [L1+(U,Zr)O,«] =2 [L1+(U,Zr)O,xto-(Zr,U)(O)].
At the solidus temperature, T=1757 K, the remaining liquid transforms in a (yU,BZr) metallic
phase. The composition of the phases calculated at this temperature is reported in Table 7
with the experimental results.

(U,Zr)0,. a-(Zr,U)(0) Quenched liquid

Calc. Exp. Calc. Exp. Calc. Exp.

at % O 65.8 66.4+£3 29.6 26.8+1 2.3 11£10

at % U 30.8 30.3+£1 1.8 2.1+1 56.2 84+5
at % Zr 34 3.3+1 68.6 71.1+4 41.6 543
Mass fraction 0.11 NA 0.28 NA 0.61 NA

Table 7: Comparison between calculation and experimental results on the solidified microstructure of
the metallic liquid observed in sample OUZr 3. The calculation are performed at 1757 K. NA = Not
Available

The measured amount of Zr in the quenched liquid is significantly lower than that calculated.

The calculated solidification path of the oxide liquid is reported in Figure 22.
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Figure 22: Solidification path calculated starting from the measured composition of the solidified
oxide liquid

A secondary metallic liquid is calculated between 2433 K and 2567 K. At 2475 K a (U,Zr)0O,.
x-C phase is formed by the reaction [L1+L2] = [L1+(U,Zr)O,«]. The comparison between
experimental and calculation results are reported in Table 8.

(U,Zr)0, a-(Zr,U)(0) U-met
Calc. Exp. Calc. Exp. Calc. Exp.
at % O 65.4 66.0+3 30.0 26.1x1 / 20+10
at% U 28.3 29.6+1 1.9 2.9+1 / 80+5
at % Zr 6.3 4.4+1 68.1 71.0+4 / /
Mass fraction 0.62 0.62" 0.38 0.38 / ND”

Table 8: Comparison between calculation and experimental results on the solidified microstructure of
the oxide Liquid 2 observed in sample OUZr 3. The calculation are performed at 1757 K.~ Obtained
using ImageJ® software. ND= under the limit of detection of the employed technique

The calculation is in good agreement with the experimental results. The O-content calculated
in the o-(Zr,U)(O) is underestimated compared to the experimental observation. From the
calculation, at the solidus temperature, only two phases are in equilibrium: (U,Zr)O,4-c and
o-(Zr,U)(O). A small quantity of a metallic phase was identified in the microstructure in
Figure 16a of Chapter 3. However, this phase is present within the o-(Zr,U)(O) phase. During
cooling, the solubility of U decreases leading to its rejection from the o-(Zr,U)(O) = [a-
Zr(0)+U] phase in form of metallic precipitates. The calculated mass fraction is in excellent
agreement with the results obtained with Imagel®.

4.2.1.3 Sample OUZr 7

The solidification path, calculated at the equilibrium, of sample laser heated sample OUZr 7
(initial composition Oy 126Uo.106Z10.768) 1s reported in Figure 23.
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Figure 23: (a) Solidification path of sample OUZr_7; (b) SEM-BSE image of the solidified OUZr_7
sample after a laser heating sequence under Ar

At the liquidus temperature, T=2239 K, the a-(Zr,U)(O) phase starts to form. In
correspondence of the solidus temperature, T=1926 K a Zr-rich (yU,BZr) phase forms. There
are only two solid phases at the end of the solidification. The comparison between the
calculation at 1926 K and the experimental observation is reported in Table 9.

a-Zr(0,U) (U,BZr)
Calc. Exp. Calc. Exp.
at% O 23.1 21 Traces //
at % U 0.7 1 224 28
at % Zr 76.2 78 77.6 72
Mass fraction 0.42 0.65 0.58 0.35

Table 9: Comparison of the calculated and experimental phase composition
The composition of the phases at 1926 K is in agreement with the EDS analyses. However,

the calculated mass fraction is underestimated compared to the result obtained by image
processing (ImageJ® software).

4.2.1.4 Summary

Solidification path calculations allowed to interpret the microstructure observed on O-U-Zr
samples. The calculated equilibrium phases are in good agreement with the experimental
observations. However, some systematic discrepancies have been highlighted between the
calculated and the experimental composition of the quenched metallic liquid. Probably the
hypothesis that no solid/solid reactions occur below solidus temperature is too strict.
Figure 19d for example shows that the (yU,BZr) phase becomes richer in U with decreasing
temperature, going towards a composition closer to that observed experimentally. Another
explanation might come from the low temperature thermodynamic model of the O-U-Zr
system. As already introduced in Section 4.1.2, the O-U-Zr phase diagram close to the U
corner should be experimentally investigated to better shape the low temperature equilibria
involving metallic liquid and (yU,BZr) with (U,Zr)O,-c and o~(Zr,U)(O). Furthermore, the
O-content measure by WDS is overestimated.
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The effect of W on the solidification behaviour of the O-U-Zr samples can also be studied.
Due to the low solubility of O in W, the liquid samples dissolve only a small quantity of W.
During solidification, the formation of W,Zr rings around pure W is explained by the
independent cooling of the B-W(Zr,eU) phase (see Appendix C).

4.2.2 Laser heating results on the UO,-PuQ;»-ZrO; system

Using the thermodynamic model assessed during this work, calculation can be performed to
better interpret experimental results as well as post-experiment analyses, such as X-ray
diffraction results. Thermodynamic calculations can be used to investigate the solidification
path followed by a laser-heated sample under Ar or air. This approach highlights the great
importance of the atmospheric conditions during laser heating experiments performed on
mixed oxides.

This approach requires assuming that the investigated system is at thermodynamic
equilibrium. In the present case, the equilibrium between the sample and the whole volume of
buffer gas cannot be completely achieved due to the small amount of molten material and due
to the rapidity of the laser experiments. One can nevertheless assume that equilibrium
conditions were established locally: at 3000 K, when the sample is in liquid state, diffusion
kinetics are rapid, thus the molten sample can be considered in equilibrium with a small
fraction of the buffer gas. However, the estimation of the amount of buffer gas in equilibrium
with the sample is challenging. In the vicinity of the hot molten sample, the buffer gas
exhibits density gradients, creating natural convective movements. Due to the small
dimensions of the hot surface, only a laminar flow may take place [37]. The thickness of the
boundary layer at the trailing edge of the molten area can be calculated to be about 3 mm [37].
Furthermore the sample tends to release a certain amount of vapour depending on the
temperature and experimental pressure set in the autoclave.

In order to perform a calculation as close as possible to the real experimental conditions, the
following assumptions were made:

- As previously shown by De Bruycker [38] the molten pool has a diameter that corresponds
to t?e laser spot diameter (5 mm) and an average depth of 50 um (volume equal to about 10-6
dm”);

- An average density of 10 g/cm’ was taken to calculate the mass of the molten pool;

- The molar mass of sample U48P3Z49 (M=182 g/mol) was taken to calculate the number of
moles of the molten pool;

- The buffer gas was considered an ideal gas;

For the sample, the calculation was performed considering 2 moles of oxygen and 1 mole of
metal atoms.

Only a small part of the gas volume inside the steel vessel reacted with the sample. The best
estimation resulted in considering a number of moles of buffer gas equal to 1, which
corresponds to a gas volume of 430 10 dm?;

- A pressure of 0.25 MPa that is the initial pressure inside the autoclave.

The  solidification = path  calculations  performed on  sample  U48P3Z49
((U02)0,48(Pu02)o,03(Zr02)0,49) and P50Z50 ((PUOQ)()‘SO(ZI'OQ)()jo) will be presented. The
calculations are performed considering both Ar and air as experimental buffer gas.

The solidus and liquidus surfaces in the UO,-PuO,-ZrO; system under both Ar and air will be
shown.

X-ray diffraction results performed in ITU [39] on the sintered and laser melted samples will
be also compared to calculations. Only three of the six samples were analysed by XRD after
the laser heating experiments.
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4.2.2.1 Solidification path of sample U48P3749

The solidification path calculated for sample U48P3Z49 is reported in Figure 24.

The calculations firstly show that liquidus/solidus transition temperatures are sensitive to the
atmosphere, confirming the experimental observations. Figure 24a reveals that during cooling
under Ar, the first phase formed is the (Zr,U)O,-t at 2000 K. At lower temperatures, the
equilibrium phases are (Zr,U,Pu)O,«-c and ZrO,-m. Figure 24c shows the evolution of the
composition of the (Zr,U,Pu)O,.x-c phase during cooling under Ar. As the (Zr,U)O,-t is
formed, the amount of Zr in the fcc mixed oxide phase decreases, reaching negligible amounts
below 1500 K. The O/M ratio at the melting point is 1.96, and drifts towards 2 during
cooling.
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Figure 24: Calculated solidification paths on sample U48P3749. (a) Solidification path under Ar; (b)
solidification path under air; (c) evolution of the composition of (Pu,U,Zr)O,.,-c phase during cooling
as a function of temperature under Ar; (d) same as in (c) but obtained under air

The solidification path calculated under air appears more complex, and involves some
additional phases. The first phase solidifying is the (U,Zr,Pu)O,.-c oxide. During cooling, the
O/M ratio of the cubic phase increases. At 2300 K a second cubic (U,Pu,Zr)O;:x-c oxide
enriched in U with a ratio O/M=2.18 forms. At about 2100 K a Zr-enriched (Zr,U)O,-t oxide
starts to replace the (U,Zr,Pu)O,.-c oxide first formed during cooling. At 1800 K, two phases
are in equilibrium, (U,Pu)O,;x-c (Figure 24d) and (Zr,U)O,-t. Zr is preferentially incorporated
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in (Zr,U)O,-t rather than staying in an oxide phase with an O/M>2. Following the
solidification path, the (U,Pu)O,-c phase gradually transforms into UsOg and U4O9. At the
same time, Pu gradually moves into the (Zr,Pu)O,-t and (U,Pu)O,.4-c phases. At 500 K, the
major phase (Zr,Pu)O,-m is in equilibrium with U3Og and the remaining (U,Pu)O,.«-c phase.
It must be pointed out that in the present thermodynamic assessment the Pu solubility in U30g
and U409 was not taken into account

4.2.2.2 Solidification path of sample P50Z50

The same calculations were performed for sample PS0Z50 (Figure 25). In this case, the effect
of the experimental buffer gas on the solid/liquid transition is not as pronounced, confirming
that the thermodynamics of UQO, has the largest influence on the high temperature
stoichiometry of the samples. Under Ar, the tendency of the O/M ratio to move towards
hypo-stoichiometric values (~1.96 at the melting temperature) is noticeable. Even under
air, the O/M ratio is found around 1.98 at melting. The oxygen potential of the buffer gas
(air at 0.25 MPa) is not high enough to keep the stoichiometry of the (Pu,U,Zr)O;.\-c
equal to 2. The solidification paths calculated under Ar (Figure 25a) and under air
(Figure 25b) are different.

During cooling under air, the formation of a fcc (Pu,Zr)O,-c oxide is followed by the
appearance a tetragonal (Zr,Pu)O,-t phase. At this point, the amount of Zr in the fcc phase
decreases (Figure 25c-d). The monoclinic phase stable at low temperatures contains a
negligible amount of Pu: the resulting equilibrium phases are PuO,-c and ZrO,-m.

Under Ar, a pyrochlore phase forms below 2000 K, with the composition Pu,Zr,O73s at
2000 K, PuyZr,07.99 at 1000 K, and Pu,Zr,Og at 500 K. This phase tends to O/M=2 during
cooling.

Calculations performed using Ar-6 % H, as buffer gas were finally performed. The calculated
O/M ratio in the (Pu,Zr)O,.-c at the liquidus is 1.955. This value is slightly lower than that
calculated under Ar (O/M=1.96). The metal ratio in the (Pu,Zr)O,«-c is not affected by the
presence of Hy. The calculated solidus temperature is 2860 K. The calculation overestimated
the experimental observation T=2835 K. This result confirms that the effect of the atmosphere
in this region of the UO,-PuO,-ZrO, phase diagram is limited.
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Figure 25: Calculated solidification paths on sample P50Z50. (a) Solidification path under Ar; (b)
solidification path under air; (c) O/(Pu+Zr) ratio in the (Pu,Zr)O,.-c phase during solidification as a
function of temperature under Ar; (d) same as in (c) but obtained under air.

4.2.2.3 Solidus and liquidus surfaces calculation

We recall that phase diagrams are calculated at thermodynamic equilibrium, while laser
heating experimental results represent kinetics conditions. These results should therefore be
compared with caution to the calculated phase diagram. In fact, at each temperature, the
oxygen potential of the system changes along with the O/M ratio of the sample: placing an
experimental point on a fixed isopleth with an oxygen-to-metal ratio equal to 2, could then be
misleading. The present experimental results are then reported on the diagrams in Figure 26,
showing the evolution of the liquidus/solidus lines of the system under the experimental
conditions (reducing and oxidising).

The nature of the observed transition temperatures should be carefully considered. In the
investigated region of the phase diagram, the solidus and the liquidus lines are close to each
other. The large uncertainties on the experimental results cover the L+(Pu,U,Zr)O,-c two-
phase domain. Therefore, come to a sharp decision on whether the observed transitions
correspond to liquidus or solidus is challenging. However, the interpretation of Bohler et al.
[40] suggests that the first inflection after undercooling should be assigned to the solidus
transition. The latter transition is of great interest for the design of the nuclear fuel because it
corresponds to the temperature at which the fuel loses its mechanical strength.
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A good agreement is generally obtained between the calculated solidus lines and the laser
heating experimental results. A good agreement is obtained with the solidification
temperature measured under Ar on sample U33P33Z33. However, the calculation performed
under air largely underestimates the experimental observation. It must be reminded that the
experimental result on sample U33P33Z33 obtained under air is affected by significant error
bars.

The calculations reported in Figure 26a confirm that a minimum exists in the liquidus/solidus
curves around x(UO,)=0.15-0.20. An oxidising atmosphere affects the shape of the solidus
curve when approaching the UO; corner. In Figure 26¢ the O/M ratio in the (Pu,U,Zr)O,.x-c
phase along the solidus and liquidus lines rises sharply after x(UO;)=0.80 up to 2.05-2.10 at
the UO, corner. The calculation performed under Ar (in Figures 26¢c-d) shows that the O/M
ratio along the solidus and liquidus curves lies between 1.95 and 2, but never reaches
stoichiometry. Figure 26b reports the calculated liquidus and solidus curves across the
(U0O2)0.50(Zr03)0.50-PuO, section. The agreement between the calculation and the
experimental results is excellent for samples U48P37Z49 and U45P10Z45.

Figure 26d shows the O/M ratio in the (Pu,U,Zr)O,.:x-c phase at the liquidus and solidus
transitions as a function of x(PuQO;) along the (UO;)ys50(ZrO;)os0—PuO, section. The
calculated O/M ratio at the PuO, corner remains lower than 2, and falls steadily from
(UO2)0.50(Zr07)0 50 towards PuO,. Even using air at 0.25 MPa is not enough to keep PuO, at
the stoichiometry O/M=2.

Although the calculated diagram was derived by direct extrapolation from the
quaternary U-Pu-Zr-O system, without further optimisation, a good agreement between
the calculated liquidus/solidus lines and the experimental results is already obtained.

4.2.2.4 Structural analysis on the as-synthetized samples

Using the present thermodynamic model, calculations were performed at the sintering
conditions (T=1873 K, Ar/6.5 % H, with 1500 ppm H,O). The calculations are compared in
Table 10 to the X-ray diffraction data obtained in ITU [39]. The nature and the lattice
parameters of the different phases are reported. However, the respective weight fractions
could not be quantified accurately, which is mainly due to the rather poor quality of the X-ray
diffraction patterns due to the limited amount powder available.

As listed in Table 10, the prepared samples showed several different phases except for sample
P50Z50 (with the highest PuO; content) which showed only one phase.

The calculations performed at 1873 K yielded for samples U48P3Z49 and U45P10Z45 (with
the lowest PuO, contents) fluorite (U,Pu,Zr)O,.«-c as major phase with an oxygen-to-metal
ratio of 1.98 and 1.96, respectively. A secondary tetragonal (Zr,U)O,-t phase was also found.
As the PuO, content increases in samples U33P33Z33, U20P40Z40, and U10P45Z45, a
fluorite (U,Pu,Zr)O,-c phase appears together with a disordered pyrochlore Pu,Zr,O7:
phase. Sample P50Z50, containing no UQO,, is a single disordered pyrochlore phase
Pu,Zr;07:«. These results show that as the amount of plutonium increases, the pyrochlore
fraction also grows. In contrast, the (Zr,U)O, oxide forms next to the fluorite in PuO, poor
samples. In all cases, the reducing experimental conditions lead to the formation of a
hypostoichiometric mixed oxide with an O/M ratio slightly lower than 2.
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Figure 26. Calculated liquidus and solidus temperatures as a function of the experimental gaseous
atmosphere (red lines for Ar, blue line for air). The red circles represent the laser heating experimental
results obtained under Ar, whilst the blue squares are the experimental results obtained under
compressed air. (a) Evolution of the liquidus/solidus lines along the (PuO,)g 50(Zr0,)o.50-UO, section;
(b) evolution of the liquidus/solidus lines along the (UO,) 50(ZrO;)o.50-PuO, section; (c¢) evolution of
the O/M ratio in the (Pu,U,Zr)O,.«-c phase at solidus and liquidus transitions along the
(Pu0y,)0.50(Zr0,)0.50-UO; section; (d) the same as in (c) but along the (UO,) 50(ZrO;)o.50-PuO, section

The cooling paths of the various samples were furthermore calculated using the present
thermodynamic model. The calculated phase fractions at 500 K are compared with the X-ray
diffraction results. For sample U45P10Z45 and sample U33P33Z33, calculations were
performed at 1500 K and 800 K respectively, since at 500 K the phase pyrochlore was not
present. The calculations are in rather good agreement with the structural analysis. Sample
P50Z50 shows a single phase material that could be identified either as a fluorite
(Pug5Zrp5)O,.y or a disordered pyrochlore Pu,Zr,O7.. The stoichiometric pyrochlore oxide
Pu3+QZr4+zO7, where the transition metal Zr is tetravalent, and the plutonium cation is in a pure
trivalent state, was reported to be cubic (space group Fd-3m) with a cell parameter as
a=10.692 A [41]. The pyrochlore Pu,Zr,O7 shows a fluorite-type structure with a double unit
cell and an ordered oxygen deficiency [42]. One oxygen atom is missing compared to a solid
solution of the two fluorite cells ZrO, and PuO,, while the oxygen-metal distances are also
different to accommodate the plutonium cation in its Pu’" oxidation state [41]. The trivalent
Pu’* cation is moreover eightfold coordinated, while the tetravalent Zr*" cation is sixfold
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coordinated. Upon oxidation, the plutonium cation adopts a mixed valence state (Pu’** Pu*h,
and the corresponding disordered pyrochlore cell Pu,Zr,O7:«x shows a smaller cell parameter.
Upon a subsequent order-disorder transition, the fluorite solid solution (PugsZros)Os.y is
obtained [41]. The cell parameter of this incompletely oxidized solid solution is larger than
that of (Pug sZry5)O,, expected as 5.265(5) A [43], [44], due to the larger ionic radius of Pu**
compared to Pu*". However, the discrimination between the disordered pyrochlore structure
and that of a fluorite solid solution using X-ray diffraction is delicate. Our structural analysis
revealed a cell parameter as 5.295(5) A (fcc) or 10.59(1) A (pyrochlore) for sample P50Z50,
that could be either (Pugs5Zr(5)Os.y or PuyZr,O7.. The same phase was also found in samples
U20P40Z40 and UI0P45Z45 with cell parameters as 5.315(5)/10.63(1) A and
5.310(5)/10.62(1) A, respectively. Interestingly, the parameter found for samples U45P10Z45
and U33P33Z33 (5.26(1) A) suggests that the fcc phase is, in this case, fully oxidized, i.e.
(Pug.sZry5)O,, which is probably related to the higher uranium content in those samples.
Finally, when increasing the UO, content, a fluorite mixed oxide phase (U,Pu,Zr)O;-c
appeared with cell parameters between 5.320(5) A (sample U10P45Z45) and 5.431(5) A
(sample U48P3Z749), as well as ZrO,-m [45] and/or ZrO,-t [46] (samples 1, 2, and 3).

The trends revealed by the X-ray diffraction results are consistent with the calculations at high
temperatures and with the phase diagrams. The disordered pyrochlore fraction increases with
the PuO, content of the samples, whereas the fluorite phase is stabilized for uranium rich
samples. ZrO, (m or t) is moreover stabilized for the samples rich in UO; and ZrO,.
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Sample Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
P U48P3749 U45P10Z745 U33P33733 U20P40740 U10P45745 P50Z50
fce (U,Pu,Zr)O,-c fce (U,Pu,Zr)O,-c fce (U,Pu,Zr)O,-c fee (U Pu,Zr)O,-c fee (U Pu,Zr)O,-c
a=5.431(5) A a=5.430(5) A a=5.417(5) A a=5.325(5) A a=5.320(5) A
fee (Pug5Zry5)0;.y-¢ fee (PugsZr5)0;.y-¢ fee (PuysZry5)0;.,-c
fee (Pug sZrg5)0,-¢ fee (Pug sZrgs5)On-c a=5.315(5) A or a=5.310(5) A or a=5.295(5) A or
Phases from XRD a=5.26(1) A a=5.26(1) A Pu,Zr,07. Pu,Zr,07, Pu,Zr,07
analysis a=10.63(1) A a=10.62(1) A a=10.59(1) A
ZrO,-m ZrOy-m Z:0y-m
ZrOZ-t ZrOZ-t
T=500 K T=1500 K T=800 K T=500 K T=500 K T=500 K
65 w % fcc 59 w % fce 33 w % fcc 17 w % fcc
70 w % fcc (Ug o4P 0,-c
W a*=(5 2'69; KO‘%) 2 (Ug.s3Pug 14210 03)0,-¢ (U.04Pug 06)0r-c (Ug.77Pug23)0,-c (Up.77Pug23)0,-¢
) a*=5.449 A a*=5.465 A a*=5.453 A a*=5.453 A
6w % 32w% 63w % 81w % 100 w %
PuyZryO755 PuyZry079 PuyZry07.999 PuyZry07.999 PuyZr;07.999
Ic’:fcsuelitﬁfr‘fsl 30 w% 29w % 8w % 4w % 2w %
ZrO,-m Z1rO,-t ZrO,-m ZrO,-m ZrO,-m
T=1873 K T=1873 K T=1873 K T=1873 K T=1873 K T=1873 K
0,
80 w % 97 w % u Pfgf’ 1OLsc 35w % 18w %
(Uo.6Pug.04Zr0 36)O01.98-C (Uo.46Pu0.1Z10 43)O1 96-C 0.66 0.17(: 077196 (Uo.66Pu0.17Z10.17)O1.96-¢ (Uo.66Pu0.17Z10.17)O1.96-¢
3w % 44 w % 65w % 82w % 100 w %
0, -
20w % (Zr,U)OZ t (Zr,U)Oz-t PuZZr207‘9 PU,ZZT207A9 PuZZrzomg Pu22r207‘9

Table 10. Comparison between the X-ray diffraction results and the thermodynamic calculations on the as- synthesized samples. a* is the lattice parameter at 298.15 K
of the fluorite phase calculated using Vegard’s law assuming an oxygen-to-metal ratio equal to 2 and the same metallic composition as the one calculated at the
specified temperature. [39] (The major phase is marked in bold)
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4.2.2.5 Structural analysis after melting

The X-ray diffraction patterns collected after the melting experiments showed various phases
depending on the initial composition of the investigated material and on the atmosphere of the
laser heating tests (Table 11).

For sample 2 (U45P10Z45), after several shots under Ar, a major fcc (U,Pu,Zr)O,-c phase
(5.433(5) A), a secondary fluorite (Pug s0Zr.50)O2.y phase with a=5.310(5) A (or disordered
pyrochlore Pu,Zr,07.), and a minor amount of ZrO,-m, were found after the melting
experiment, in good agreement with the results of thermodynamic calculations under Ar-6.5%
H; for the as-synthesized samples in Table 10.

Sample 5 underwent two series of shots under air followed by two series of shots under Ar.
The quenched sample was made mostly of the fluorite (PugsZros)O,., or disordered
pyrochlore Pu,Zr,07:, with cell parameters as 5.275(5)/10.55(1) A, and a small fraction of
U30g and UOs. The presence of U3Og and UO; shows that the sample was oxidized during the
series of experiments under air. The final tests under Ar were not sufficient to retrieve the
initial stoichiometry close to 2. Moreover, the oxygen impurity contained in the argon used
for the experiment can possibly contribute to the oxidation of the sample heated at very high
temperatures. The disappearance of the secondary fcc phase (a=5.320(5) A) found in the
synthesized sample could be related to the oxidation of this phase into U3Og and UOs;, and
simultaneous segregation of the Pu and Zr into the pyrochlore structure.

Sample 6 was exposed to three series of shots under air, argon, and Ar-6.5%H, successively.
The quenched sample was made mostly of the fluorite (PugsZros)O,, or disordered
pyrochlore Pu,Zr,O7. with cell parameters as 5.280(5)/10.56(1) A. A secondary cubic phase
was also found with a structure that could be assigned to PuO, . The formation of this
reduced plutonium oxide phase was not predicted by the thermodynamic calculations.
Nevertheless its presence is consistent with the reducing conditions of the last laser shots
under Ar-H,.

The cell parameters of the fluorite (Pug 5Zr¢ 5)O,., or disordered pyrochlore Pu,Zr,O7. phases
in samples 5 and 6 are smaller than before melting, suggesting that the end materials contain a
larger fraction of Pu*" compared to the starting products, and are therefore slightly more
oxidized.

Sample Sample 2 Sample 5 Sample 6
P U45P10Z45 U10P45745 P50Z50
Atmosphere Argon Air, Argon Air, Argon, Ar-6.5%H,
fee (U,Pu,Zr)0, azfgc 4113(()52)* "\
a=5.433(5) A ‘
. fee (Pug sZrg 5)Ox.y fee (PugsZry5)0,.y fee (PugsZry5)0,.y
Phases from XRD analysis | . _s 31(5) & or PuyZryOs., | a=5.275(5) A or PuyZryO-ny | a=5.280(5) A or Pu,Zr;Ose,
a=10.62(1) A a=10.55(1) A a=10.56(1) A
ZrO,-m U,04, UO,

Table 11: X-ray diffraction results on melted samples. The major phases are marked in bold [39]

4.2.2.6 Summary

The present solidification path calculations well reproduce the experimental observation on
the six UO,-PuO,-ZrO, samples. This set of calculations requires assumptions to be made
with respect to the amount of reactive gas, and therefore cannot be fully representative of the
laser heating experiments. Nevertheless they have appeared extremely useful to identify the
general chemical behaviour of these systems.
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The oxygen potential is a crucial parameter for the experimental conditions and it has been
shown in the Section 3.2.3; that it is difficult to maintain the samples as close as possible to
stoichiometry (O/M=2). This tendency is confirmed by the present set of solidification path
calculations. The O/M of the UO,-PuO,-ZrO, samples varies as a function of
temperature and of the atmosphere. The calculated solidus/liquidus curves exhibit different
shapes depending on the atmospheric conditions considered during the calculations.

Thermodynamic calculations applied to X-ray diffraction results reported in [39] give
satisfactory results. Even if the small amount of available materials did not allow a fully
descriptive quantitative analysis, a general agreement is obtained between calculation and
experimental observations.

For a complete understanding of the melting/solidification behaviour of the samples, a direct
in-situ monitoring of the equilibrium conditions (i.e., direct measurement of the oxygen
chemical potential) is needed. However, the rapidity of the experiments, as well as the limited
volume of sample actually undergoing melting, makes technical solutions challenging.

4.2.3 In-vessel corium investigation

The high temperature behaviour of the quaternary O-Fe-U-Zr system is paramount for the
comprehension of the first part of a severe accident in a nuclear reactor. As already introduced
in Chapter 1, during a severe accident, the UO,-based nuclear fuel reacts with the Zircaloy
cladding and with metallic structures surrounding the fuel bundle (spacer grids, neutronic
absorber cladding) leading to the formation of the so-called in-vessel corium. The
aforementioned system contains the most abundant elements involved during the accident.
Due to the complexity of the accidental phenomena, an exact in-vessel corium composition
does not exist. In the present work, a representative sample of a possible European pressurised
Reactor (EPR) in-vessel corium [47] has been fabricated by arc melting furnace. The starting
composition of the sample is reported in Table 12.

All the components were placed inside the melting chamber. An inert atmosphere
(Ar, Messer 99.9999 %) was set inside the chamber. In order to minimise the parasitic
oxidation during elaboration, an oxygen getter (metallic shavings of Zr Van Arkel) was firstly
melted. The arc melting was repeated three times for better homogenising the sample. The
resulting marble was then cut and sent to the LMAC, CEA Marcoule for post-experiment
analyses. The sample was analysed by means of the SEM-EDS and WDS already described in
Section 3.2.1.

Component | wt %

UO, 52.5

ZrO, 6.0

Zr 18.4

Fe 23.1
(a)

O Fe U Zr
at% 36.2 30.8 14.5 18.5

(b)

Table 12: (a) Massic composition and (b) elemental atomic composition of the fabricated
prototypic in-vessel corium sample

During the arc melting, monitoring of the temperature was not possible. The temperature of
fabrication of the sample can be thus only estimated. A BSE image of the cross-section of the
in-vessel sample is reported in Figure 27.
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Figure 27: BSE image of the in-vessel corium séfnble cross-section

The chemical contrast visible in the BSE image allows identifying three zones. EDS analyses
revealed:

- a metallic zone (named Zone 1);

- an oxide zone (named Zone 2);

- an undissolved piece of UO, (no traces of Zr and Fe were detected inside this zone of the
sample).

Due to its high melting temperature (T=3120 K), the UO, disk was only partially dissolved.
The fact that part of the UO, disk maintains its original shape suggests that the maximum
temperature reached during the sample fabrication was lower than the UO, melting
temperature.

Excluding the undissolved UO,, the observed microstructure is typical of two solidified
immiscible liquids. The obtained composition lies within the miscibility gap in the
quaternary (O,Fe,U,Zr) liquid phase.

The fact that the two solidified liquids are separated by a sharp interface, as it was observed
for sample OUZr 2 and OUZr 3, suggests that the cooling was fast enough to allow a
separate quenching of the immiscible liquids.

In the following the two solidified liquids will be treated separately, considering that they
experienced independent cooling.

4.2.3.1 Oxide liquid (Liquid 2)

WDS analysis performed on this region allows to determine the global composition of the
oxide zone. The undissolved UO, was not taken into account in this measure. The WDS
results are shown in Table 13.

In-vessel corium sample / oxide liquid
at% O 61.4+3
at % U 14.9+1
at % Zr 21.8+2
at % Fe 1.9+1
Table 13: WDS analysis on the solidified oxide Liquid 2 (Zone 2 in Figure 27) of the in-vessel corium
sample
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The microstructure observed in the solidified oxide liquid is reported in Figure 28.

(a) | | (b)
Figure 28: (a) BSE image of the solidified oxide Liquid 2; (b) close up on the white precipitates along
the mixed oxide (U,Zr)O,. grain boundaries. Six phase are identified and analysed by WDS (A-F in
the figure)

At the grain boundaries of a homogenous microstructure, white precipitates can be noted
(Figure 28b). Actually, the zone along the grain boundaries is composed by several phases.
WDS results on the detected phases are reported in Table 14.

A B C D E F

at % Fe 0.7 8.6 60.2 1.6 12.4 16.2
at% U 12.9 46.5 6.2 19.8 15.1 484

at % Zr 17.1 0.4 26.9 7.1 24.4 2.6
at% O 69.3 445 6.8 71.5 431 32.8
Fe/(Fe+U+Zr) 0.8 15.5 64.6 5.5 23.9 241
U/(Fe+U+Zr) 441 83.9 6.6 69.5 29.1 72.0
Zr/(Fe+U+Zr) 55.1 0.6 28.8 25.0 47.1 3.9

Table 14: WDS analyses on the zone along the mixed oxide grain boundaries. The first part of the
table reports the raw data form the spectrometer. The second part reports the ratios between metals
without taking into account oxygen contribution.

No X-ray analyses are available for these phases. In addition, the O-content is overestimated
as shown in the previous section. The identification of the phases is then challenging.
Solidification path calculation helps us in this task.

The solidification path of the oxide Liquid 2 (Og614Uo.149Z10218F€0.019) 1s reported in Figure
29.
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Figure 29: Solidification path of the oxide Liquid 2

At 3000 K, two liquids are in equilibrium: the major Liquid2 has a composition
00.618Z10219U0.15F€0.012, Whilst the minor liquid phase Liquid 1 is essentially metallic, with a
composition Feg o41Up.03Z10.02800.001. From 2770 K, a (U,Zr)O,-c phase starts to form by the
reaction [L1+L2] = [L1+L2+(U,Zr)O,4]. At about 2560 K all the initial major Liquid 2 is
replaced by the mixed oxide phase (U,Zr)O,«. The composition of the (U,Zr)O,4-c phase
does not vary between 2560 K and 2000 K, leading to the conclusion that during cooling, the
interaction between the remaining Liquid 1 and the solid mixed oxide phase is limited. The
temperature interval between the complete transformation of the oxide Liquid 2 and the
solidification of the metallic Liquid 1 is remarkable (~1200 K). Furthermore, the molar
fraction of the Liquid 1 is small compared to the mixed oxide phase. At 2770 K during the
reaction [L1+L2] = [L1+L2+(U,Zr)O,«] and/or during the transformation of Liquid 2
between 2770 K and 2560 K, Liquid 1 might have migrate in the free space between the grain
boundaries of the already solidified (U,Zr)O,. The solidification of Liquid 1 takes place
along the grain boundaries of the mixed oxide. The white precipitates visible in Figure 28b
are the results of the solidification process described above. The composition of the metallic
Liquid 1 does not vary appreciably between 2560 K and 2000 K, and it corresponds to
Feo.432710306U024700.015. The solidification path obtained starting from this composition is
shown in Figure 30.

1.0 I | . s
0.9 - Liquid - F€0.06Y0.71470.23
: Feo 50U0.182M0 32

L FesUsZrs: Feg 30Ug 3020 40
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Figure 30: Independent calculated solidification path of metallic Liquid 1
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At 300 K, four phases are calculated: Fe,Zr + A-FeUZr + FeUg + a-Zr(O).

Coupling calculation results with the WDS analyses in Table 14, it is possible to identify the
phases formed during the solidification of Liquid 1. The reduced dimensions of the
investigated phases, may affect the WDS results, especially the O content estimation. The

comparison between WDS analyses on metals and the calculated phases is reported in
Table 15 (see also Figure 31).

A B C D E F
Fe/(Fe+U+Zr) 0.8 15.5 64.6 5.5 239 24.1
U/(Fe+U+Zr) 44.1 83.9 6.6 69.5 29.1 72.0
Zr/(Fe+U+Zr) 55.1 0.6 28.8 25.0 47.1 39
Phase (U,Zr)O,. FeUg Fe,(Zr,U) A-FeUZr Fe;UszZry Undefined

Table 15: Comparison between WDS analysis and calculation on the solidification of Liquid 1. Zone
A-F correspond to zones in Figure 31b. The proposed phases are chosen starting from the calculation
on Liquid 1 (Figure 30)

Figure 31: Results of solidification path calculation and WDS analysis coupling
The calculation are coherent with WDS observations. However, WDS analyses did not reveal

the presence of a-(Zr,U)(O) that appears in the solidification path. Moreover, one of the
phases detected by WDS could not be indexed (point F).

4.2.3.2 Metallic liquid (Liquid 1)

A WDS analysis on the quenched metallic liquid was performed from BSE image given in
Figure 32 and is reported in Table 16. WDS analysis was also performed using higher

magnification to estimate the composition of the solidified phases. The result of a WDS
profile is shown in Figure 33.

_ 145 -




MAG: 200 x

Figure 32: BSE image of the solidified metallic liquid.

In-vessel corium sample / metallic liquid
at% O 1.8
at% U 6.3
at % Zr 13.8
at % Fe 78.1

Table 16: WDS analysis on the solidified metallic liquid of the in-vessel corium sample
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Figure 33: WDS profiles obtained in the metallic solidified region

Two C15 Laves phases — Fe,(Zr,U) and Fe,(U,Zr) — are observed. A third U-enriched phase
with a composition Fe33UpeZro 03 is also revealed. The presence of two phases with the
same structure means that the selected composition crosses a miscibility gap in the
Fe;(U,Zr) phase during cooling.

The solidification path calculated starting from the composition in Table 14, reveals the
coexistence of a minor (U,Zr)O,x-¢c phase with an O depleted liquid between 2800 K and
1750 K. The composition of the liquid does not vary in this range of temperature, leading to
the conclusion that, as observed for the oxide liquid, the mixed oxide and the coexisting
metallic liquid cool separately. The composition of the liquid phase at 1750 K i1s FeggUgZr 4.
The solidification path obtained starting from this composition is reported in Figure 34.
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Figure 34: Independent solidification path of the metallic Liquid 1 FegoU¢Zr 4

The calculation confirms the presence of two C15_Laves phases. However, the U-enriched
phase measured by WDS is not calculated.

Within the metallic matrix some spherical oxide droplets with an average diameter of 80 um
may be recognised (Figure 35). It can be noted that inside the oxide spheres a metallic phase
could form. The U/Zr ratio in the oxide droplets (0.64) is comparable to the U/Zr ratio
measured in the solidified oxide liquid (0.68). The presence of these droplets within the
solidified metallic liquid is related to the convective movements during the fabrication.
During cooling, the oxide liquid droplets solidified, partially surrounding a small amount of
metallic liquid solidified into Fe,(Zr,U) and Fe,(U,Zr). WDS analyses on the metallic zone
inside the solidified oxide droplet corroborate this interpretation.

Figure 35: Magnification of a spherical oxide droplet within the solidified metallic liquid
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4.2.2.3 Summary

Solidification path calculations performed on a prototypic U-Zr-O-Fe in-vessel corium sample
allow interpreting the microstructure observed by SEM and the quantitative analyses by
WDS. A good agreement is obtained between calculations and experimental observations. It
must be pointed out that the calculations involve a quaternary system. In the present work, no
quaternary interaction parameters have been assessed. Therefore, the solidification paths are
the result of extrapolation from the thermodynamic models of lower order. Notwithstanding
that, the calculations are predictive.

4.3 Conclusions

In this chapter we presented the thermodynamic assessment performed on the O-U-Zr, O-Fe-
Zr, O-Fe-U and O-Pu-U ternary systems.

The critical selection of experimental data from the literature (Chapter 2) and current
experimental results allowed to obtain a satisfactory model for the O-U-Zr. The miscibility
gap in the liquid phase is now better described, especially at 2567 K, where the present
annealing tests have been performed. However, new thermodynamic data, such as oxygen
potential measurement will allow a better description of the cubic (U,Zr)O, phase.

Taking into account the lack of available experimental data on O-Fe-Zr and O-Fe-U systems,
the present assessment on these systems can be considered satisfactory. It is however clear
that large regions of these ternary systems are experimentally unknown. Oxygen potential
measurement will help to better assess these systems.

Solidification path calculations are a useful tool to interpret experimental results. This kind of
calculation can be also used to interpret complex microstructure of multi-component samples,
such as the U-Zr-Fe-O in-vessel corium sample. The coupling between experimental study
and thermodynamic calculation is complete approach for the investigation of complex
chemical systems.

The laser heating results on the UO,-Pu0O,-ZrO, samples have been also interpreted using
thermodynamic calculations. The high temperature behaviour of these samples is strongly
dependent on the nature of the experimental buffer gas. The O/M of the cubic (U,Pu,Zr)Os.
phase can significantly vary in function of the oxygen potential, the temperature and the
composition of the sample.
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Chapter 5 — Experimental and calculation results on
ex-vessel corium

During a severe accident, the in-vessel corium (mainly U-Zr-Fe-O) made of a mixture of solid
and liquid phases, may pierce the steel vessel and pour on the concrete slab at the bottom of
the reactor. The phenomenology of the ex-vessel scenario has been widely studied (see
Chapter 2). The coupling between physicochemical data with thermo-hydraulics allows to
simulate the late events of a severe accident and to predict the medium and long-term
behaviour of the ex-vessel mixture, permitting to find the most efficient mitigation action
options. However, the thermodynamics of the in-vessel corium/concrete interaction is not well
known.

The large-scale experiments dedicated to the MCCI (Molten Corium Concrete Interaction),
investigated the dominant and macroscopic phenomena occurring during a severe accident. In
these experimental conditions the significant thermal and composition gradients affects the
rare thermochemical data [1].

In this framework, two ex-vessel corium samples have been investigated based on the
prototypic U-Zr-Al-Ca-Si-O ex-vessel corium system (Fe is not taken into account). In this
work, the accidental scenario consists of a fully oxidised in-vessel corium O-U-Zr (Fe is not
taken into account) interacting with two concretes; one rich in CaO the other rich in SiO,.
This approach is important because the concrete used for the construction of a nuclear power
plant is not standardised [2,3]. The quality and the nature of the employed concrete mainly
depend on the geographic characteristic of the site. Since the very high temperatures reached
during the MCCI, the contribution of CO;, and H,O are not taken into account, considering
Al,03-Ca0-Si0; prototypic concretes. Thermodynamic calculations coupling the TAF-ID
(Thermodynamics of Advanced Fuels — International Database Project) thermodynamic
database and the present model for the prototypic in-vessel corium have been performed to
interpret the current experimental results.

5.1 Experimental results

Two ex-vessel corium prototypic samples have been investigated. A. Boulin
(LPMA, CEA Cadarache) calculated the initial compositions of the samples by using
TOLBIAC-ICB severe accident code [4,5]. The calculation was performed assuming an
oxidised in-vessel corium only composed of UO; (80 tons) and ZrO, (20 tons). The whole
mass of molten corium at 2950 K pours on the concrete slab. Two types of concrete are
considered: a limestone concrete (rich in CaO) and a siliceous concrete (rich in Si03). The
composition of the liquid pools (CORIUM 1 for the interaction with limestone concrete,
CORIUM 2 for the interaction with siliceous concrete) 24 h after the CCI (Corium Concrete
Interaction) is obtained. The corresponding re-calculated massic compositions of the liquid
pools are reported in Table 1.

w% | CORIUM 1 | CORIUM 2
AlLO; 1.8 2.1
CaO 324 11.0
Si0, 24.6 64.0
Uo, 30.8 15.4
71O, 10.4 7.8

Table 1: Composition in mass percentage of the ex-vessel corium liquid pools 24 h after the Corium
Concrete Interaction (CCI) (private communication by A. Boulin)
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5.1.1 Samples preparation and characterisation

Two samples were prepared with the compositions reported in Table 1. The starting materials
were AlOs; powder (Alfa Aesar, 99.997 %), CaO powder (SCM, 99.9 %), SiO, spheres
(SCM, 99.995 %), UO, powder (CEA supply) and ZrO, powder (Goodfellow, purity 99.9 %).
ICP-MS (inductively coupled plasma mass spectrometry) analyses have been performed on
Al O3, Ca0, SiO; and ZrO, to detect the impurities content. The results are reported in
Appendix E. The starting materials were mixed in a W-crucible with screwed lid.

Samples underwent a heat treatment at 2500425 K for 30 minutes in the same furnace already
described in Section 3.2.1.1. After the annealing, the samples were cooled at 3 K/s.

After the heat treatment, the samples were analysed at the LMAC (Laboratoire
Meétallographie et Analyse Chimique), CEA Marcoule. For the characterisation a Carl Zeiss
Merlin scanning electron microscope equipped with a Field Emission Gun (SEM-FEG) was
used. It is coupled with energy dispersion spectroscopy (EDS, Oxford Instruments X-MAX
80 mm?) and a wavelength-dispersive X-ray spectroscopy (WDS, SX 100 CAMECA). The
standards used for the analyses are:

- UO; for uranium; CaSiO; for calcium and oxygen; SiO, for silicon; Zr for zirconium; W for
tungsten; Al for aluminum.

5.1.2 CORIUM 1

A BSE image of the cross section of solidified sample CORIUM 1 after the heat treatment is
reported in Figure 1.

Figure 1: Back-scattering electrons (BSE) image of the cross section of the solidified sample
CORIUM 1

The solidified sample is homogeneous, with a dendritic structure, suggesting that a single
liquid was present at 2500 K. EDS and WDS analyses did not reveal any significant amount
of W dissolved in the sample (less than 0.5 at% W). Therefore, the interaction at the
sample/crucible interface was limited in the present case.

A close up of the microstructure of sample CORIUM 1 is reported in Figure 2.
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(a)
Figure 2: (a) Magnification of the dendritic structure observed in sample CORIUM 1. Two main
phases can be identified: white dendrites and a dark grey matrix. (b) The red square highlights the
presence of a third minor light grey phase (see Figure 3)

Two main phases can be identified: the white dendrites and a dark grey phase (Figure 2a).
However, looking at Figure 2b, a third minor phase can be also identified. Figure 3 shows a
magnification of the red area in Figure 2b.

(U,Zr,Ca)0O,, the light grey phase is a mixture (Ca,Si,Zr,eU,0) and the dark grey phase is a mixture of
(Ca,Si,eAleZr,0), probably a quenched liquid

Thanks to EDS and WDS analyses, the white dendrites are identified as a fcc (U,Zr,Ca)O,
phase. It may be noted that the dendrites are formed by two phases. The main difference
between these phases is the U and Zr contents. In the whiter one, U is the major metallic
element, while the other phase contains the same quantity of U and Zr. The dark grey phase is
basically oxide, and it is enriched in Ca and Si. However, small amounts of Al and Zr have
also been detected in this phase. The third minor light grey phase has a chemical composition
close to that of the major dark grey phase. This phase contains less Si and a more significant
amount of Zr. In addition, a small amount of U has been measured within this phase. It can be
concluded that during cooling, the most stable oxide phase, (U,Zr,Ca)0O,, firstly appears in the
form of dendrites. A small amount of the remaining liquid, precipitates in the minor light grey
phase, which is mainly composed of Ca, Si and O. The rest of the liquid solidified,
maintaining an amorphous structure. It can be noted that U is only present in the white
precipitates and, in minor quantities, in the major dark grey phase. The identification of the
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dark and light grey phases is difficult; the compositions of these phases measured by EDS are
reported in Table 2.

at% Al |at% Ca | at% Si|at% U | at% Zr | at% O Phase
White phase 1 / 3.0£0.5 / 22.0+1 | 7.0+£1 | 68.0£2 | (U,Zr,Ca)O,

White phase 2 / 5.0£1 / 11.5¢2 | 16.6+2 | 67.4£3 | (Zr,U,Ca)O,
Dark phase | 1.5+1.0 | 20.5+2 | 17.0+2 / 1.0£1 | 60.0+2 | Not assigned
Light phase / 21.0£2 | 13.5¢2 | 1.0£1 | 5.0£1 | 59.5+2 | Not assigned

Table 2: EDS analysis on the three phases identified in the solidified sample CORIUM_ 1. Only the
white dendrites can be univocally indexed. The measured composition of the remaining two phases
does not allow a reliable indexing

The oxygen content in the fcc mixed oxide phase seems to be overestimated. In fact, the
presence of a hyper-stoichiometric fluorite phase (U,Zr,Ca)O; 1,5 is unlikely.

5.1.3 CORIUM 2

The solidified sample CORIUM_2 presents a microstructure radically different to that of

sample CORIUM 1. The BSE image of the cross section of the sample is reported in
Figure 4.

Figure 4: BSE image of the cross section of the solidified sample CORIUM 2

The observed microstructure is extremely fine. WDS analyisis detected a small amount of W
coming from the crucible (about 1 at % W). On the top right of Figure 4, a region with a
different chemical contrast is present.

Figure 5 shows the magnification of the interface between the two identified regions (red area
in Figure 4).
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Figure 5: BSE image of the interface between the two regions. The rnajor region “Zone 1” and the
minor region “Zone 2” are separated by a third region named “Transition zone”

Figure 5 shows a third region at the interface between Zone 1 and Zone 2. This interface looks
like a “Transition zone”; its thickness is about 50-100 pm, and its microstructure is a
combination of those of Zone 1 and Zone 2.

The red areas in Figure5 — A, B and C - highlight Zone 1 and the interfaces
[Zone 1/Transition zone] and [Transition zone/Zone 2] respectively. The magnifications of
these three zones are reported in Figure 6.

Figure 6a shows the microstructure of Zone 1. Black droplets (between 1 um and 3 pm in
diameter) are dispersed in a light structure. Within this structure, white structures are
surrounded by a light grey phase. EDS analyses on this region are reported in Table 3.

at % Al at % Ca at % Si at% U at % Zr at% O
White region 1.3 4.4 20.8 4.3 3.7 65.5
Black region 0.4 0.8 31.5 0.2 0.4 66.7
Grey phase 2.2 7.7 24.6 0.2 1.1 64.2

Table 3: EDS analysis on Zone 1 of samples CORIUM_2

It can be concluded that the black region is mainly SiO,, since the amount of Al, Ca, U and Zr
is practically under the limit of detection of the spectrometer. The white region and the grey
phases are rich in Si. The main difference between these phases is that in the white region a
non-negligible amount of U is detected, whilst the amount of U measured in the grey phase is
negligible. The analyses in Table 4 give only information on the overall composition of the
observed regions. The phase within the black and the white regions are too small to be
analysed.

The same characteristic structure can be seen in Figure 6b. Zone 1 and the Transition zone are
separated by a sharp interface (red dashed line in Figure 6b). The Transition zone is formed
by a black matrix with a fine dispersion of white droplets. The same light structure observed
in Zone 1 is also present in the Transition zone.
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eg

Figure 6: BSE image of the three identified regins of interest in the solidified sample CORIUM 2.
(a) Zone 1; (b) interface Zone 1/Transition zone; (c) interface Transition zone/Zone 2

P o

Figure 6¢ displays a detail of the interface between the Transition zone and Zone 2. The latter
is formed by a dispersion of white droplets within a black matrix. The black structure
corresponds to the black one observed in the Transition zone (the matrix) and in Zone 1 (the
black droplets in Figure 6a). The white droplets in Zone 2 have the same composition of the
white structure identified in both Zone 1 and Transition zone (Figures6a and 6c,
respectively), at least within the range of uncertainty of the current method of analysis.
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Further magnification on Transition zone and Zone 2 reveals the inner structure of the white
droplets (Figure 7).

()
Figure 7: (a) BSE image at the interface between Zone 2 and the Transition zone; (b) magnification of
the white structure within the Transition zone.

The droplets and the white structure visible in Zone 1 and in Transition zone present the same
features. Dendrites of a white phase are surrounded by an amorphous light grey phase, the
same as that observed in Zone 1 (Figure 6a).

The drop-shaped solidified structure is a characteristic feature of the presence of two
immiscible liquid in equilibrium at 2500 K. Remember that, the miscibility gap in the liquid
phase observed in the OUZr 2 and OUZr 3 samples (see Chapter 3) is characterised by a
stratification with the presence of small oxide droplets quenched inside the metallic liquid.
The peculiarity of this ex-vessel corium sample is that droplets are homogenously
dispersed in the whole sample. This feature can be related to the nature of the two
immiscible liquids. In the O-U-Zr system, the tie-lines in the miscibility gap connect an oxide
liquid and a metallic liquid. The different thermo-physical properties of the two liquid phases,
such as density, viscosity and surface tension, are the main reason why a sharp stratification is
observed. The presence of solidified oxide droplets within the metallic liquid is due to
convective movements driven by the high temperature. CORIUM 2 sample has a global
composition expressed in atomic fraction Alg;Cag.048510.263U0.014Z10.01600.649, therefore it can
be considered essentially as an oxide. The two immiscible liquids at 2500 K are thus likely
oxides. The physicochemical characteristics of the two liquids cannot be as different as in the
case of the O-U-Zr system. The resulting separation is then less evident, with two liquids
disposed to form a homogeneous emulsion. The cartographies of Transition zone reported in
Figure 8 shows that the main difference between the two liquids is characterised by the U-
content; the darker one does not contain U, whilst the lighter one does.
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Ca

Figure 8: SEM-BSE image of the Transition zone. The elemental cartographies are reported in the
lower part of the Figure

The dimension of the phases observed using the scanning electron microscope barely reaches
1 um?, making quantitative analysis challenging. Furthermore, the black phase is proved to
fragile once confronted to the SEM electron beam, which produces a hole on the surface of
the polished sample. Figure 7 also shows that the black phase is semi-transparent to the
electron beam. In fact, the dispersed white droplets are visible on different planes below the
sample cross section surface. These characteristics make quantitative analyses challenging.
Using the WDS in a non-focalised configuration on a 200 pm? area, the average composition
of Zone 1 has been measured. No WDS and EDS results are available for Zone 2.

The available analyses provided by LMAC, CEA Marcoule, are reported in Table 4.
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at% Al | at% Ca | at% Si at % U at % Zr at % O
Zone 1 0.9 3.9 25.9 1.3 1.7 66.3
Table 4: WDS analysis in non-focalised configuration on Zone 1 of sample CORIUM_2

5.1.4 Summary

Heat treatment on two prototypic ex-vessel corium samples revealed that the type of concrete
interacting with the in-vessel corium influences the high temperature configuration of the
mixtures. The same in-vessel corium mixture (UO,+ZrQO;) interacting at 2500 K with a
prototypic limestone concrete (rich in CaO) results in a monophasic liquid phase, whilst the
interaction with a prototypic siliceous concrete (rich in SiO;) induces the formation of two
immiscible liquids. This feature is a direct consequence of the interaction between SiO, and
the other components of the investigated system. In fact, a miscibility gap in the liquid phase
is present in the CaO-SiO; [6], ZrO,-Si0; [7] and UO,-Si10; [7] systems. In the present case,
SEM-EDS and WDS analysis cannot give precise quantitative information of the composition
of the two liquids due to their amorphous nature and reduced dimensions. However,
qualitatively, U seems to be absent in one of the two liquid.

5.2 Solidification path calculations

Solidification path calculations can help to interpret the complex microstructures observed in
the solidified ex-vessel corium samples. However, the thermodynamic model of U-Pu-Zr-Fe-
O system assessed during this work does not contain the main components of the considered
prototypic concretes, Al,O3;, CaO and SiO,. Therefore, the interaction between the in-vessel
corium system and concrete (in this work, only composed by Al,03-Ca0O-SiO,) cannot be
calculated.

Thus, in order to perform thermodynamic calculations, the missing chemical systems have
been taken from the TAF-ID database [8].

5.2.1 TAF-ID database

Safety improvement and life extension for Generation II-III reactors, and the design of the
Generation IV reactors are dependent on the available thermodynamic experimental data and
modelling. These are needed to describe the complex phenomena occurring during the normal
functioning as well as during accidental scenario of a nuclear power plant.

In 2013, in the framework of an OECD-NEA project (Organisation for Economic Co-
operation and Development — Nuclear Energy Agency), several groups of research gather
their calculation tools and thermodynamic database into the TAF-ID project. At the present
stage Canada, France, Japan, The Netherlands, Republic of Korea and USA actively
contribute to the development of the TAF-ID database.

The main objective of the TAF-ID project is to assure a comprehensive and reliable
international thermodynamic database for the calculation of phase diagram and
thermodynamic properties of advanced nuclear fuel, fission products and structural materials
(steel, Zircaloy, concrete). The present work contributes to the development of the TAF-ID
database with the assessment of the prototypic in-vessel corium system (U-Pu-Zr-Fe-O).

In order to perform calculation on the ex-vessel corium samples described above, the
thermodynamic description of the complex U-Zr-Al-Ca-Si-O system is needed. The TAF-ID
database contains the models describing all the 15 binary sub-systems of the prototypic ex-
vessel corium, and the model for the 10 O-containing ternary systems: Al-Ca-O, Al-O-Si, Al-
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O-U [9], Al-O-Zr, Ca-O-Si, Ca-O-U [9], Ca-O-Zr [9], O-Si-U [9], O-Si-Zr [9] and O-U-Zr
(this work). No quaternary parameters are present in the current version of the TAF-ID
database. Therefore, the model of the six-element ex-vessel corium system is extrapolated
from the models of the ternary systems.

5.2.2 Results

The present set of calculations represents a tentative approach to better interpret the SEM-
EDS and WDS analyses of samples CORIUM 1 and CORIUM _2 performed at LMAC, CEA
Marcoule and presented in Section 5.2. Note however that these experimental results cannot
be considered as fully descriptive. Indeed, significant difficulties have been reported during
the analysis, especially for sample CORIUM 2, where its amorphous nature did not allow an
accurate measurement of the global composition after the annealing at 2500 K.

5.2.2.1 CORIUM 1

At the present stage of the investigation, LMAC did not measure the global composition of
solidified sample CORIUM 1 after the heat treatment. Therefore, the present calculations are
performed considering the initial composition of the sample. The resulting solidification path
is reported in Figure 9.

The solidification path reveals that at the annealing temperature (T=2500 K) two phases are in
equilibrium: a liquid phase and a fcc (U,Zr,Ca)O,« phase. Only negligible amount of U and
Zr are present in the liquid phase (less than 0.05 at %) according to the calculations. However,
the dendritic form of the fcc phase identified on the microstructure of sample CORIUM 1
suggests that the formation of this phase was due to the rapid cooling of a liquid phase. Thus,
the calculated solidification path is in disagreement with the experimental results (see
interpretation given above).

1.0 L

Liquid

pseudo-CaSiO,

——— I\ |Ca,Si0, "
Al,Ca,Si0; T (U,ZNO,, 2
A 1000 1500 2000 2500
T/IK
(a) (b)
Figure 9: Solidification path calculated for sample CORIUM _1, annealed at 2500 K for 30 minutes

This disagreement can be due either to the parameters used in the model or to the incorrect
mixture composition used to perform the calculations. At about 1820 K a second fcc phase,
(eCa,U,eZr)0O,, starts to form. The formation of a second mixed oxide cubic phase is
coherent with the experimental observation. At 1732 K a small amount of Ca,Si0y is formed:
its content reached a maximum at 1700 K (about 4 mol%) and then disappears reacting with
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the remaining liquid to form Ca3;Si,O; (rankinite). At 1668 K the CaSiO; phase starts to
precipitates. At the calculated solidus temperature, T=1579 K, the reaction
L = [CaSiO3+Al,Ca,Si05] takes place. At low temperature, below 1300 K, the solid phases
in equilibrium are Ca3;Si,O7 (rankinite), CaSiO3 (wollastonite), (U,eCa,eZr)O,, ZrO,-m and
Al,Ca;,Si07 (melilite).

The chemical compositions of liquid does not vary between 2500 K and 1732 K, suggesting
that these phases follow independent cooling paths. The formation of the Ca,Si-based oxide
phases in Figure 9 are essentially due to the liquid cooling. This is confirmed by the
independent liquid solidification path in Figure 10. The liquid phase contains negligible
amount of U and Zr, which rather stay in the fcc (U,Zr,Ca)O,.«-c phase.

The calculated solidification path in Figure 9a can help the interpretation of the microstructure
of sample CORIUM 1 (Figure 9b).

The first phase formed during the calculated solidification path is a (U,Zr,Ca)O,«-c phase.
The calculated composition is consistent with the experimental results (Table 5). The
calculation overestimates the Zr and Ca content, while underestimate the U content.

None of the calculated phase has a composition that corresponds to the minor light grey phase
(Figure 9b). Considering the small amount of this phase it may however correspond to the
calculated Ca,SiO4 phase. Due to the rapidity of the cooling, part of this phase could have not
reacted with the liquid to form Ca;Si,O;. The significant amount of Zr (and, in minor extent,
the amount of U) measured inside this phase can be due to a small solubility of Zr and U in
the Ca,Si04. The existence of a (Ca,Zr,eU),SiO4 phase can fit the current EDS and WDS
results.

The measured composition of the dark grey phase (Figure 9b) does not fit with any of the
solid phases calculated in Figure 9a and Figure 10. However, the composition of the liquid
calculated at T>1732 K seems to correspond to this phase. Due to the rapid cooling, the liquid
phase did not have enough time to follow the solidification path in Figure 10, leading to the
formation of the amorphous dark grey matrix visible in Figure 9b.

1.0 L | | !
0.9 -
0.8

?

© 0.7

=

o

5 0.6+ Ca,Si,0,

e pseudo-CaSiO,

Al,Ca,SiO,
0.1+ A .

0 )
gy 1000 1200 1400 1600 1800 2000
T/K
Figure 10: Independent solidification path of the liquid phase in Figure 9
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The comparison between calculation and experimental results on sample CORIUM 1 is
reported in Table 5.

0 0
at%Al| A7 | atvesilatwu | 2% | at%o Phase
Ca Zr
White | Exp. / 3,041 /| 22,041 | 7.0+1 | 68.0+2
dendrites | Cale. |/ 57 / 168 | 127 | 650 | (UAZrCa)0as
Light | Exp. / 21.0£2 | 13.522 | 1.0=1 | 5.0+1 | 59.5+2 .
grey | Calc, / 285 | 142 / / 57 | (CaZreU)Si0q
Dark | Exp. | 1.5%1.0 | 20542 | 17.042 | J LOSL 60022 | o o liquid
grey | Cale. | 1.5 225 | 17.0 / / 589 | <" qau

Table 5: Comparison between the EDS results and calculations performed on CORIUM _ 1 sample. In

order to confirm the existence of the (Ca,Zr,eU),SiO,4 phase, further experimental investigation should

be performed. At the present stage, its existence is only inferred to index the light grey phase observed
by SEM-EDS

5.2.2.2 CORIUM 2

The amorphous nature of the solidified sample CORIUM 2 made the post-experiment
analyses challenging. In order to calculate the solidification path of the sample, the initial
composition given in Table 1 has been used.

The solidification path calculated for sample CORIUM 2 is reported in Figure 11.

1.0 '
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® NN\
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2034 T / ¢ Liquid 3 -
pseudo~CaSiO/ Liquid 2

0 (U,Zn0, 2I = Gas
A 1000 1500 2000 2500
T/K
Figure 11: Solidification path calculated for sample CORIUM 2, annealed at 2500 K for 30 minutes

At 2500 K, two liquids are calculated, in agreement with the experimental observation in
Section 5.2.3. The calculated composition of the two liquids indicates that they are basically
oxide: Liquid 1=Alp.013Ca0.065510.269Z10.01000.643 and

Liquid 2=Alp.00sCa0.011510.240U0.045Z10.02800.662. The composition of the calculated U-
containing Liquid 2 is comparable with the measured composition of Zone 1 in Figure 5:
Alp009Cag.039510.250U0.013Z10.01700.663- It may be noted that U is only present in Liquid 2.
Furthermore, a very small amount (less than 0.2 mol%) of a gas phase with a composition
Si9.5000.50 1s calculated between 2150 K and 2500 K. At 2360 K a (U,Zr,Ca)O, phase start to
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form. The amount of (U,Zr,Ca)O, increases until 2000 K: at this temperature, there is no
more Zr in Liquid 1, and Liquid 2 has a composition close to Si0,. At 1878 K, the reaction
[Liquid 1+Liquid 2+(U,Zr,Ca)O,«] = [Liquid 1+(U,Zr,Ca)0,4+Si0,] (in the cristobalite
allotropic form) takes place. The amount of solid SiO, increases until T=1687 K, where
ZrSi0y4 (also named tchernobylite) forms via the reaction:

[Liquid 1+SiO,+(U,Zr,Ca)O,«] = [Liquid 1+(U,Zr,Ca)0,4+Si0,+ZrSi0O4]. It must be
pointed out that tchernobylite exists also in the form USiO4. However, in the present version
of the thermodynamic model, this phase is not described yet. The reaction
Liquid 1 = [SiO,+CaSiO;] starting at T=1635 K produces CaSiO;. Below the solidus
temperature, T=1470 K, the phases in equilibrium are SiO, (quartz), CaSiO;, ZrSiOs,
Al,CaSi,0s (anorthite) and (U,Zr,Ca)O,..

The microstructure of the solidified CORIUM 2 sample suggests that both liquids in
equilibrium at 2500 K cooled separately. The independent solidification paths calculated
considering the calculated compositions of the liquids are reported in Figure 12a-b.

1.0 L —L - 1.0 : .
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5 0.6 Sio, - 5 0.6 1 -
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2 0.5~ s‘ - 205 E
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i ] , -
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Figure 12: (a) Solidification path of L1qu1d 1=A10.013Ca0,065Si0,2692r0,01000.643; (b) solidification
path of Liquid 2=Alg 005sCag.011S10.249U0.045 Z10.02800.662; (C) microstructure observed in
Transition zone

It may be noted that both the solidification path in Figure 12 show the presence of a major
Si0, phase at low temperature. The solidification path followed by Liquid 2 shows the
formation of a (U,Zr,Ca)O,« phase at 2400 K. One may conclude that the white dendrites in
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Figure 12¢ correspond to this fcc mixed oxide phase (U,Zr,Ca)O,4-c. The EDS analyses
reported in Table 3 did not reveal the presence of a (U,Zr,Ca)O,.x-c phase. However, the small
dimension of the phases and the amorphous nature of the sample could have induced
significant errors in the post-experiment analysis. The surrounding grey phase is the
remaining liquid rapidly solidified around the dendrites. The light droplets dispersed within
the black matrix seem to be of the same nature, suggesting that they result from the rapid
solidification of Liquid 2. A direct measurement of the composition of the black matrix was
not possible, since the fragility of this phase when faced to the electron beam. However, the
chemical contrast suggests that it might be the result of the rapid cooling of Liquid 1.

5.3 Conclusions

In the past, the phenomenology of the severe accident has been widely studied, showing that
complex phenomena occur. In this framework, thermochemical data were affected by large
temperature and temperature gradients due to the large-scale dimensions of the investigated
samples (up to hundreds of kilograms). Nevertheless, thermodynamic and thermochemical
data are crucial for the comprehension of the accidental progress and for the severe accident
simulation codes.

The present set of experiments is dedicated to the thermodynamics of the interaction between
corium and concrete. The experiments were performed under controlled experimental
conditions, with an accurate temperature monitoring. Unfortunately, the post-experiment
examinations did not provide fully comprehensive results. The investigation of this type of
samples is extremely challenging due to their very fine microstructure, their amorphous nature
and the elevated number of constituents.

Nevertheless, post-test examination of the samples qualitatively revealed significant
differences in solidified samples, depending on the type of prototypic concrete interacting
with the oxidised UO,-ZrO; in-vessel corium. Thermodynamic calculation performed with the
TAF-ID database and the present prototypic in-vessel corium model helped in the
interpretation of the microstructure of the solidified samples:

- the interaction with a CaO-rich concrete resulted in an homogenous dendritic
microstructure. The (U,Zr,Ca)O,.-c¢ dendrites formed within a dark grey phase, which
might be the fast solidified liquid. The minor light grey phase might represent the first
germs of a third phase formed during the rapid cooling.

- The interaction with a SiO,-rich concrete resulted in the formation of two immiscible
liquids. The two liquids formed an emulsion, without showing the stratification
observed for samples OUZr 2 and OUZr 3. This may be related to the less
pronounced difference in the thermophysical properties of the ex-vessel liquids (e.g.,
density, viscosity, surface tension).

This Chapter also allows to test the TAF-ID thermodynamic database coupled with the
present in-vessel corium U-Pu-Zr-Fe-O model on two samples representative of the prototypic
ex-vessel corium. The present calculations represent a supplementary tool for experiment
interpretation. The calculations on the Al-Ca-Si-U-Zr-O system are the result of extrapolation
from the thermodynamic model of the ternary sub-systems.
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Chapter 6 — ATTILHA experimental setup

The high temperature phenomena occurring during a severe accident (above 2300 K) impose
to perform experiments under extreme conditions. However, when samples are in direct
contact with the instrumentation (e.g., thermocouples) or with a crucible, an inevitable
chemical interaction affects the experimental results. It has been showed in Chapter 3 that at
2567 K even the higher refractive metal, namely W, was not immune to the attack of the
liquid samples.

In this framework a new experimental setup has been conceived and developed at LM2T,
CEA Saclay. The ATTILHA (Advanced Temperature and Thermodynamic Investigation by
Laser Heating Approach) setup is based on a laser heating technique coupled with contactless
or containerless temperature monitoring. This setup has the final objective to study the high
temperature thermodynamics and thermo-physical properties of corium and its sub-systems.
At the present stage of the development, only non-radioactive materials can be investigated.
At the time of the writing of this Chapter, safety authorisation process is on going at CEA
Saclay to allow the handling and the study of U-containing samples.

6.1 Apparatus description

ATTILHA is a versatile experimental setup, which allows high temperature measurements on
different kinds of materials; ceramic, metallic as well as oxide-metallic samples can be
investigated. Furthermore, both aerodynamic levitation and quasi-containerless conditions can
be used. In the following the aerodynamic levitation device will be described more in detail.

A picture of the ATTILHA setup is shown in Figure 1.

The sample is heated by means of a 250 W Coherent® CO;, laser emitting at 10.6 um (red line
in Figure 1). The temperature is monitored by a bi-chromatic pyrometer (blue dotted line) and
by a HgCdTe infrared detector (yellow line). Furthermore, a rapid infrared camera (green
line) is employed for temperature monitoring and to get useful spatial data on the melting and
solidification of the investigated samples. Temperature gradients and emissivity variation
during the experiments can be also observed.
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Figure 1: Picture of the ATTILHA setup in aerodynamlc 1ev1tat10n configuration

The HgCdTe detector, the bi-chromatic pyrometer and the infrared camera acquisitions are
synchronised by an external trigger. The sample levitates in a stream of gas out of an
aluminium levitation nozzle (Figure 1).

It has been observed that levitation close to the output of the aluminium nozzle leads to a
more controllable levitation. In principle, any gas can be used for the levitation. In the present
work, compressed air, Ar (Messer purity 99.9999%) and Ar-20% O, (Messer) were used
depending on the nature of the investigated sample. The pressure and the gas flow can be
tuned. During experiments, as soon as the sample becomes liquid, its thermo-physical
properties (density, surface tension, viscosity) change. The adjustable parameters allow re-
establishing a stable levitation.

In the following a detailed description of the optical instrumentation for the temperature
monitoring is given.

6.1.1 Bi-chromatic pyrometer

In the case of using a monochromatic pyrometer, as illustrated in Chapter 3, the knowledge of
the transmission optical path between the sample and the pyrometer is needed to obtain the
radiance temperature. Furthermore, the emissivity of the sample must be known to convert the
radiance temperature into true temperature.

A Dbi-chromatic pyrometer is the combination of two detectors working at two different
wavelengths. It indicates the ratio of the spectral radiances from a radiating object within two
distinct but close wavelengths A. The ratio R can be written, using Wien’s law (see
Appendix A) as [1]:
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where L j is the spectral radiance, &) is the emissivity and ¢,=14388 um-K.

The pyrometer is calibrated by the constructor against a blackbody and measures the same
value R when the blackbody temperature is 7}, the ratio temperature:

i

Since the ratios in Equations (1) and (2) have the same values, they can be rearranged as:
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If the measured object is a perfect grey body (&(1;)= &(A4,)), the temperature of the object is
equal to the ratio temperature.

1 1
— =4
T,

In practice, the observed objects are not perfect grey-bodies. The factor ln(%] must be

g
known. The choice of the two wavelengths is the results of a compromise. The smaller the
difference between the two wavelengths, the greater is the sensitivity of the pyrometer, but the
precision on the temperature ratio will be less accurate. In fact, if the temperature is not
sufficiently high (normally T must be higher than 773 K), the ratio results to be too small. On
the other hand, if the two wavelengths are far apart, the ratio is well defined but the grey body
assumption must be applied carefully.

Bi-chromatic pyrometers are insensitive to field of view conditions. If the observed sample is
thermally heterogeneous, we can assume that the obtained temperature corresponds to the
hottest spot of the sample that is the most radiant spot [2].

For the present application, a Lumasence IMPAC ISR 12-LO bi-chromatic pyrometer was
used. The range of temperature of measurement is 1273 K-3273 K, and the two selected
wavelengths are 0.8 um and 1.05 um (Silicon detector).
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6.1.2 HgCdTe detector

The HgCdTe is a photoconductive detector whose electrical resistance lowers when exposed
to infrared light. HgCdTe detectors are capable to detect infrared radiation in a wide range of
wavelengths depending on the chemical composition of the significant semi-conductor. In the
present case a Hamamatsu P5274-01 significant from 2 pm to 22 um has been used. The
response of the detector as a function of the wavelength is reported in Figure 2. In order to
reduce the noise due to thermal induced currents, the detector must be cooled with liquid N, at
about 77 K.

T =77K
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Figure 2: Spectral response of the Hamamatsu® P5274-01 detector. The reported curve is
valid if the captor is kept at T=77 K

The drop in the detector resistance produces a current that is converted into a tension analogic
signal (output in V) by a pre-amplifier. An optical chopper is placed between the HgCdTe
detector and the sample in order to modulate the radiant signal from the hot source. The
output signals from the HgCdTe detector and from the chopper are sent to a Stanford
Research” SR530 lock-in amplifier to improve the signal/noise ratio. The synchronised output
from the lock-in amplifier is finally sent to a National Instrument” NI cDAQ-9178 that allows
the direct connection between the acquisition path and a LabView" application.

By interposing narrow interferential filters between the detector and the sample, it is possible
to select specific wavelengths at which the HgCdTe detector would work. The filter must be
placed as close as possible to the captor to limit parasitic contribution from the environment at
different wavelengths. The interferential filters are provided by Northumbria Optical Coatings
Ltd (Table 1).

lpym |[2pm |[3pm |[4pm | Spm |6 pm | 7pum [ 8um | 9um [ 10 pm | 12 pm

A (um) 1 2 3 4 5 6 7 8 9 10 12.214
BW (nm) | <100 | <100 | <100 | <100 | <100 | <100 | <100 | <100 | <100 | <100 | <100
Table 1: Interferential filters. BW=Band width

The HgCdTe detector has been calibrated at 10 pm and 12.214 um with the procedure
described in Appendix F. The calibration curves obtained at 10 um and 12.214 pm are
reported in Figure 3 a-b.
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Figure 3: Calibration curves for the HgCdTe detector. (a) 10 pm; (b) 12.2 pm
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Using a quadratic approximation for the spectral radiance (Appendix F) and the definition of
radiance temperature (Appendix A), the true temperature can be derived:

a+bT, +cT? _ T_—bi\/b2—4c(a—LM)

a+bT +cT? = =L,,
e(A,T) ’ 2c

4

where ¢(7,T) is the emissivity of the observed object.

In order to quantify the propagation of the errors in the estimated true temperature, a rigorous
error analysis has been performed in collaboration with F. Gamboa (IMT, Institut de
Mathématiques de Toulouse). The detailed description of the mathematical formalism is given
in Appendix F.

The main sources of error are the following:

Bias due to the approximation of the Planck distribution between 1000 K and 3000 K
with a quadratic function;

Determination of the slope and the offset, A and B, in the linear relation between the
HgCdTe output and the radiance (see Section 6.3);

Estimation of the emissivity of the investigated sample.

Considering the most conservative case, with probability 0.95’=0.9025, the true temperature
lies within the range:

~ K K .~ K K

Te|T-—2(e+20)-2—0,,T+—2(+20)+2—20, |. (5)
Kl Kl Kl Kl

See Appendix F for the values of parameters in Equation 5.

For example, the true temperature of a sample with an estimated emissivity 0.9+0.045 and an
estimated radiance temperature of 2000 K is 2158+98 K with a probability of 0.9025. It must
be pointed out that 86 % of the reported error bar is due to the estimated emissivity.
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6.1.3 Infrared Camera

An infrared camera is a device that converts an incoming infrared radiation coming from an
infrared scene into a 2D image. The measure of temperature using this instrument is based on
the same concepts used by optical pyrometry.

In this work a FLIR® SC7500 infrared camera has been used. The sensitivity of the InSb
detector extends between 1.5 um and 5.8 um. The rectangular captor has dimensions
7.68x9.60 mm, which corresponds to a 2D image of 256x320 pixels (pitch=30 um). Two
types of objectives can be used. The technical details are reported in Table 2.

MWS50mm MW G1 F/3.0
Spectral band / ym 3.5-5+£0.25 3.7-5.15
Focal / mm 5040.5 /
F/number 2+5% 3+10 %
HFOV 10.97 (320x256 pixels, pitch 30 um) | 9.60 (320x256 pixels, pitch 30 um)
VFOV 8.24 (320x256 pixels, pitch 30 um) | 7.68 (320x256 pixels, pitch 30 um)
Transmission >94 % >70 %
Focus range 1.5 m to infinity 300+0.15 mm

Table 2: Technical specification of the two objectives. HFOV=Horizontal Field of View;
VFOV=Vertical Field of View

The observed sample is considered as a grey body in the significant spectral range of the
camera. As for the HgCdTe detector, the signal of the infrared camera S(7) is linear towards
the measured spectral radiance R(7):

S(T) = k ) Rmesured (T) (6)

This signal is converted in a 14 bits digital value, named Digital Level (DL). In the processing
of the signal, the final output is proportional to the measured spectral radiance R(7).

In reality the camera response S is also a function of wavelength S(4). The sensibility of the
InSb captor and the transmittance of the objective are dependent towards wavelength.

To avoid the saturation of the captor and optimise its dynamic range (i.e., the measurable
range of temperature), a high-pass/low-pass filter centred at 3.99 um is placed between the
captor and the objective. This filter imposes a monochromatic measurement.

6.1.3.1 Calibration of the Infrared camera

The measured spectral radiance R(7), the signal of the camera S(7) and finally the digital level
DL(T) are function of temperature. A calibration is needed to express the response of the
infrared camera as a function of the spectral radiance. The infrared camera is calibrated
against a hot source of which the emissivity is known. The calibration curve allows to obtain
a direct correspondence between the DL(T) and the temperature of the observed scene. The
integration time of the camera can be adjusted to adapt the low value of the dynamic range
and to avoid saturation.

The infrared camera was calibrated by the manufacturer (i.e., FLIR®) against different
blackbodies to cover three ranges of temperature. The calibration certificates were delivered
with the camera. Table 3 summarises the calibration curves performed by FLIR®.
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Calibration file Temperature range | Objective | Integration time
50mm 300-1500 °C 300-1500 °C 50 mm 15-300 pm
50mm_1500-2500 °C 1500-2500 °C 50 mm 15-300 pm

G1 300-1500 °C 300-1500 °C Gl 15-300 pm

Table 3: Calibration file delivered by FLIR.

Each calibration file contains different curves which link DL(T), temperature and integration
time. The smaller the integration time, the larger is the temperature range, but the poorer the
sensitivity of the camera. An example of the calibration curve by FLIR DL(T) vs. T for

different integration time is reported in Figure 4.

The linearity of the camera response is valid only in
DL(T) (DLpax=2""=16384).

the region 20 % - 80 % of the maximum
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Figure 4: Response of the infrared camera expressed in Digital Level (DL) as a function of the
blackbody temperature and for different integration time (25 ps, 50 ps, 100 ps, 125 ps and 150 ps).
This calibration was delivered by FLIR”. The blue dotted lines represent the range of validity of the
calibration, which corresponds to 20 % and 80 % of the maximum DL output of the infrared camera,

The quality of the calibration curve has been checked at the laboratory using the HGH® RCN
1200 N1 blackbody (Appendix F). The camera was placed against the blackbody between
873 K and 1273 K. The camera outputs are consistent with the blackbody temperature
(Table 4). The relative uncertainty on the temperature measured by the camera is +1 % above

Blackbody temperature / K | Camera output / K
873 872.28
973 974.12
1073 1074.73
1173 1175.43
1273 1274.87

- 175 -

Table 4: Acquisition performed with the thermal infrared camera on a qualified laboratory blackbody



6.1.3.2 Infrared images processing

The interest in using an infrared camera is the possibility to have simultaneously temperature
monitoring and spatial information on the observed phenomena. Further information on the
optical properties of the observed surface can be deduced by considering the temperature
measurement of the HgCdTe detector. In particular, the emissivity at 3.99 um can be obtained
coupling the infrared camera images and the output of the HgCdTe detector.

The camera considers the observed sample as a grey body. By default, the controlling
software of the camera is set on an emissivity value e=1. This is equivalent to consider the
object as a blackbody. However, a real object has an emissivity lower than unity. Therefore,
the temperature measurement obtained with the infrared camera corresponds to the radiance
temperature (Appendix A).

For each infrared image recorded by the infrared camera, a synchronised acquisition of the
true temperature is available from the HgCdTe detector (or from the bi-chromatic pyrometer,
depending on the nature of the investigated sample). Using the direct correlation between
temperature, integration time and DL(7) (i.e., the calibration curves provided by FLIR®), the
temperature measured by the HgCdTe (Tyycare) detector can be used to obtain the DL(Txgcare)
(Figure 5).

For a fixed integration time #;,, the digital level output DL(Tygcure) is univocally deduced
knowing the temperature Tpycqr.. This value corresponds to the digital level which would
have been measured by the infrared camera if the investigated object was a perfect blackbody.
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Figure 5: Derivation of the DL(T}ecare) at a fixed integration time ¢, and knowing Tiecare

Considering the definition of radiance temperature, one can write:
Lrs (2” Tﬂ, ) = g(ﬂ’)Lb (2” T) (7)

where “rs” and “b” stay for “real surface” and “blackbody”, respectively, T, is the radiance
temperature and 7 the true temperature. In the same way, the digital level output of the
camera can be expressed as:

DL = (1) DL(T,r.)- (8)

measured —
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This expression allows to obtain the emissivity of the investigated sample at 3.99 um:

£(1=3.99 um)= Pl neasie 9

L THngTe

This procedure is applied to all the infrared images recorded during a laser sequence. The
automatic processing of the camera outputs is performed using a Python code developed
during this thesis in collaboration with L. Risser and F. Gamboa (IMT). The main restriction
for the use of the code is related to the available calibration curves provided by FLIR". If true
temperature measured by the HgCdTe detector (or the bi-chromatic pyrometer depending on
the investigated sample) is outside the 20 %-80 % range of linearity of the calibration for all
the available integration time the present method is not applicable (Figure 6). When using the
G1 objective, the only available calibration file is defined up to 1500 °C, which is
significantly lower than the expected melting temperature of the investigated mixture.
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Figure 6: Practical case of non-applicability of the current image processing method. The blue line
represent a calibration curve at t;,=25 pus valid for the G1 objective

6.2 Validation of the experimental setup
In the present work, the aerodynamic levitation configuration has been used to validate the

experimental technique. In the future, the same procedure will be used for the containerless
configuration.

A scheme of the experimental setup is reported in Figure 7.
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Figure 7: Schematic view of the ATTILHA setup in aerodynamic levitation configuration

The sample is placed inside the levitation nozzle. Once a stable levitation is obtained, the bi-
chromatic pyrometer and the infrared camera are focused on the sample. The HgCdTe
detector receives the radiative heat from the sample by means of a high-reflective mirror
(reflectivity > 99.9 %). In order to focus the HgCdTe detector, the sample is heated using a
low power laser pulse. The HgCdTe detector position is optimised using x-y-z stages to find
the maximum of the output signal. The signal from the HgCdTe detector and the bi-chromatic
pyrometer are collected by the NI cDAQ-9178 and sent to the computer. The infrared camera
is directly connected with the computer. The acquisition is externally triggered by a square-
wave generator.

The validity of the experimental setup has been tested on well-known chemical systems. In
particular, Al,O; and Al,Os-based oxide samples were used. Alumina is a refractory material.
Its melting temperature as well as its optical properties has been widely studied in the past [3].

6.2.1 Al,03

The melting temperature of alumina is 2328+5 K [3]. As reported in Appendix F, the
Christiansen wavelength for alumina is around 10 um. By interposing an interferential filter at
10 um between the HgCdTe detector and the alumina samples, it is possible to obtain a direct
measurement of the true temperature without passing through an emissivity correction.

The calibration curve in Figure 3 proves the linearity of the captor towards the radiance
emitted by the blackbody. However, using that calibration for high temperature phenomena
(T > 2000 K) can induce significant errors, since an extrapolation must be applied.
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Using the aerodynamic levitation setup, a new calibration was performed measuring the
temperature of a laser-heated sphere of Al,O; levitating in air. During this calibration, the
10 um interferential filter was placed between the HgCdTe detector and the levitating sample.
Furthermore, an optical diaphragm was settled to avoid the saturation of the HgCdTe detector,
and to stay in the same output range obtained with the low temperature calibration (Figure 3).
In parallel, the bi-chromatic pyrometer was focused on the alumina sample. The laser heats
the sample up to the liquid state. When the laser is switched off, the alumina sphere cooled
down. The recorded signal output of the HgCdTe detector shows a thermal arrest; which
corresponds to the solidification of the levitating sample. The synchronised output from the
bi-chromatic pyrometer shows the same feature (Figure 8). The corresponding temperature of
thermal arrest is 2323425 K, confirming that the observed plateau reflects the solidification of
the alumina sphere. Since the response of the HgCdTe detector is linear, a straight line can be
drawn between the background signal and the value at the plateau signal.

As a consequence, a new calibration equation can be written. Considering the measured
background of the output signal from the HgCdTe, U=0.026 V at 298 K, the new equation is:

U(L)=1.04-10" - L(T) +0.0168 (29)

where U(L) is the output HgCdTe detector and L(7) is the radiance at 10 um.

2600
2 2400
© 2323 K
j=2]
7]
[} 2200 X
= ~
s -
Q
T
. - 2000
147V 2000
1800
E e
10,0 12 56 15.0 17.5 200 225 250

time/s
Figure 8: Sequence of four laser pulses on a levitating Al,O; sample. The black line is the output
signal from the HgCdTe (left layer), whilst the red line represents the temperature measured by the bi-
chromatic pyrometer (right layer).

It must be pointed out that the calibration above is valid only using the present optical
configuration. In order to minimise uncontrolled errors due to external phenomena, such as
variations of the alignment or response of the HgCdTe detector and laboratory temperatures,
this procedure is repeated at the beginning of each run.

Using the procedure described in Section 6.1.3.2 it is possible to estimate the variation of the
emissivity of the levitating sample as a function of time and temperature at 3.99 um. Figure 9
reports the evolution of the emissivity of an alumina sample during solidification.
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Figure 9: Evolution of the emissivity of an Al,Os levitating sample during solidification (blue points,
right layer). An estimated uncertainty of +5 % has been reported. The black and red lines represent the
bi-chromatic pyrometer and the HgCdTe signals, respectively (left layer)

The reported diagram has been obtained using the calibration file 50mm_1500-2500°C
(Table 3). The emissivity seems to be constant when the sample is liquid. The calculated
value of 0.95+0.05 is in good agreement with Sarou-Kanian et al [4]. In correspondence of the
thermal arrest, both liquid and solid phases are present. In these conditions, Sarou-Kanian et
al. recommended a constant emissivity of 0.75. In the present case, the emissivity varies from
0.9 to 0.85. This observation is in good agreement with Petrov & Vorobyev who reported a
variation between 0.89 and 0.86 [5]. After the thermal arrest, the solid sample continues its
natural cooling.

Figures 10-11 show that even if the objective G1 could not be used to estimate the emissivity
of the sample, the melting and solidification processes can be clearly followed.
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Figure 10: Thermogram obtained on an Al,O; sample. The label on the diagram correspond to the
synchronised infrared images in Figure 11

Figure 11 shows six frames recorded by the rapid infrared camera during the
melting/solidification cycle in reported in Figure 10. The first liquid is formed in
correspondence of the zone where the laser beam impinges on the sample surface (1). The
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energy provided by the laser allows the liquid fraction rise (2-3) until the entire sample
becomes liquid (4). When the laser is switched off, the levitated sample starts to cool, and at
the thermal arrest temperature, the first germs of solid form (5). At the end of the thermal
arrest, the latent heat of solidification has been entirely released, and the sample is now
completely solid (6).

Light from the
hot sample
reflected by
the nozzle

t=34.32s

Figure 11: Synchronised infrared images recorded during the melting/solidification cycle in Figure 10
(integration time = 40 ps, acquisition rate = 200 Hz). (1) Liquid firstly forms where the laser beam
impinges on the sample; (2) and (3) the liquid fraction grows; (4) the upper side of the sample is
liquid; (5) the first germs of solid form at the thermal arrest; (6) the sample surface is almost
completely solidified

- 181 -



6.2.2 Al,03-ZrO;

The calculated Al,O3-ZrO, pseudo-binary system (Figure 12) presents a eutectic temperature
at 2165 K and a composition of 29 mol% ZrO,.
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Figure 12: Calculated Al,03-ZrO; phase diagram [6]

Two samples with 11 and 55 mol% ZrO, have been fabricated mixing pure Al,O3 and ZrO,
(Table 5). The fabrication was performed placing the starting materials at the bottom of the
levitation nozzle, with a reduced gas flow. The laser was then focused onto the pure oxides.
When a spherical sample was obtained, a check on the mass loss was performed. To ensure
the chemical homogeneity of the sample, this procedure was repeated at least three times after
the formation of the drop-shaped sample.

Sample mol% ZrO, Initial mass / g Mass after laser experiments / g
Al,O; 0 0.1923 0.1919

A89Z11 11 0.2033 0.2033

A45755 55 0.1997 0.1994

Table 5: Molar composition of the Al,05-ZrO, samples investigated using the ATTILHA setup in the
aerodynamic levitation configuration. After the experiments, a negligible mass loss was observed

The drop-shaped sample is placed in the levitation nozzle in a stream of air. The sample is
then heated by the CO,-laser. Three to four consecutive laser pulses impinge on the sample.
As for the laser heating experiments reported in Chapter 3, the solidification temperature of
the sample is recorded on the cooling flank of the thermogram. The synchronised signal from
the bi-chromatic pyrometer and the HgCdTe detector are collected and sent to the LabView"
application. The interferential filter centred at 10 um was settled between the HgCdTe
detector and the sample. Results on sample A89Z11 are shown in Figure 13.
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Figure 13: Comparison between bi-chromatic pyrometer and HgCdTe results on a sequence of two

laser pulses

The HgCdTe signal was corrected to take into account the emissivity of the sample. In
particular, a linear combination between the emissivity of Al,O3 (e=1) and ZrO, (¢=0.95 [7])
at 10 pm is considered:

£=0.89£(41,0,)+0.11(Zr0,) = 0.995. (30)

Two thermal arrests are visible on the cooling flank recorded by the bi-chromatic pyrometer,
whilst the HgCdTe detector recorded only one inflection (2250+96 K). The inflection at
higher temperature corresponds to the liquidus transition. The measured value is in agreement
with the literature data and the calculated phase diagram (Figure 12). The second inflection
recorded by the bi-chromatic pyrometer is the eutectic transition, again in good agreement
with the literature.

On the heating flank, the temperature measured by the HgCdTe detector and the pyrometer
differs significantly. The pyrometer recorded a constant temperature. The HgCdTe detector
measured rising temperature until the laser was switched off. The HgCdTe detector and the
pyrometer look at the same phenomenon but at different wavelengths. Figure 14 shows the
emissivity of Al,Oj; as a function of wavelength for different temperature.
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Figure 14: Normal spectral emissivity of Al,O; (0.5 mm thick) as a function of wavelength [8§]
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At 10 um, alumina and zirconia have an emissivity € > 0.97. Therefore, the sample can be
considered opaque. The HgCdTe detector, during the experiment, looks at the surface of the
sample. The bi-chromatic pyrometer works between 0.8 and 1.05 um. In this region, the
sample is semi-transparent, that is its transmittance cannot be considered negligible. The
optical properties of a semi-transparent material have a volumetric meaning [9]. Actually, the
bi-chromatic pyrometer integrates the radiant flux coming from the surface as well as from a
certain amount of the liquid sample underneath. In these conditions, the temperature
measurement of the bi-chromatic pyrometer cannot be considered as only representative of
the surface conditions, but as the combination of both surface and bulk contributions. In
conclusion, the pyrometer measures also a colder zone inside the sample, which is not directly
heated by the CO, laser beam. However, as soon as the laser is switched off, the sample cools
and the first nuclei of solid phase start to appear at the liquidus temperature. The bi-chromatic
pyrometer recorded a thermal arrest in correspondence of the liquidus transition as well as the
eutectic transition, meaning that the semi-transparency of the sample did not affected the
recording of these phenomena.

It may be noted that on the thermograms recorded on sample A45Z55 only one thermal arrest
is visible (Figure 15).
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Figure 15: Sequence of three laser pulses on sample A45Z55. The red line is the temperature measured

by the HgCdTe detector corrected with an emissivity of 0.972 (see Equation 30). The black line is the

signal from the bi-chromatic pyrometer

The composition of the sample is close to the eutectic composition (Figure 12). Since the
amount of the eutectic composition is larger than in sample A89Z11, the thermal arrest
associated to the liquidus transition is less pronounced. Therefore, the thermal arrest
associated to the liquidus transition is recorded only on the cooling flank of sample A89Z11.
The temperatures of the thermal arrest recorded by the HgCdTe detector (2140+117 K) and
the bi-chromatic pyrometer differ by 40 K. This deviation is observed in all the three reported
cooling flanks. The repeatability of this phenomenon suggests that the bi-chromatic pyrometer
deviation may be due to the combination of several factors:

- the high sensitivity of the estimated temperature towards the emissivity correction
applied to the HgCdTe signal,

- the semi-transparent optical properties of the liquid sample in the spectral range of the
bi-chromatic pyrometer,

- the possible misalignment of the optical path between the sample and the HgCdTe
detector.
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In parallel, the rapid infrared camera recorded the sample undergoing the same laser pulse
sequence. The melting and solidification behaviour of the sample is observed. Thanks to the
procedure described in Section 6.1.3.2 it is possible to follow the evolution of the emissivity
of the sample. Figure 16 reports the evolution of the emissivity of sample A89Z11 during a
melting/solidification cycle (first cycle in Figure 13).
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Figure 16: Evolution of the emissivity at 3.99 um of sample A89Z11 during the first heating/cooling
cycle in Figure 13 (blue points, right layer). The black and the red line are the thermograms recorded
by the bi-chromatic pyrometer and the HgCdTe detector, respectively

The calculated emissivity of sample A89Z11 in the liquid state is constant, and equal to
0.78+0.04. When the laser is switched off, the temperature decreases (black and red line in
Figure 13) as well as the emissivity (blue points). In correspondence of the first thermal arrest
recorded by the bi-chromatic pyrometer and the HgCdTe detector, the emissivity stabilises at
0.72+0.04. However, as observed in Figure 9, the calculated emissivity tends to decrease
during the thermal arrest. This is related to the rising quantity of solid present forming during
the liquidus transition. At the second thermal arrest recorded by the bi-chromatic pyrometer,
no evident variation of the emissivity can be noted. In general, the calculated emissivity for
sample A89Z11 is lower than that calculated for pure Al,Os;, meaning that the addition of
ZrO; to the sample causes a decrease in the emissivity. This is also confirmed by the analysis
performed on a melting/solidification cycle of sample A45755 (Figure 17).

Figure 17 shows that the addition of ZrO, leads to the decreases of the emissivity in the liquid
state instead of staying constant as for pure Al,O3 and sample A89Z11. On the heating flank
of the thermogram recorded by the pyrometer, the liquidus transition can be noted
(T=2372424 K). In its correspondence, the calculated emissivity displays a sharp variation.
When the laser is switched off, the calculated emissivity sharply decreases reaching a
minimum at 0.67 + 0.03. Then the emissivity starts again to rise probably because of the
presence of the undercooled liquid. During the eutectic thermal arrest, the emissivity initially
stabilises at 0.62+0.03 and then decreases. Thank to this approach it is possible to follow the
evolution of the emissivity of the investigated sample.

The next step of the development of the ATTILHA setup will be the extension of the
calibration range of the objective G1 in order to have simultaneously emissivity estimation
and a good spatial resolution as shown in Figure 11.
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Figure 17: Evolution of the calculated emissivity of sample A45Z55 during the third heating/cooling
cycle in Figure 15 (blue points). The black and the red lines represent the thermograms recorded by
the bi-chromatic pyrometer and the HgCdTe detector, respectively (left layer)

Despite the good agreement between the thermal arrest recorded by the bi-chromatic
pyrometer at 2372 K during the liquidus transition (Figure 17) and the calculated phase
diagram in Figure 12, this measured temperature was not retained. The shape of pyrometer
temperature profile for liquid samples does not follow the classical exponential rise; the more
physical HgCdTe temperature profile was always preferred. The discrepancy between both
infrared devices can be attributed to the distinct semi-transparent or opaque optical properties
of the liquid in the spectral range of the bi-chromatic pyrometer (0.8 pm and 1.05 pm) and
HgCdTe detector (10 pm), respectively.

After the laser heating experiments, the samples have been cut, polished and observed by
SEM. The post-experiment analyses have been performed in collaboration with D. Bossu
(cutting, polishing and preparation of the samples), and P. Bonnaillie and S. Poissonnet
(SEM-EDS and WDS analyses). The comparison between the microstructure of samples
A89Z11 and A45Z55 is reported in Figure 18.

The WDS results on the two samples are reported in Table 6.

AR97Z11 A45755
Eutectic Dendrites Eutectic Dendrites
at% Al 31.0 40.0 30.0 2.0
at% Zr 7.0 / 7.0 34.0
at% O 62.0 60.0 63.0 64.0
Al/Zr 4.43 / 4.29 0.06

Table 6: WDS results on samples A89Z11 and A45Z55. Both the observed microstructure show a
dendritic structure within a eutectic matrix

The dendrites observed in sample A89Z11 are pure Al,Os, confirming that alumina does not
dissolve zirconia. The eutectic composition measured in the two samples is between
31 mol% ZrO, and 32 mol% ZrO,, in good agreement with previous studies [6] and with the
calculated Al,O3-ZrO, phase diagram (Figure 12). WDS results on the white dendrites
observed in sample A45Z55 (Figure 18c-d) reveals a solubility of Al,O3 in ZrO; of about
3 mol% A1203.

The comparison between the current results and the calculated Al,O3-ZrO, phase diagram is
reported in Figure 19.
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6.2.3 Exploration of the miscibility gap in the liquid phase of the O-Fe-Zr system

The O-Fe-Zr ternary system exhibits a miscibility gap in the ternary liquid phase, as shown in
Chapter 3. The extension of this immiscibility region is almost totally unknown. The
ATTILHA setup allows to explore the extension of this miscibility gap. The starting material
is an arc-melted Fe-Zr mixture. The initial composition of the investigated sample is reported
in Table 7.

w% Fe | w% Zr | at% Fe | at% Zr | m(Fe) /g | m(Zr) / g | mg /g | Am/ g
FeZr MG 81 19 87.6 12.4 0.1978 0.0457 | 0.2435 /
Table 7: Composition of the Fe-Zr sample

The sample was placed inside the levitation nozzle within a stream of Ar+20% O, to make it
possible to oxidise the sample to enter into the high temperature liquid miscibility gap. The
HgCdTe detector and the bi-chromatic pyrometer were focused on the levitated sample.
However, since the emissivity of the sample is unknown at 10 um, the output of the HgCdTe
detector is the radiance temperature. The temperature provided by the bi-chromatic pyrometer

L)

Jin Equation 3 can be considered neither
&(4y)

is not fully representative since the factor h{

equal to unity nor constant.

The sample underwent eight consecutive heating/cooling cycles. The thermograms recorded
by the HgCdTe detector are reported in Figure 20.
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Figure 20: Eight-laser pulse sequence on sample FeZr MG
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Figure 21: First laser pulse in Figure 20. The label on the thermograms correspond to the synchronised
infrared images in Figure 22

Figure 21 and Figure 22 report the synchronised acquisition of the HgCdTe detector and the
infrared camera during the first laser pulse in Figure 20.
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Images 1-5 in Figure 22 show the levitating sample during the heating stage of the cycle.
Between 60 s and 62.25 s (1-2) the first trace of liquid phase appears. Starting from about 63 s
(3), some droplets of a second liquid form: since no liquid immiscibility exist in the Fe-Zr
binary phase diagram, this means that during the laser pulses the sample interacted with
the oxygen in the levitation gas, leading the composition moves from the Fe-Zr binary
system towards the O-Fe-Zr ternary phase diagram. Two immiscible liquids, one oxide
and one metallic are highlighted during the fast infrared footage.

The infrared images allow distinguishing the two liquids, one blue the other green (3-6). The
orange to pink zone represent the overheated liquid directly heated by the laser beam. It is
assumed that the green and the blue liquids are at the same temperature (6), thus the
difference in the colour is related to their different emissivity. In particular, the blue liquid
emits less than the green. Therefore, the emissivity of the blue liquid is lower than that of the
green liquid. It can be concluded that the green liquid is the oxide one (Liquid 1), whilst the
blue liquid is the metallic one (Liquid 2). In correspondence of image 5, the laser is switched
off. Image from 6 to 9 show the formation of a solid crust on the surface of the sample. At the
same time, the metallic liquid seems to be ejected from the levitating sample, probably
because of the significant difference in viscosity and surface tension between the two liquids.
Images between 9 and 12, which correspond to the inflection on the thermogram in Figure 24,
show the solidification of Liquid 2.

During the third heating/cooling cycle in Figure 20, the separation between the two
immiscible liquid is even more pronounced (Figures 23-24).
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Figure 23: Thermogram recorded with the HgCdTe detector during the third heating/cooling cycle in

Figure 20
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Figure 24:Infrared images synchronised with the labels in Figure 23
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During the heating stage (1-4), the metallic liquid separated from the oxide liquid, forming a
second droplet attached to the bigger one. A precise estimation of the emissivity of the two
liquids is not possible with the present configuration (objective G1). However, considering
the Digital Level (DL) corresponding to the two liquids, it can be estimated that the
emissivity of the oxide liquid is about twice the emissivity of the metallic liquid at
3.99 pm. During solidification, the metallic droplet cooled separately, keeping its new
configuration even in the solid state (12).

Post-experimental analyses are currently underway. Thanks to these analyses it will be
possible to measure the chemical composition of both immiscible liquids.

6.3 Conclusions and perspectives

This Chapter summarises the current development of ATTILHA experimental setup
performed during this thesis. This setup is dedicated to the investigation of the corium
thermochemistry and thermophysical properties during nuclear severe accidents. The main
advantage of this high temperature device is the possibility to perform fast measurements
under aerodynamic levitation conditions. Furthermore, it allows to study high temperature
dynamic phenomena observed in the infrared spectral range.

After having being developed, this setup was calibrated and validated on a well-known oxide
(AL, O3); the calibration method was further extent to the more complex Al,O3-ZrO, system.
These first results demonstrate the potentiality and the versatility of this smart experiment.

In parallel, an image processing routine was developed using Python language in
collaboration with IMT-Toulouse in order to estimate the emissivity of the high temperature
samples. This work was complemented by a rigorous analysis of the main errors affecting the
final temperature results; this error formalism will be shortly implemented in the image
processing code.

Because this setup does not allow uranium containing sample investigation, the first
ATTILHA experiments were performed on the O-Fe-Zr key system; the authorization for
nuclearization is underway.

The lack of data on the high temperature O-Fe-Zr liquid miscibility gap has motivated the
present investigation. Preliminary fast infrared footages highlighted the coexistence of both a
metallic and an oxide liquids. Even if the camera was not properly calibrated in the
temperature range of interest, the emissivity ratio between these liquids could be estimated at
3.99 um; this result is fundamental to evaluate the radiative contribution to heat transfer of
corium pools during severe accident scenarios. Further experiments and analyses will be
carried out to establish the temperature and composition dependence of this demixing
phenomenon.
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Conclusions and perspectives

The main objective of the present PhD thesis has been the investigation of the prototypic U-
Pu-Zr-Fe-Al-Ca-Si-O corium system in the framework of severe accident study on PWR. The
comprehension of the high temperature physico-chemistry of this system is crucial for the
reactor design and the mitigation action management in accidental scenarios.

The methodology adopted in this thesis is based on the CALPHAD method, which allows to
assess the thermodynamic model of complex systems starting from reliable experimental data.
The strength of this approach relies on the possibility of obtaining information on high-order
chemical systems (e.g., 8 elements in the present case) starting from low-order
thermodynamic descriptions (i.e., binaries and ternaries).

In this framework, the thesis has developed along three main axes:

- Experimental campaign on key ternary and quaternary sub-systems of the prototypic
corium. In particular, the O-U-Zr, O-Fe-Zr, O-Pu-U-Zr and O-Pu-U-Zr systems have
been investigated using heat treatments, laser heating and arc-melting. An additional
set of experimental results has been obtained on two complex U-Zr-Al-Ca-Si-O
corium samples;

- Thermodynamic modelling of the O-U-Zr, O-Fe-Zr, O-Fe-U and O-Pu-Zr ternary
systems using significant experimental data and the current experimental results.
Solidification path calculations have been also performed to validate the present model
and interpret current experimental results;

- Development of a novel experimental setup, ATTILHA (Advanced Temperature and
Thermodynamic Investigation by Laser Heating Approach), for the high temperature
investigation of metallic, ceramic and oxide/metallic samples.

The general conclusions and perspectives of this work are summarised in the following
sections.

Corium thermodynamics

The current approach has allowed combining experimental and calculation results for a better
understanding of the high temperature behaviour of the corium mixture. The experimental
campaign has been tailored to meet the needs of the thermodynamic modelling lack of data.
Different experimental techniques have been employed to investigate the aforementioned
ternary systems, depending on the chemical system specification and on the desired type of
results.

The O-U-Zr ternary system has been investigated by heat treatments and laser heating. The
heat treatment results revealed that the miscibility gap in the liquid phase exists at 2567+26 K.
Two of the four annealed samples show a stratified microstructure, typical of two quenched
immiscible liquids. The composition of the two liquids has been measured for the first
time at this temperature, allowing to shape the extension of the immiscibility region in
the ternary phase diagram. The present study can be considered more reliable than
previous investigations, thanks to the precise temperature monitoring and post-
experiment analyses.

The Zr-rich corner of the ternary phase diagram has been investigated by laser heating in
collaboration with the Materials Research Unit of the JRC-ITU. The measured radiance
temperatures of transition are highly reproducible thanks to the optimised experimental
conditions. However, the significant uncertainty in the emissivity estimation is propagated in
the estimated real temperature. Further investigation on the optical properties of the samples
may improve the quality of the present set of laser heating data.
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The thermodynamic model of the O-U-Zr system has been evaluated agreementing to the
present experimental results and significant literature data. The resulting model reproduces
well the selected experimental data and allows to interpret the microstructures observed
in the annealed and laser-heated samples. The present model can be considered
satisfactory, especially for T > 1800 K. Oxygen potential data in the (U,Zr)O,« are missing.
These data will allow a better description of the cubic mixed oxide phase. Some discrepancies
with low temperature experimental data may lead to a future effort to improve the current
version of the O-U-Zr model.

Laser heating experiments on O-Fe-Zr samples were more challenging. The control of the
incongruent evaporation was not completely achieved due to the high volatility of iron and
iron oxides. Therefore, current results have not been used for the thermodynamic modelling of
the O-Fe-Zr system. These experiments revealed that during the solid/liquid and liquid/solid
transitions, the samples experienced a sharp emissivity change that affected the recorded
thermograms. This phenomenon can be attributed both to the formation of a ZrO, oxide layer
on the laser-heated surface and to electronic transitions in the metallic sample.

The present thermodynamic assessment of the O-Fe-Zr and O-Fe-U ternary systems has been
based on experimental data in the oxide region of the ternary phase diagrams. Rare
thermodynamic data, such as oxygen potential measurements, were obtained only in the fully
oxide section ZrO,-FeO-Fe,03 of the O-Fe-Zr ternary phase diagram. In order to obtain a
satisfactory model for the O-Fe-Zr and O-Fe-U systems new phase diagram data are needed in
the metallic region of these ternary phase diagrams. Furthermore, a fundamental contribution
to the modelling should be given by oxygen potential measurements.

During this work, the UO,-PuO,-ZrO, system was also investigated using the laser heating
setup at the Materials Research Unit in JRC-ITU. It represents the first systematic study on
the effect of experimental atmosphere on the melting/solidification behaviour of this system.
These results are extremely instructive and provide important information on the thermo-
chemistry of nuclear fuel under different atmospheres. The following considerations are
proposed:

- The repeatability of the recorded thermal arrest temperatures confirms that the
experimental conditions, such as laser power profile, dwelling time, pressure inside
the autoclave and quality of the buffer gas, limited incongruent vaporisation and
maintained the composition of the sample as close as possible to the initial one;

- The melting behaviour of the six investigated samples is strongly influenced by
atmospheric conditions during the laser heating. Thermodynamic calculations
confirmed that the O/M in the UO,-Pu0O,-ZrO, system varies as a function of
temperature and atmosphere;

- The solid/liquid surface in the UO,-PuO,-ZrO; system can be estimated starting from
the experimental results. Calculations revealed that the minimum corresponds to a
composition (UO,)g15(PuO,)p.s0(ZrO,)o 35 and T=2770 K. These calculations results should be
confirmed experimentally.

It must be pointed out that the current thermodynamic calculations on the UO,-PuO,-ZrO,
system have been performed with the current in-vessel corium model, resulting from
extrapolation of the UO,-ZrO,, UO,-PuO, and PuO,-ZrO, isopleth sections. The good
consistency between experimental observations and calculations confirm the reliability and
the quality of the present model. The experimental investigation of the UO,-PuO,-ZrO,
system at the solid state and for O/M <2 will be extremely useful for the thermodynamic
modelling of this system, especially to better define the domain of existence of the pyrochlore
phase.

The experimental investigation of the two corium samples in Chapter 4 has shown that
depending on the nature of the concrete, the resulting mixture in-vessel corium-+concrete may
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exhibit radically different features. The interaction with a SiO,-rich concrete may lead to the
formation of two immiscible liquids, whilst the interaction with a CaO-rich concrete likely
forms a single phase liquid. The present set of results motivates further investigation on ex-
vessel corium samples, even considering Fe. The TAF-ID database can then be tested on
further compositions. The measurement of liquidus temperatures is also of interest.

As a general conclusion, this work proved that the synergic contribution of experimental
results and thermodynamic calculations leads to a powerful tool capable of predict
experiments and interpret complex microstructures, as in the case of the U-Zr-Fe-O prototypic
in-vessel corium sample. Furthermore, the experimental conditions can be tailored basing on
thermodynamic calculation, limiting the uncontrolled parameters, which might affect the final
result.

The current thermodynamic model can be also coupled with severe accident codes to predict
the complex phenomena occurring in an accidental scenario. For example, the better
description of the miscibility gap in the liquid phase of the O-U-Zr system will contribute to
the understanding of the in-vessel corium configuration. The coupling between the current
model and phase field code developed at the CEA Cadarache will allow to better describe the
focusing effect phenomenon and therefore the process of mechanical loss of the steel vessel.

The effect of Pu on the in-vessel and ex-vessel accidental scenario will be investigated by
thermodynamic calculation. The presence of Pu in one particular zone of the damaged reactor
core (for example in one of the two stratified liquid in the in-vessel configuration) may lead to
undesired re-criticality.

Current status, potential and perspectives of ATTILHA

The validity of ATTILHA (Advanced Temperature and Thermodynamic Investigation by
Laser Heating Approach) as a novel experimental setup developed during this thesis has been
proved on well-known systems. The melting temperature of Al,O; has been measured,
obtaining a value in excellent agreement with the literature. Two Al,0O3-ZrO, samples have
been also investigated, showing that the eutectic and the liquidus temperatures are well
reproduced.

The main advantage of the present setup is the simultaneous acquisition of temperature
measurement via three instruments. The HgCdTe detector and the bi-chromatic pyrometer
monitor the temperature evolution, whilst the fast infrared camera provides useful spatial
information on the melting/solidification behaviour of the sample. Thanks to this
supplementary instrument, the miscibility gap in the liquid phase of the O-Fe-Zr system has
been “physically” observed: the formation of the first droplets of a second immiscible liquid
has been clearly displayed. The relative position of the two liquids has also been monitored.
In collaboration with IMT Toulouse, a post-experiment processing of the infrared camera files
permits to estimate the emissivity of the sample at 3.99 um. The evolution of the emissivity
can be then related to the temperature evolution during the experiment, and therefore to the
presence of a liquid phase.

These results motivate further evolutions of the current setup. The implementation of an ultra-
rapid camera (up to 5000 Hz) is planned. This instrument will allow an even more accurate
study on the behaviour of two immiscible liquids in aerodynamic levitation. Important
thermo-physical data, such as the viscosity and the surface tension, might be deduced.

The administrative authorisation for the investigation of U-containing samples has been
validated in the first trimester of 2015. This further step will let to enlarge the range of
chemical systems which can be studied with the present setup and it will allow to measure the
melting/solidification temperature of U-containing corium mixtures.
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Appendix A — Background on pyrometry and laser
heating results

Optical pyrometry is practically the only temperature measurement technique available for the
high temperatures, above 2500 K. Through this technique is in principle possible to measure
the temperature of a specimen through the detection of radiant flux thermally emitted by it.

The main properties and definitions of thermal radiation processes are described in this
section.

Spectral Radiance

Taking into account a surface element of area d4; and the emitted radiant power @ from that
surface element, spectral radiance is defined as the radiant power emitted at the wavelength 4
in the (0,9) direction, per unit area of the emitting surface normal to this direction, per unit
solid angle dw around this direction and per unit wavelength d/ around A [1] (Figure 1).

Emutted
radiation

Figure 1: Emission of radiation from a differential area d4; [1]

d’®
L, (A,0,0)= 1
(4.6.9) dA, cosOdwdA M

In eq.(B.1) the area dA, is the component of d4, perpendicular to the direction of the radiation
so it is equal to d4; cos6.

Blackbody

A blackbody is a surface that absorbs all incident radiation regardless of wavelength and
direction. Furthermore, it is an isotropically diffuse emitter. Finally, for a prescribed
temperature and wavelength no surface can emit more than it.

The concept of a blackbody serves as an ideal standard to which real surfaces are referred.
There is no real surface that has these properties. However, a very good approximation is
realised by the aperture of a cavity with internal isothermal walls (Figure 2).
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Figure 2: Characteristics of an isothermal blackbody cavity. (a) Complete absorption. (b) Diffuse
emission from an aperture. (c) Diffuse irradiation of interior surfaces [2]

The Planck distribution

Planck’s radiation law establishes a link between the spectral radiance L, at “local”
wavelength A emitted by a blackbody and its temperature 7*

C -1
2/15 {em(mr}_l} 2)

where ¢,, = 2 h ¢y’ is the first radiation constant for spectral radiance and ¢, = & c0 kg is the
second radiation constant. ¢, is the speed of light in vacuum, % is Planck’s constant of action,
kg is the Boltzmann constant and 7 is the index of refraction of the non-attenuating medium in
which the blackbody spectral radiance propagates. The blackbody distribution of different
temperature is reported in Figure 3.
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Figure 3: Planck’s distribution for several temperatures

In the limit of the so-called n A T << ¢, Wien's approximation it is possible to approximate
eq.(B.6) as
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This expression is accurate for short wavelengths and for low temperatures and is better than
1% ifn A T<3100 pm K.

Within the measurement uncertainty reported in the present work, » can be approximated by
unity, because the pyrometers (detecting radiance) were always located in air at ambient
pressure and temperature.

Real surfaces optical properties
Emissivity

A real surface cannot emit more than a blackbody so the ratio of radiation emitted by the real
surface to the radiation emitted by the ideal one is defined as emissivity.

As indicated in Figure 4, radiance may differ considerably from Planck shape for non-ideal
radiator. Emissivity, in general, is a function of the temperature, direction and wavelength

Ll(ﬂ'aea¢aT)

e(4,0,9,T) = LT

“4)

Black body, grey body and real surface at T = 3000 K
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A/ um

Figure 4: Comparison between black body, grey body and a real surface

The expression above refers to the spectral — directional emissivity. In the case the radiator is
a gray body (Figure 4), the original shape of Planck’s curve is preserved but with lower
emission: the spectral — directional emissivity is independent of wavelength.

Absorptivity, Transmissivity, Reflectivity

If we consider the interaction with a semitransparent medium (Figure 5) the radiation incident
may be reflected, absorbed and transmitted. Evaluation of these components is difficult
because the processes depend on the beam geometry, the incident wavelength, surfaces
conditions, the composition and thickness of the medium. These processes are influenced by
volumetric effects occurring within the medium.
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Figure 5: Absorption, reflection and transmission processes associated with a semitransparent medium

(2]

When the radiation is incident on an opaque medium where the absorption process occurs at
only a few wavelengths from the surface, the transmission process can be neglected and the
other two processes may be considered as surface phenomena.

Radiation balance

From energy balance considerations it follows that the sum of the reflected, absorbed and
transmitted radiant fluxes must equal the incident radiant flux.

q)ﬂ.,i:(bl,i'+®i,a+q)ﬂ.,t ®)

Kirchhoff's law

Kirchhoff's law in its general form states that the spectral — directional emissivity is equal to
the spectral — directional absorptivity for a surface

eA,0,¢',T)=a(A,0,¢,T) (6)

This expression is applicable without restrictions because the two properties are inherent of
the surface, the only requirements are that the directions (6’, ¢’ of emission and 60, ¢ of
absorption) and wavelength be the same and that the surface be at thermal equilibrium with
the environment.

Radiation thermometry

This section describes how to apply the foregoing concepts in relation with the radiation
thermometers, for measuring the temperature and how the instrument responds to the incident
radiation.

First of all two important concepts will be introduced: the definition of the temperature scale
and the spectral radiance temperature.
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The International temperature scale of 1990 (ITS-90)

The International temperature scale of 1990 (ITS-90) defines the temperature 7" above the
freezing point of silver (1234,93 K) as

exp[ © j—l
Ll,b(j“mT) . AT, )
09

L/l,b(;L To)_ exp( ) j_l
AT

where Ty is a reference temperature (the freezing point of Ag, Au or Cu).

The right side of equation is the ratio between the blackbody spectral radiance at an unknown
temperature 7 and the blackbody spectral radiance at the temperature of freezing point
calculated at a specific wavelength (in vacuum) /.

Equation 7 requires that the radiation thermometer be effectively monochromatic but in real
cases it is not and for that reason in the next sections a more operational version of the above
definition will be introduced.

Spectral radiance temperature

Considering a real surface (rs) and a blackbody (b) at the same temperature, they have
different spectral radiance because the former has an emissivity less than one and they are
related by

L, (4.8.6.T)=(4,9.4.T)L, ,(A.T) ®)

Therefore, the concept of spectral radiance temperature 7), is introduced. It is the temperature
of a blackbody emitting the same spectral radiance at a given wavelength as the real surface

-1
C C
A

For example, taking into account the spectral region where Wien's approximation is valid,
comparing the latter definition with Equation 8 and Planck's equation it is easy to obtain an
expression that links the real temperature and the spectral radiance temperature

1 1 nAi

—=—+—"Ine,94T 10
T (4,8,4,7) (10)

The above relation is most used in pyrometry. The radiance temperature is always lower than
the true temperature since the emissivity is less than one.
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Optical instrumentation at the ITU

Fast two-channel pyrometer

Due to the rapidity of the observed phenomena, a fast two-channel pyrometer was used
(approximate maximal time resolution of 10 ps). During the experiments, only the channel at
652 nm (bandwidth 27 nm) was used for radiance temperature measurements. The
pyrometer’s 652 nm - channel was calibrated in the range 1800-2500 K with W-ribbon lamps
[3]. A linear relationship can be derived, between the lamp’s radiance temperature and the
pyrometer output signal, combining the linear response of the pyrometer with Wien’s
expression for blackbody spectral radiance:

v o(T)=d+ B — 1358174 32686706 (11)
Tl TZ.

Where T stays for radiance temperature. The true temperature can be then derived using the
fundamental equation of pyrometry in Equation 10.

The second channel of the pyrometer at 488 nm was used to detect the reflected light of a
continuous wave Ar' probe laser emitting at 488 nm (maximum power 1 W) to determine the
instant at which melting or freezing occurred at the sample’s surface (Figure 6).
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Figure 6: Principle of functioning of the Reflected Light Signal (RLS) technique for the detection of
the melting and solidification transitions (3)

This technique named Reflected Light Signal (RLS) was developed to identify phase
transitions even during the heat-up of the sample. The intensity of the reflected light is
dependent from the angular reflectivity [4]. The first appearance of the liquid during the
heating of the sample leads to a rapid change in the reflectivity. A sharp variation in the
recorded signal is produced. Because of the movements of the liquid surface, the recorded
signal oscillates. Solidification of the sample surface during the cooling stage leads to
disappearance of the oscillations, permitting the identification of the phase transition.
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Spectro-pyrometer

The current spectro-pyrometer is based on a linear array of 256 Si photodiodes. It is used to
record the sample thermal radiance in the range 488 nm — 101 1nm. This instrument allows a
complete spectral analysis, whereby its main disadvantage is in the poorer time resolution
(1 ms at best). Furthermore, due to the low signal-to-noise ratio, only the output signals in the
range 550 — 850 nm were considered during the present work. The 649 nm — channel was
calibrated against the W-ribbon lamps mentioned above. The rest of the channels were
calibrated using a graphite tubular black body up to 2900 K [3]. The obtained transfer
function K(A) for the 488-1011 nm spectral range is:

7(4) 1

- Counts(A,T,
( bb)/ls exp| 2 |—1
AT,,

In Equation 12 z(4) is the window transmittance at the generic wavelength A, Counts(4,Tsp) 1s
the measured signal expressed in counts and Tp is the blackbody temperature. The linearity
of the output signal with respect to the integration time was checked. K(A) permits to convert
the output signal of the spectro-pyrometer into a function directly proportional to the emitted
spectral radiance:

K(4) (12)

E, (4,T) = K(A)Counts(A,T) (13)

In order to obtain the emissivity of the sample starting from the measured radiance spectra the
measured radiance intensities form the spectro-pyrometer is converted into the inverse of the
radiance temperature considering g(A,T)=1:

T,(A) ¢, \ A4 Ew(4)
The curves in Equation 14 can be fitted with:

L:l—ilng(/l) (15)
r, T c

The emissivity can be approximated by polynomials as:
2 .

e(A) =Y a i (16)
i=0

Equation 16 is a simple Taylor expansion of the emissivity as a function of wavelength and
constitutes the most general expression for it, although not the most physically accurate. More
meaningful expression may be used if the optical properties of the investigated material are
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known. The expression with i=0 corresponds to the grey body assumption, that is e=constant
in the considered range of wavelengths.

Laser heating experimental result on the O-Fe-Zr system

The same experimental setup described in Section 3.2.1.2 was used for the study of six Fe-O-
Zr samples. This system is of great interest in the framework of severe accident investigation.

In the past, the Fe-O-Zr system has been studied especially in the oxygen-rich side of the
phase diagram.

Sample fabrication

Six samples have been fabricated by arc-melting starting from metallic Fe, Zr Van Arkel,
710, and Fe,03 powders. The starting materials were firstly characterised by ICP-MS in order
to detect metallic impurities. The results on the starting materials are reported in Appendix X.
The initial composition of the sample is reported in Table 1 and in Figure 7.

Sample at% O at% Fe at% Zr mass/ g Am/g Am/m %
OFeZr 1 21.0 14.0 65.0 0.7806 0.0020 0.156
OFeZr 2 13.2 12.7 74.1 0.7644 0.0140 1.832
OFeZr 3 21.9 29.1 49.0 0.5559 0.0063 1.133
OFeZr 4 3.9 34.1 62.0 0.5801 0.0006 0.103
OFeZr 5 11.7 23.8 64.5 0.6772 0.0030 0.443
OFeZr 6 22.6 11.1 66.3 0.5463 0.0069 1.263

Table 1: Initial composition of the six O-Fe-Zr samples investigated by laser heating

0,000

= |nitial compositions

0.00 025 050 0,75 100,
Fe X(Zr) r

Figure 7: Initial composition of the O-Fe-Zr samples investigated by laser heating

The presence of Fe and Fe,Os; makes the samples less stable towards high temperature
vaporisation.

Once the drop-shaped samples were ready, they were cut in two parts, one for the laser
heating experiments and one for characterisation.

- 206 -




Laser heating results

Except for sample OFeZr 1, the samples underwent laser pulses cycles under both Ar and air.

These experiments were particularly challenging. Three of the six samples (OFeZr 3,
OFeZr 4 and OFEZr 6) did not give any exploitable results.

Figure 8 shows the results of a sequence of laser pulses performed on sample OFeZr 1 under
Ar. In this section are reported radiance temperatures corrected by the transmittance of the
autoclave window (1=0.86). No emissivity corrections are applied, so the plotted
thermograms display the time dependence of the measured radiance temperature.

2800 Sample OFeZr_1, under Ar, sequence abcd

radiancs
2600 -
2400 -
¥
~, 2200 -
£
2000
1800 -
RLS
I NAN T
1600 -
o | -I Laser pulses
1400 T 1 T t T Y 1 T —T
0 2 4 6 : 10 12
time/s
(a)
2400 Sample OFle=1. under Ar, pulse b
2200
b4
™
E 2000 4
=

1800

‘\ -

3,0 35 4,0 50 55 6,0

1600

45
time /s
(b)
Figure 8: (a) Sequence of laser pulses performed on sample OFeZr 1 under Ar (p=0.25 MPa). The
black line is the radiance temperature measured by the fast pyrometer at 650 nm, the red line is the
sequence of laser pulses and the blue line is the RLS signal; (b) magnification on pulse b. The signal
shift on the heating stage is also visible on the cooling stage, right before the thermal arrest

Looking at the laser pulse b (Figure 8b), during heating, the thermogram, as well as the RLS
signal, exhibits a sharp variation. It can be concluded that the sample experienced phase
transition. The same feature is present during cooling. These distinct variations in the
recorded signal can be related to reflectivity (and, therefore, emissivity. See Kirchhoff’s law)
changes of the sample during phase transitions. Figure 9 reports the emissivity calculated

-207 -



using the extrapolation to zero wavelength method for the whole set of spectra recorded by
the spectro-pyrometer during pulse b.

sample OFeZr_1, under Ar, pulse b

2400 1,0
409
2300 1
Jos8
2200 - ‘- 0.7
¥ 406
T3 €=0,56
:!E 2100 . 0.5 m:i
] Thermal arrest ] 04
2000 ~ Signal shift :
i 03
1900 480,27 02
] oo . 0.1
1800 - emissivity shift |
. . . . . . . . . . 0,0
0,0 05 1,0 1,5 2,0 25
time/s

Figure 9: Solidification of sample OFeZr 1 after laser pulse b. The red curve shows a clear emissivity
evolution passing from the liquid to the solid state

In correspondence to the sharp thermal arrest during cooling, the emissivity shows a
noticeable variation. While in the liquid phase the calculated emissivity is 0.27, after the
reported feature the emissivity is 0.56. This feature can be related to a formation of a highly
emissivity material on the surface of the sample (e.g., an oxide layer). However, as shown by
Cagran et al. [5], solid/liquid transition in metal can drive an evident change in the measured
emissivity. In the present case it is not possible to choose one or the other interpretation. EDS
analyses on the cross section of sample OFeZr 1 after melting (Figure 10) did not show any
evidence of oxide layer on the laser-heated surface. However, Krishnan et al. [6] revealed that
even a nanoscopic oxide layer can induce relevant change in the sample emissivity.

ve
Laser-heated surface

Figure 10: Back-scattering electrons irﬁage of laser-melted OF le;l sample under Ar

The variation in the radiance temperature corresponds to higher recorded radiance intensity.
The second inflection is the thermal arrest (Figure 9). The same feature was observed on
sample OFeZr 2.

This emissivity transition observed in sample OFeZr 1 was also detected in sample OFeZr 5.
The emissivity values before and after the shift are 0.25 and 0.55 respectively.

-208 -



A lower temperature inflection was observed on the cooling flanks recorded during laser
sequences on samples OFeZr 1 (Figure 9a) and OFeZr 5. These inflections are reproducible
along all the laser pulse sequences. The thermograms recorded during laser pulses on sample
OFeZr 2 did not reveal this inflection.

During laser pulses performed under air, a thick ZrO, layer (200 um) was formed on the
heated surface of the samples. Figure 11 shows a cross section of sample OFeZr 2 after a
cycle under air.

As-fabricated sample”

Figure 11: (a) BSE image of the microstructure of sample OFeZr_2 after a laser pulse sequence under
air. A 150 pm thick ZrO, layer formed on the surface of the laser heated sample; (b) BSE image of
sample OFEZr 2 as-fabricated by arc-melting

WDS analyses confirmed that the external layer is pure ZrO,. In the presence of the zirconia
layer, the temperature detection becomes complex. The laser pulse sequences used during the
present set of experiments are optimised for metallic samples. The ZrO, layer behaves as a
thermal barrier, which prevents the complete fusion of the heated zone.

Discussion

The experimental results on the O-Fe-Zr samples are reported in Table 2.

Sample | Radiance temperature / K True Temperature / K
1* inflection | 2" inflection | £(652 nm) | 1* inflection | 2" inflection
OFeZr_1 1989118 1660+4 0.56+0.11 2098+86 1735154
OFeZr_2 1883129 // 0.56+0.11 1980194 //
OFeZr_5 1847+11 1572+£15 0.5520.11 1943172 1642458

Table 2: Summary of the laser heating experiments on the three O-Fe-Zr samples. In the table are
reported both the radiance and the true temperatures. The expanded uncertainties on the true
temperatures are corrected with a coverage factor k=2

As for O-U-Zr samples, both radiance and true temperature are presented. The emissivity
constitutes once more the main source of uncertainty. The reported values are calculated using
the extrapolation to zero wavelength method. A conservative 20 % uncertainty is selected for
the calculated emissivity.
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Appendix B — In-vessel corium binary phase
diagrams

Binary systems

In the following the phase diagrams of the binary systems involved in the prototypic in-vessel
corium formation (U-Pu-Zr-Fe-O) are reported. The thermodynamic models for these systems
are taken form the TAF-ID [1] database.

Metallic systems

Binary systems containing Fe are characterised by the presence of intermetallic compounds.
In particular, a C15_Laves phase Fey(M), where M=U, Pu, Zr, is visible in the Fe-Pu, Fe-U
and Fe-Zr phase diagram (Figures 1-5). An additional intermetallic compound, FeMg, is also
present in the Fe-U and Fe-Pu systems. This phase is replaced by FeZr; and the high
temperature FeZr, compound in the Fe-Zr binary phase diagram. The presence of low
temperature eutectics can be noted in the three system.

The Pu-U, Pu-Zr and U-Zr binary phase diagrams are characterised by the presence of
intermediate phases with not well established large domain of existence. A continuous solid
solution between the body centred cubic (bcc) phases e-Pu, y-U and B-Zr and a nearly ideal
liquid can be also noticed.
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v 1500 — |
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Figure 1: Fe-Pu phase diagram by Kurata [2]
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Figure 2: Fe-U phase diagram by Kurata [2]
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Figure 3: Fe-Zr phase diagram by Toffolon-Masclet et al. [3]
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Figure 5 Pu-Zr phase diagram by Kurata [5]
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Figure 6: U-Zr phase diagram by Kurata [4], [6] and TAF-ID

Oxide systems

The Fe-O phase diagram exhibits three oxides phases: FeO, Fe;04 and Fe,Os. Only Fe,0; is a
stoichiometric compound. A miscibility gap in the liquid phase can also be seen (Figure 7).

The Pu-O and U-O phase diagrams present a highly stable CaF,-type phase, PuO, and
UO,.y, respectively (Figure 8-9). At low temperature, a miscibility gap in the PuO,. phase is
also observed. In the region O/Pu<2, three additional oxide phases, Pu;Os, PuO;s; and
PuO, ¢ are present. The U-O phase diagram does not show stable oxide compounds for
0O/U<2. However, for O/U>2, U409, U30g and UO; compounds can be seen. Both Pu-O and
U-O phase diagram exhibit a miscibility gap in the liquid phase between a metallic and an O-
rich liquid. The solubility of O in liquid Pu is higher than in U, leading to a smaller miscibility
gap in the liquid phase.

The Zr-O phase diagram presents the three allotropic form of ZrO, (Figure 10) The low
temperature form is monoclinic ZrO,-m, the intermediate temperature form is tetragonal
ZrO,-t and the high temperature form is face centred cubic ZrO,.«-c. There is no miscibility
gap in the liquid phase. The liquidus curve [Liq.+ZrO.«-c] is still not well established.
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Figure 7: Fe-O phase diagram by Sundman [7]and Kjellgvist et al. [8]
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Figure 8: Pu-O phase diagram by Guéneau et al. [9]
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Figure 10: Zr-O phase diagram by Liang et al. [10] with the modified description of the fluorite ZrO,-c
phase of this work

The thermodynamic model retained for the Zr-O system has been published by Liang et
al. [10]:

(Zr)(O,Va),

The thermodynamic parameters of the fluoride ZrO,-c phase have been modified by
introducing ionic species Z+°" and Zr**, in collaboration with N. Dupin and B. Sundman,
considering the available experimental data [11,12]. The resulting model is written as:

(Zr**, Zr*" )07, Va),

The main reason for this change is to be consistent with the model used by Guéneau et al. [9]
to describe the (U,Pu)O,.4-c mixed oxide. The resulting binary phase diagram is reported in
Figure 10. The calculated phase diagram is very close to that of Liang et al. [10].

It must be pointed out that cubic ZrO,-c is slightly hypo-stoichiometric. Between 2625 K and
its melting temperature, the stoichiometric composition (O/Zr=2) is in reality a two-phase
equilibrium between solid ZrO,.«-c and O, (Figure 11).
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Appendix C - Thermodynamic models and
calculations

Thermodynamic Models
Only the models and the assessed parameters for the phases that have been added or modified

during the present work are described. The remaining parameters can be found in literature,
and they will not be detailed hereinafter.

Liquid
The liquid phase is described using the ionic two sublattice model [1]. This model can

describe both metallic and oxide melts. The first sublattice contains the cations (C;), whilst the
second sublattice contains anions (4;), neutral species (8;) and charged vacancies Va'9).

(F62+,PM3+,U4+,ZV4+ )P(Oz_,VG_Q’FBO%,O, PUOZJQ

The charged vacancies are introduced to maintain electroneutrality of the liquid. The numbers
of site on the sublattices, P and Q, vary with composition, and are defined as:

P:ZijA, +0-Vy Sy
Q=2 vy &)

where v; and y; are the charge and the site fraction of the constituent i, respectively.

The Gibbs energy of the liquid phase is expressed as follows [2]:

Gliq :reffGliq +idGliq +exGliq (3)
rf?fG[iq — ZZyCyA GG(/Z])(A) + Q . yVa Zyc OG(lg) + QZyB OG(IZI) (4)
C 4 C B
id lia :RT{PZJ/C Iny. +Q(Zy/, Iny,+y, Iny, +Zy3 lnyBﬂ (5)
C A B

“G" _zlzzgyc,yczy/; (C1.Cy X 4) +lezyc,yczyr/a l(lg] €y Va)
+ZZZyCyA1yA2 [(lg')(Al 4) +ZzyCyAyVaL[(lC)(A Va)
4 4
+ZZZyCyAyBLl(HC]')(A B) +ZZyCyByVaLl(lC)(Va B)
"‘ZZJ’BIJ’BZ I(Z;Bz)
B, B,

(6)
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G( X 4)

are the Gibbs energy of pure liquid C and neutral species B, respectively.

is the Gibbs energy of (v +v,) moles of atoms of liquid Cv,4v,., °Gl¢, and "Gy,

The ideal term in Equation (19) is the contribution of the random configurational entropy on
each sublattice. The “L” parameters in Equation (20) represent the interaction between
species in each sublattice.

The choice of the constituents to describe the liquid phase is based on the assumption that the
most-stable solid compounds should be represented in the melt [3].

Cubic fcc (Fe,Pu,U,Zr)O;1~C

In the following, only the model for the face centred cubic (fcc) UO,.y is described in detail.

The ideal crystalline structure of UO, is of the type CaF, with two sublattice (U MO,
Uranium atoms form an fcc lattice with oxygen atoms located in the tetrahedral sites
(Figure 1).

&g
.

Figure 1: CaF, structure of ideal UO, from the perspective of uranium sublattice. Blue and red spheres
are uranium and oxygen atoms, respectively

In reality the ideal fluorite structure contains interstitial sites and vacancy in the anionic
sublattice. The hypo-stoichiometric UO, is described introducing oxygen vacancies in the
anionic sublattice. In order to maintain electroneutrality of the phase, U° " ions are introduced
in the cationic sublattice, leading to a modified sublattice model (U°",U*")(O”, Va),. The
minimal composition in oxygen correspond to the neutral end-member (UPHO0
%075 Vag25)2 that is UO, 5.

In order to model the hyper-stoichiometric UO,: a third sublattice is added. This sublattice
contains the oxygen interstitial outside the ideal sites of the CaF, structure. To maintain
electroneutrality, the U° " ion is added to the cation sublattice. In the present model, the U°"
ion is not taken into account [3]. The resulting complete sublattice model can be written as:

(©*.u* U)o va),(0* . va)

The hyper-stoichiometric domain extends towards the maximum composition (U5+)(02'
)2(0'20, s,Vay.s). This corresponds to the neutral end-member UQO; s.

The mathematic model for the fcc UO,. phase can be represented graphically using the 3D
prism in Figure 2.
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Figure 2: 3D representation of the three-sublattice model for the fcc UO,.4 phase. The red surface is
the domain of composition where the phase is neutral

The red surface in Figure 2 represents the domain of composition where the UO,. phase is
neutral and thermodynamically stable. It can be noted that the three corner of this surface are
the three neutral end-members UO,, UO; 5 and UO;,s. Most of the prism corners represent
non-physical compounds. For example the corner 3VV stands for a compound with U°" in the
cationic sublattice, and vacancies Va in the second and third sublattice.

To decrease the number of Gibbs energy terms to assess for the end-members, very simple
relations, based on mass balance equations, are fixed between these parameters, as reported in

[3].

The model for the fcc mixed oxide is based on the UO,., model described above. The
additional cations are added to the first sublattice. The three sublattice model for the mixed
oxide can be written as:

(Fe>, Fe*, Pu* , Pu* .U .U U™, 2™, 2r* O™ Va), (0% Va)

The Gibbs energy of the mixed oxide can be written as follows:

oxide__cubic __ ' o goxide_cubic
G, =22 2 vy G
ik

(7)
+ RT(Z)/, ]l‘ly, + 22 yl lrly/ + Zy;{ 1ny;{ ]_'_exGoxide_cubic
i j k

The reference term is the sum of the product of the constituent fractions by the Gibbs energy
of formation of the compounds. The Gibbs energy is defined considering a single constituent

in each sublattice. Therefore, "G&‘éi;j;“b “ is the general expression for the Gibbs energy of all

the end-members. As an example, the term G- %"«

U+ o Tepresents the standard Gibbs
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energy of formation of the fcc phase with only U*" species in the first sublattice, O” in the
second sublattice and vacancies Va in the third sublattice, that is the UO, end-member.

The excess term is defined as follows:

exGoxid67 cubic OLoxidc: cubic lLoxid67 cubic

= yU3+ yU4+y027yVa( (U3 U0 YVa) + (J/U3+ _yU4+) (U‘“,U“)(Oz’)(Va)) UO
24x

! 0 yoxide_cubic
Yy Yys Yor Yo Ligsysyorvory

! oxide_ cubic _ 1 yoxide_ cubic

TV g Vpyse yey-( L(Pzt3+,Pu4+)(*)(*) + (ypu“ Y put ) L(Pu3+,Pu4+)(*)(*)) é PUOQ_X
' (0 yoxide_cubic _ 1 yoxide_cubic )

+ yz,ﬂ* er‘H y*y*( L(Zr2+,Zr4+ )CE)*) + (er2+ er"‘r ) L(ZI‘N,ZV‘H )(*)(*)) Zroz_x

0 yoxide_ cubic

T Vys Y pse Y or- Yva U ,Pu* Y0¥ YVa)

xide_cubic

07o
T Yy poeYor- Yra L(U“*,Pu“)(oz’)(r/a)

0 yoxide_cubic B (U ) PU)OQi)(

T YooY ps YvaYva L puyvayvay

T V5 Ve Yoo Ve OL?:?f}Zu‘*ﬁi;oz’)(*>

VgV Yo Vi Lo S o vy

T VY0 Yoo y;/a ’ zgfsz(;Zfit(.ozf)(Va)

T VY g Yo y;/a OL?U“,zﬂ*)(oZ* ) Va)
0 yoxide_cubic

T Yy Yz Y or- Yva Vv U*.2r* Y0* Va)Va)

oxide_cubic

xide_cubic B (U ,Zr)OZﬂ

1 0 -
TV s Y g Yor Yra Lipgss g0 xra) => (PU,Zr)OZ-x

'| 0 yoxide _cubic _ 1 yoxide_cubic
+ yU4+ yF62+ y*y*( L(U4+,Fez+ )(*)(*) + (yU4+ yF62+ ) L(U4+,F€2+)(*)(*))

'

0 yoxide_cubic
Ve Yy Vg Yoo Lgas e g yoym

0 yoxide_cubic

+ er‘” yFeZ+ yOZ*yVa (Zr4+7Fez+)(027)(Va)

B (Us Fe)OZ—X

0 yoxide cubic [~ (Zr! Fe)OZ—X

+ +er4+ yFe3+ yozf yVa (2% F Y0¥ YVa)

(3)
The excess terms for the UO,.y, PuO,.« and (Pu,U)O,.x oxides are reported in [3]. The excess

terms for ZrO,-c, (U,Zr)Oyy, (Pu,Zr)Oy4-c, (UFe)O,4-¢c and (Zr,Fe)O,4-c have been
assessed in this work, and are reported in Appendix D.

Monoclinic (Fe,Pu,Zr)O>-m
The mathematical model describing the monoclinic phase is:
(Fe2+ JFe  Putt, zr*t XOZ_, Va)2

Liang et al. [4] described the monoclinic allotropic form of ZrO, as a stoichiometric solid
compound. To account the presence of U, Pu and Fe, the thermodynamic description of the
phase has been modified. A two-sublattice model is used. The Gibbs energy of the monoclinic
phase is written as:
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G’(r)lxideimono — Zzylyj OG((;))C(iijfmom) + RT(Z)/Z ]Il yi + 22 yj ln yJJ (9)
J i J
No interaction parameters have been assessed for this phase.

Tetragonal (Fe,Pu,U,Zr)O;-t

As for the monoclinic phase, a two-sublattice model has been used to describe the tetragonal
phase:

(Fe*,Fe*, Pu* U, 2+* O™ ,Va),

The model reported by Liang et al. [4] has been modified to take into account the addition of
Fe**, Fe', Pu*" and U*".

The Gibbs energy of the tetragonal phase is written as:

G’indeilelra — zzylyl OG(Z';(lAi;fmtm + RT(Z ¥, hly, + 22 yj my] J_'_exGoxidetelra (10)
i J i J

The excess term of the tetragonal phase is defined as:

ex poxide tetra __ 0 yoxide_tetra 0 yoxide_tetra 0 yoxide_tetra
G - yU4+ er4+ (U4+ ’Zr4+ )(02—) + erzH yFeZ+ (Zr4+ ’Fez+ )(02—) + er4+ yFeB+ (Zr4+ ,F€3+ )(027)
(D
Pyrochlore PuZr;07.

The sublattice model used for the pyrochlore phase is taken form Kurata (private
communication) [5]:

(Zr4+)2(Pu3+,Pu4+)2(027)7(027,Va)

The phase has a composition ranging from Pu,Zr,0O7 to Pu,Zr,0Og. However, no evidence of
the existence of pyrochlore phase was shown in the PuO,-ZrO, section. The interaction
parameters are also taken from Kurata (private communication) [5].

Spinel

The current model is based on the Fabrichnaya & Pavlyuchkov work [6]. Only Zr solubility in
spinel phase is taken into account on the bases of Jones et al. [7] and Kiminami [8], [9] data.
The sublattice model of the spinel phase is written as follow:

(Fe2+ JFe*  Zr* XF62+ JFe’t, Va)2 (Fe2+ , Va)2 (02_ )4

The Gibbs energy of one of the end-members OG(SZZ’fi( ey o defined by the authors has

been modified. The enthalpic term has been modified in order to better fit the oxygen partial
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pressure data of Katsura et al. [10] in the three-phase regions [ZrO,-t+y-Fe+FeO], [ZrO,-
t+FeO+Fe,03] and [ZrO,-t+Fe;O3+Fe;04].

Corundum

The sublattice model adopted for corundum phase is written as follow:

(Fez+,Fe3+ Lz )2 (Fez+ O™, VGXOZ_ )3

As for spinel phase, the model published by Fabrichnaya & Pavlyuchkov [6] has been used as
a start point for the assessment. In the version reported in [6], the authors assessed the Gibbs

chorundum

o ycorundum
(Zr** )0 X0™) G

and (Zr** ) VaX 0*7)?

energy of two end-members, and an interaction parameter

0 ycorundum
(Fe**,.Zr* Y 0* VaX 0*)

modified to fit the solubility data of Kiminami [8], [9]. Furthermore, the interaction parameter
has not been considered.

. In the present work, the Gibbs energy of the end-members has been

Hcp a-(Zr,Fe,Pu,U)(0)

The sublattice model of the a-(Zr,Fe,Pu,U)(O) phase is written as follows:

(Fe,PM,U,Z”)(O: Va)o.s

In order to take into account the solubility of U in a-Zr(O), two end-members - "G(’“J‘)’(O) and

o hep : : : 0 yhep
G yva) - are introduced and the ternary interaction parameter "L ., has been assessed.
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Effect of W on the solidification path of sample OUZr 1

In Chapter 3, it was highlighted the effect of W on the annealed O-U-Zr samples. Due to the
extreme temperature conditions, part of the W-crucible reacted with the samples, leading to
the presence of a non-negligible amount of W dissolved in the solidified sample. Thanks to
thermodynamic calculations, the effect of W on the solidification behaviour of the O-U-Zr
samples can be investigated. The presence of a W,Zr compound within the solidified sample
can be explained by using solidification path calculations.

The U-W and Zr-W binary phase diagram are reported in Figure 3.

4000 . ! - L 4000 ! : J !
3500 3500 -
Liqg.
3000 - 3000 B
B-w
2567 2567 K
2500 = 2500 AN 1 |
< % =
15 % at W R 40 % at W
* 2000 - - " 2000 > -
f\B-Zr
1500 B 1500 «—W,Zr -
(v-U, B-W)
1000 - 1000 - E
500 T T T T 500 T T T T
i 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
u (W) w zZr X(W) w
(a) (b)

Figure 3: (a) U-W binary phase diagram; (b) Zr-W binary phase diagram

At 2567 K, the solubility of W in liquid U and Zr is noticeable (15 at % and 40 % at,
respectively).

The global composition measured by WDS of solidified sample OUZr 1 is
00.385U0.101Z10.500Wo,014. Considering the measured composition of sample OUZr 1 without
taking into account the O contribution, a hypothetic metallic mixture Uy 164 Wo.024Z103512 1S
obtained. This composition on a ternary isothermal section of the U-W-Zr system at 2567 K is
in the liquid region (Figure 4).
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« o Sample OUZr_1

v
"
v
"
/
Lig.+B-W .
/
~ e —
0 0.2 0.4 0.6 0.8 1.0
zZr x(W) w

Figure 4: Isothermal U-W-Zr section calculated at 2567 K

However, the O is practically insoluble in W. Considering the global composition of sample
OUZr 1 at 2567 K, a two-phase equilibrium is produced between an O-rich liquid phase and
a B-W(Zr,eU) solid phase with a composition W 936Zr0.013Uo.001 (€U means that U-content is
negligible in this phase). The composition of the liquid phase, Og391Ug.102Z10 507, 1S the same
as that used for the calculation on sample OUZr 1 after applying the correction for W. W
preferentially stays in a solid solution in equilibrium with an O-containing liquid instead of
forming a single liquid phase.

During cooling, the composition of the B-W(Zr,eU) phase does not vary significantly. The
separated cooling path followed by the 3-W(Zr,eU) phase is reported in Figure 5.

1.0 ' 20 L .
-W(Zr,eU
09 B-W(Zr eU) i . I
0.8 - 2 164
o =
© 0.7 L % 14
e [0}]
Q. 0 Zl
B 0.6 - o 12 L
c Q.
% 0.5 + 5 10+
© c
& 0.4 - L g 8 =
z 8
[e] b =
203 L 5
0.2 - EO 4
014  ou (U p-2r) - 24 oY (o-U.p-Zr) -
| [ we
O T T O T T
@ 500 1000 1500 2000 @ 500 1000 1500 2000
TIK T/K
(a) (b)

Figure 5: (a) Cooling path followed by the B-W(Zr,eU) phase; (b) close up on the ternary reaction 3-
W(Zr,eU) 2 B-W + (YU,BZr) + W,Zr

At 1650 K, the ternary reaction B-W(Zr,eU) = [B-W + (YU,BZr) + W,Zr] takes place
(Figure 5b). This reaction corresponds to the formation of the W,Zr rings surrounding the
pure W shown in Figure 7 in Chapter 3. From the calculation, a negligible amount of (yU,BZr)
phase should also precipitates. In Figure 5b, the (yU,BZr) phase represents only 0.16 mol%.
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The detection of this phase is thus challenging. In fact, the analyses performed at the LMAC,
CEA Marcoule, did not show a clear presence of this phase.

It can be concluded that the correction for W applied to O-U-Zr samples is satisfactory,
leading to results in agreement with calculations performed taking into account the W
contribution.

The cooling path calculation performed on the B-W(Zr,eU) allows to explain the presence of
W,Zr rings surrounding pure W precipitates.

-229 -



References

[1]

(2]

[10]

M. Hillert, B. Jansson, B. Sundman, and J. Agren, “A Two-Sublattice Model for Molten
Solutions with Different Tendency for lonization,” Metall. Trans., vol. 16A, pp. 261-266,
1985.

N. Saunders and A. Miodokwin, Book, CALPHAD - Calculation of Phase Diagrams, A
Comprehensive Guide. 1998.

C. Guéneau, N. Dupin, B. Sundman, C. Martial, J. C. Dumas, S. Goss¢, S. Chatain, F. De
Bruycker, D. Manara, and R. J. M. Konings, ‘“Thermodynamic modelling of advanced oxide
and carbide nuclear fuels: Description of the U-Pu-O-C systems,” J. Nucl. Mater., vol. 419,
no. 1-3, pp. 145-167, 2011.

P. Liang, N. Dupin, S. Fries, H. J. Seifert, I. Ansara, H. Lukas, and A. F, “Thermodynamic
Assessment of the Zr-O Binary System,” Zeitschrift fur Met., vol. 92, no. 7, pp. 747-756, 2001.

M. Kurata, “Private communication,” 2014.

O. Fabrichnaya and D. Pavlyuchkov, “Assessment of Experimental Data and Thermodynamic
Modeling in the Zr-Fe-O System,” Metall. Mater. Trans. A, 2015.

T. S. Jones, S. Kimura, and A. Muan, “Phase Relation in the System FeO-Fe,05-Zr0,-Si0,,”
J. Am. Ceram. Soc., vol. 50, pp. 137-142, 1967.

R. H. G. A. Kiminami, “Estudo do sistema ZrO,-FeO-Fe,0; através da termogravimetria a
pressao parcial de oxygeno do ar e temperaturas de até 1500 °C,” Ceramica, vol. 33, no. 213,
pp. 207-210, 1987.

R. H. G. A. Kiminami, “Equiibrio de fases do sistema ZrO,-FeO-Fe,O; a pO,=2 10° atm,”
Ceramica, vol. 34, no. 223, pp. 121-123, 1988.

T. Katsura, M. Wakihara, S.-I. Hara, and T. Sugihara, “Some Thermodynamic Properties in
Spinel Solid Solutions with the Fe;0, Component,” J. Solid State Chem., vol. 13, pp. 107-113,
1975.

-230 -



Appendix D — prototypic in-vessel corium O-Fe-Pu-
U-Zr assessed thermodynamic model

Thermodynamic parameters for the assessed phases (J mol.™) ‘ Reference

3
2

Liquid : (Fez+,Pu4+,U4+,Zr4+)P[O_Z,Va,FeO/,O,Pquj

(@)

Gl = 2Ho™ —2H " [1]
G([Zez*)(ozv —Hy" [1]
Gl ey, —3H o™ —2H " 2]
Gy~ Hpi 3]
Gifooyor, ~4HG™ = 2H ™ [2]
Gy ~HO™ [3]
Gipioyorry ~4HG™ = 2H™ [4]
G(/Z‘”)(Va) - Hng [3]
G(’j;’eo%) —1.5H™ — H [1]
G([lg) -H SER [3]
Gfuoy = 2H™ = H" [2]
Llf?eu XO* Va) [1]
Lf?euxoz;m%) (1]
Ll(ifvez* YVa ,FeO%) [1]
Liko, 0 [1]
Ll([?ez*,Pu“)(Va) [5]
Ll(ijflfe2+ U YVa) [5]
Lo jieyory ==120000+100000(y .. = y,.. ) This work
LY. ey =—42000+3683(y .. = ¥,,..) This work
L e perm (6.7]
Ll(iz“ez* Uz Va) [8]
Lsrxoro 2]
Ll(izu3*)(02*,Pu02) [2]
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Lo reyor 2]
lfiﬂ+1ﬂ+x021fu0g [2]
Ll(igf“*)(oz'ya) [2]
Lexor o 2]
l#Z“XOLJMQ) [2]
L iy gy = =70000+40000(y,. = ,,..) [9]
lfzﬁ*xoﬁjh) [4]

”'q [4]

(Zr** Y 0*,0)

l(igr“* Y0 FeOy) [10]
L’("grﬂxoz,bpuoz) =50000 This work
Cubic mixed oxide (Fe,Pu,U,Zr)Oy.x-C :
(Fe** \Fe* ,Pu™ ,Pu* U™ \U* U, 2", 2¢* \O* Va), (07 Va)
GOt oy = 3H™ = H " =500000+807 This work
Grtars o) = 3HS™ — H M =80000+80T This work
Grrdes e . —Hy™ — H ™ =500000+807 This work
G e —H o™ — H " =80000+807 This work
GOl ey — 2H ™ — H " [10]
Gt o —2H ™ — P =0.5G " +0.5G)™ +82734+735T | This work
Girersvaxrmy ~ Hre [10]
Gieabe [ = —1.5G5™ +0.5GFE203+150000+9.35T This work

(Fe** YVa)Va)

oxide__cubic _ SER __ SER
G(Pu“)(OZW(oZ*) 3H, Hp,

[2]

oxide_cubic _ SER SER
G o o =3HY® —H}|

[2]

oxide_cubic _HSER _HSER
G(Pu“)(Va)(ozv % Pu

[2]

oxide_ cubic _ SER SER
G(Pu“)(Vaxoz') Ho Hp,

[2]

oxide_ cubic _ SER SER
Goe o —2H ™~ H )

[2]

oxide_cubic _ SER __ SER
G —2H® —H]

[2]

oxide_cubic SER [2]

(P Va)Va) Pu

oxide_cubic SER 2
G(Pu“*)(VaXVa) Pu 2]
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Goxide7 cubic

SER SER
U0 X0™) 3Ho ™ —Hy

[2]

oxide_cubic
w*xo* o™

SER SER
| —3H)" —H

[2]

Goxidei cubic
(U O0* Y0+

SER SER
| —3H® - H

[2]

oxide__cubic SER SER
G(U“)(Va)(OZ*) Hy Hy

[2]

Goxid67 cubic
(

SER SER
vxaxoy ~Ho  ~Hy

[2]

G oxide_cubic

SER SER
U YVa)0™) Hy" —Hy

[2]

oxide_ cubic
G(U-’* XO* XVa)

_ ZHgER _ HL.S/‘ER

[2]

oxide_cubic
G(U“+ X0 )Va)

_ 2HgER _ H[b]‘ER

[2]

_ 2H£ER _ H;ER

oxide__cubic
G(U5+ XO* XVa)

[2]

oxide_cubic SER
G(U‘”)(Va)(Va) Hy

[2]

oxide_cubic _ SER 2
G(U‘“)(Va)(Va) v 2l
oxide_cubic SER 2
G<U5*><Va><Va> v 2
o oy —3H O™ — H ™ = =263000+ 28T + G, +2Go™ This work
oxide_cubic SER SER 2 1
Gl o o =3H ™ — H M = -937342-49.9T +29.65TIn(T)-0.01T This work
+G N +2G "
Goe o — Hy™ — H™ = -263000+28T + G This work
GO e = Ho™ — H}™ =-937342-49.9T +29.65TIn(T)- 0.01T° This work
+ GSER
Zr
e vy — 2H O™ — H M = =363000+ 28T + 2G5 + Gy This work
oxide_cubic SER SER 2 1
ey ~2H O — H ™ =-1037342-49.9T +29.65TIn(T)-0.01T* | This work
+G R +2G "
oxide_cubic SER __ SER 1
o i — H3™ =-363000+ 28T + G This work
Gt —H ™ =-1037342-49.9T +29.65TIn(T)- 0.01T" This work
+ GSER
Zr
o ey = 3000004207 +210000(y .. = ¥,0.) This work
e ey = 500000 Hhis work
e ey =—T6667+28.9T This work
oxide__cubic [1 0]

(Fe*,Zr** Y O* Y(Va)

LoxideL cubic
(Pu* ,Pu* Y O* )(Va)

2]

LoxideL cubic
(Pu* ,Pu* YVa)Va)

[2]
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oxide__cubic
(Pu™ U YO YVa)

[2]

oxide_ cubic
(Pu*t U Y O* )Va)

[2]

Loxich cubic
(Pu*t U Y O* YVa)

[2]

LoxideL cubic
(P> U OPX*)

[2]

Loxideicubic
(Pu™ U* YVa)(Va)

[2]

L((JXidé’, cubic =+ 1 0000

Put  Zrt (0?7 )(Va)

This work

Loxideicubic
(U U0 (Va)

[2]

Loxide; cubic
(U4+ ,U5+ )(02— )(02—)

[2]

oxide_cubic — Th k
L U 2 O YT +200000 1S wor
oxide_cubic _
Lo o ey = +86234-34.36 T +12094 (¥, —,,..) [9]
oxide_cubic _ 1
L O o e = —430000 This work
This work

L(()Xide’f cubic _ _300000

U zr* 0> \Va)

Lteotie | ==221948+96.44803T —22085(y .. — ¥ ,..)

(27", Zr* (e

[8]

Tetragonal (Fe,Pu,U,Zr)O,-t : (Fe2+ JFe P U UY , Zr* \O* Va )2

Gt —2H — (10
G, —2HG™ —Hp* =0.5G 100 +Go™ +150000+9.357 This work
G —H " = GWUSTITE—Gy™ +120000 +11.5263T This work
Gt —H " = 0.5GGFE203-1.5G;™ +150000+9.35T This work
Goniien = 2H™ — Hp™ = G | +40000 This work
G —Hp = Gl o ) T40000—2 G5 This work
Goisol —2HG™ —Hy™ =G sl +40000 [9]
Gl —Hy™ = Goie ol —2Go™ [13]
G, —2H ™ — H™ [4]
G(”;ile;(t;;r) —H* = G/ ;ff;(tgf,) -2G™* [13]
L(();Z;iitze::*)(oz_) — 130000 This work
This work

Laxide; tetr ) — _40000

(F> .2 Y 0*

L{()xideitetr = +41176-32.93T

U4+ ,Zr4+ X 02—

[9]

Monoclinic (Fe,Pu,Zr)O,-m : (Fe2+ JFe* Pu*t, Zr* XOz_ Va )2

GOt —2H ™ — H 3" [10]
Gorgemore 2 HIR — Hy® =0.5G - +0.5G5™ +200000+9.357 | This work

(Fe )\ 0*) (Zr* \O* X Va)
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e~ H [10]
G —2H ™ — H " [10]
GOl = 2H ™ — Hp M = GO, +45000 This work
G —2HG™ — H " [4]

G oxide_mono _ H;VER — (Goxide_mono _ ~ GgER [13]

(Zr** Y(Va) (Zr** ) 0*)

Pyrochlore Zr,Pu,O74 : (27”4+ )2 (P 't )2 ( " )7 ( ” )

pyrochlore - SER SER SER
G BHE® — 2 HS _2 H5!

(Zr4+ XPM3+XO2— )(02—)

[11]

pyrochlore _ SER __ SER __ SER
G ooy —SHY™ =2 H ™ —2 H)!

[11]

pyrochlore _ SER SER SER
GIIrs oy — THS™ =2 H —2 H)

[11]

pyrochlore _ SER __ SER __ SER
G(Zr‘”)(Pu"*xoz*)(Va) THo™ =2H," —2H,,

[11]

Corundum : (Fe2+ JFe*t, zr* )2 (Fe3+ ,O* Va XO% )3

[11]

corundum SER SER
G(Fe“)(Fe“)(oz*) 3" —3H,

[12]

corundum SER SER
Grryoryory ~2Hr —4H,

[1]

corundum SER SER
Gt o —Hp —3H

[1]

corundum SER SER
o oy —3HN=3H

[12]

corundum SER SER
Gre'yoryory “2Hr" —4Ho

[1]

corundum SER SER
Giroxmaxory ~Hre —3Ho

[1]

G corundum =2 H)® —4H)™ =2 G”xfde—"w";’ +255468 —AT

(Zr4+ )(02— )( 02— (Z’/H )( 02—

This work

G oy = 2H™ —4H™ =2GIE v — G +255468 — AT

(Z™* Y Va X 0* (Z* Y0y

This work

Hcp a-(Fe,Pu,U,Zr)(O) : (Fe,Pu,U , Zr)(O, Va)0_5

hep SER SER
G, o —HS™® —0.5H]

Fe

Not assessed

hep SER
G(Fe)( Va) _HFe

Not assessed

G0y —HpX —0.5H™ [13]
Gl —H3" [13]
Gl o) —HY™ —0.5H ™ [13]
G(h;?%) ~H™ [13]
G o) —H)™  —0.5H ™ [13]

hep SER
G(Zr)(Va) _HZr

L?;{;,Pu)(Va) [5]
Lhcp [7]

(Fe,Zr)(Va)
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L vy [14]
L zoxay [13]
LY 0, = —265000 This work
L zoxv [14]
LZxomm [13]

Spinel : (Fe**,Fe*,z+* | Fe** ,Fe** Va),(Fe* Va),(0%),

G:ng/)( rexryoiy ~OH SR 4 HO® [1]
G:j:i:;fl)(Fe“)(Fe2+ yory OH e —4HG" [1]
Gerersaxrerxory ~3Hr —4H™ [1]
Gt rexvaxory ~ 3 —4H™ [1]
G(SII;;fI)(Fe“ XVaxo*y 3H§fR — 4H(§ER T
G:ﬁg*d)wa XVa)0*) ~HR -4 H® i
G ;fé(&“)( reyory T OH re —4H ™ [1]
Gt roxmooyory ~SHr —4HG" [1]
G s retoyory ~3Hr" —4H" [1]

spinel
G(Fe“)(Fe“)( Va ) O*~

) —3HR —4H*

[1]

spinel SER SER
G(§e3*)(Fe3*)(Vax02’) -3H;" —4H, [1]
spinel SER SER
G(Fe“)(Va)(Va)(o%) _HFe _4H0 [1]
spinel SER SER SER
G(Z“*)(Fe“)(Fe“)(oz’) —4H," —4H," —H, [10]
spinel SER SER SER
Gy ryory 4 p” —4Ho " = H, [10]
spinel SER SER SER _ ;
G(;Aw(mxpezw(ozn —2H® —AaH* —H)™ = This work
Gl nls + 2GWUSTUITE + 75468 — 4T
spinel SER SER SER _ ;
Gy e a0y ~2Hpe —4Hy" —H," = This work
Gl oy +2GWUSTUITE + 65468 — AT
spinel SER SER SER __ oxide_mono SER 1
G(;r‘“)(Fe3+ YVax 0>y 2Hp  —4H," —H," = G(Zr‘”)(OZ’) —Go This work
+GFE203+2GWUSTUITE+105468+11.8767T
spinel SER SER __ oxide_mono SER 1
G vaxvaxory ~ AH™ —H ™ = G v +2Gy™ +5468 — 4T This work

The parameters GFE203 and GWUSTITE can be found in [12].
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Appendix E — ICP-MS results

Material | B | Na | Mg | Al | Si | Ca| K | Ti \Y Cr Mn | Fe Co | Ni| Cu| Zr | Mo Sn Hf | Pb | W Tl Bi
AlLOs | 1.2 |35 (18| / | 15| 3 |[ND|O0.15|<0.1| 0.8 0.4 8 |<0.1{02| 25 |<01|{<0.1| ND | ND |<0.1| 0.2 |<0.1]<0.1
CaO 06 |45 20 | 5 | 15| / |[ND|<0.2|<02| 09 0.6 10 |<0.2|0.8 |<0.2|<0.2|<0.2| ND <l [<0.2|<0.2]<0.2|<0.2
Si0, 12 |40 | 1.1 | 20 | / |05 |ND|<02|<02]| 0.8 12 | 54 | 02 |08|<02| 04 |<0.2| ND <l [<0.2|<0.2]<0.2|<0.2
UO," |<02|ND| <1 | <1 |<2| 2 |[ND|<0.7]| <1 5 <l 5 <1 8 | <l | ND | <1 <1 ND | <2 [<0.5| ND | <1
V4{0)} 04 IND| 05| 2 5 3 108] 03 |<01] 02 |<0.1 2 |<0.1(0.1] 0.2 /| <0.1] <0.1 10 | <0.1| ND | ND | ND
Fe;O; | 04 |{ND| 03 (3510 | 8 [ 45| 15| 03 3.5 0.4 / 1 |24 17 |<0.1| 0.1 | <0.1 |[<0.1| 0.1 | ND | ND | ND
Fe 03 IND| 02 |12|35(06|08] 06 | 04 1.6 0.8 // 0.7 |1.0] 04 |<0.1 |<0.1] <0.1 |<0.1| 0.1 | ND | ND | ND
U <02 5 |<02] 15|20 |05 |ND| 04 | 2.1 20 2.7 25 | ND | 25] 10 |<0.2| 30 ND <l | 60 | 150 | 7 0.4
Zr 03 |[ND| 05 08| 10| 2 I [ 05105 35 3 150 1 35 4 /] <0.1| 120 35 |<0.1 | ND | ND | ND
ZtVA | ND IND| ND [ND|ND |ND |ND | ND | ND | <0.005 | ND [ 0.008 | ND |[ND| ND | ND | ND | <0.005| ND | ND | ND | ND | ND
Table 1: ICP-MS results. The results are given in pg/g. ND = not detected. " = lot n° 428 measured by COGEMA Pierrelatte (Analyse TU2 n° 039)
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Appendix F — HgCdTe detector calibration and
error analysis

Calibration of the HgCdTe detector

Because the HgCdTe captors ar not linear, a calibration is needed to monitor the temperature.
The raw signal from the HgCdTe is sent to a pre-amplifier, where the linearization is done
electronically. The linearity is valid in a certain range of incident radiant flux. The linearity of
the captor (output signal vs. spectral radiance) can be considered valid across all the
sensibility range of the detector. A low temperature calibration (i.e., up to 1373 K) was
performed to verify the validity of the linear response of the HgCdTe detector. It is interesting
to perform calibrations at different wavelengths by interposing narrow high-pass/low-pass
interferential filters. This reduces considerably the incident radiance flux, and therefore
prevents the saturation of the captor. The acquisition setup used for the calibration is shown in
Figure 1.

| Interferential filter ‘ ‘ ZnSe lens ‘

LabView application

Cavity Blackbody.

N‘\/M
")
m-
2

|
| Time (s)

CPU

Diaphragm

‘ Chopper controller ‘

Lock-in Amplifier
Output HgCdTe o @

?

Synchronised output

Figure 1: Schematic representation of the acquisition setup used for the HgCdTe calibration

The blackbody used for the calibration was a HGH® RCN 1200 N1 of which the main
technical characteristics are reported in Table 1.

Model Emissivity Tmax / K Dimensions
& of the Cavity
® (mm):
HGH™ RCN 1200 N1 >(.99 1473 25.12.5. 6,3, 1.5,
0.7

Table 1: Technical characteristics of the cavity black body used for the HgCdTe calibration
The black body was set at different temperatures. The saturation of the HgCdTe captor was

avoided by settling an optical diaphragm between the HgCdTe and the black body. The
calibration curves obtained at 10 pm and 12.214 um are reported in Figure 2 a-b.
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Figure 2: Calibration curves for the HgCdTe detector. (a) 10 um; (b) 12.2 pm
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The validity of the linearity assumption is verified at both the reported wavelengths. Then, the
HgCdTe detector can be used as a thermometer: the recorded analogic output and the radiance
temperature of the observed object can be directly linked by resolving the system of equation
reported below:

U(L)= A+ BL(A,T,)

C 1 c 1
LAT) = ST =2 1)
A c, A Bc,
exp -1 In| 1+ —+—
AT, 2 (U - 4)

where U(L) is the analogic output showed on the LabView" application (i.e., an electrical
tension in volt) and L(4,T,) is the spectral radiance. The resulting expression in Equation (4)

permits to obtain the temperature of the observed sample directly from the output of the
HgCdTe detector.

In the limit of the so-called Wien’s approximation (see Appendix A) the Planck function can
be simplified:

1 1
LAT)=" 5~ @)

A e © | ﬂse ©
®loar, ®lar,

This expression is accurate for short wavelengths and for low temperatures and is better than
1% if AT<3100 um-K. Erminy [1] showed that the Planck function can be approximated with
different equations, depending on the A-7 product. However, in the present case, none of the
proposed expressions can be applied (Figure 3).
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Figure 3: Accuracy with which four selected equation approximate the blackbody spectral radiance
[1]. The current range of work is represent by the red region

Even using the Extended Rayleigh-Jeans approximation [1], a minimum error of 2 % affects
the final result.

Alternatively, fixing the wavelength, the Planck function can be approximated with a
polynomial expression. Figure 4 shows the accuracy with which a linear and a quadratic fit
approximate the Planck function at 10 pm between 1000 K and 3200 K.

6
] L=Bx105*T-4.35L<10°
5 2 5, 8
l L=20.5*T*+7.15x10**T-3.57x10
4
3 -
LI linear fit
L/. /
1 _ )(parabolic fit -
0 \ _?<
B /
2 . . . .
1000 1500 2000 2500 3000
T/IK
Figure 4: Relative accuracy (in %) of a linear and quadratic approximation at 10 um between 1000 K
and 3200 K

The parabolic fit replaces the Planck function in the system of equation (1):

U(L)= A+ BL(A,T,) g, _"bB +./(bB)? —4(cB)(A+aB-U(L) 5
LAOum,T,)=a+bT, +cT,>  * 2cB

where a, b and c are the coefficients of the parabolic fit in Figure 4. The solution with the
physical meaning is retained as the measured radiance temperature. Using the definition of
radiance temperature reported in Appendix A, one can deduce:
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Using the quadratic approximation reported in Figure 4 and the radiance temperature
calculated in Equation (3), the real temperature can be derived:

~bt b —4c(a-L,,)
2c

a+bTl, +cT;

a+bT +cT? = =L, = T=
e(A,T) :

()
where ¢(4,7T) is the emissivity of the observed object.

Error analysis

In order to quantify the propagation of the errors in the estimated true temperature, a rigorous
error analysis has been performed in collaboration with F. Gamboa (IMT, Institut de
Mathématiques de Toulouse).

The main sources of error are the following:

Bias due to the approximation of the Planck distribution at 10 pm between 1000 K and
3000 K with a quadratic function;

Determination of the slope and the offset, A and B, in the linear relation between the
HgCdTe output and the radiance (see Section 6.3);

Estimation of the emissivity of the investigated sample.

The quadratic approximation of the Planck function has been performed by a least square
approximation on the considered range of temperatures. Roughly speaking, the quadratic
function obtained may be considered as some rough second order Taylor approximation of the
Planck function.

Using the parabolic fit in Figure 4, the maximum deterministic error on the approximation is
observed at the temperature of 1000 K. This reminder of the rough Taylor expansion has been
obtained numerically, and corresponds to the maximum deviation from the Planck
distribution in the considered range of temperatures. In the present case, the maximum
deterministic error can be written as:

|z —rrer)| <e = [L@A000K) - L7 (1000K)| <3.17-10° Wum™ m™ sr™ (6)

This bias propagates into the estimated radiance temperature7’ . by inverting the
approximated Planck function. The maximum deterministic error on 7, can be written as:

~ e .
TA_TA‘Sm_e_éLQ’K (7)

where T,,;,=1000 K to consider the most conservative case.
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In parallel, the estimation of the radiance temperature is affected by the stochastic
contribution coming from coefficients A and B in Equation (1). The estimated radiance
temperature can be expressed as:

. —bB+(bB): ~4(cB)(A+aB-U)
T, = ‘
2¢cB

= ¢(21,z§,0) (8)

~

The vector (A, B,U ) can be represented by a normal distribution of dimension 3, N3:

r o 0
Lo o ©)

. . . . . ~ A . 2 . .
where [ is the covariance matrix of dimension 2 between 4 and B, while o, is the variance

zN3

Q)%)ﬁ;)
T W o

of the raw HgCdTe signal U. In the hypothesis of small ¢, and small /" (which means that the
eingenvalues of /" are small), the A-method [2] is applied to obtain the estimator of the
variance of the estimated 7 L =@ 121, f)’,(} ):

2 2 2
Var@z a—¢ 0';+ (3_(0 Var A+ 5_(0 Varl§+a—(p 6—¢ Cov(zzl—A,é—B)Jro(l)
ou|, 04|, OB|, 0A| ,0B|,
(10)
where o(1) is a small remaining term.
The variance of 4, B and the covariance term can be expressed as:
- L L Lo,(U
Var(A):aoz(Ul)£1+ - 1 2]— 19 22)(1—L1) (11)
(Lz _Ll) (Lz _Ll) (Lz _Ll)
- 1
VGV(B)=W(O'§(U1)+O'§(U1)) (12)
A a L ol (U))
Cov(4,B)=———(c.(U)+0o.(U,))- > 13
(4.B) === @ U+ U - T (13)

where L;=L(10 um, 298 K) and L,=L(10 um, 2328 K) (see Section 5.3) and U; and U, are the
HgCdTe voltages used to estimate the unknown parameters A and B. The resulting estimated
standard deviation is

G, = Var(T),). (14)

The estimator of the radiance temperature can be finally written as:
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T, =(T, +bias)+ 6, & (15)

where bias=e’ (Equation 7). If § ~ N(0,1), with a probability of 95 %, the estimated standard
deviation lies between +2¢:

6, éel-20,20]. (16)

With a probability of 95 % and considering the most conservative case, the radiance
temperature 7 lies within

Tﬂe[f}—e'—2a,f}+e'+2aj. (17)

The last step consists to propagate the previous error and the error on the emissivity
estimation in the estimator of the true temperature 7" :

(b+e(T 4T,)) ‘YA’&—TA‘ F(a+bT+eT?)|e -4

T-T _ . (18)
Eb+c(T+T))
Considering the most conservative case, it can be written:
. K, K, | .
‘T—T‘SE‘TA—TAMZLS—E (19)
K, =&(Mb+2cT,,)
K, =b+2cT, . (20)
K,=a+bT,, +cT.,
With probability 0.95°=0.9025, the true temperature lies within the range:
~ K K . K K
Te|T-—2(e+20)-2—"20,,T+—>(e+20)+2—0, (21)
K, K, K, K,

For example, the true temperature of a sample with an estimated emissivity 0.9+0.045 and an
estimated radiance temperature of 2000 K is 2158+98 K with a probability of 0.9025. It must
be pointed out that 86 % of the reported error bar is due to the estimated emissivity.

The Christiansen wavelength

For opaque materials, depending on their electronic configuration, the reflectivity becomes 0
at the Christiansen wavelength [3]. By definition, the Christiansen wavelength is the
wavelength where the refractive index is unity and the extinction coefficient in very small. At
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this wavelength, applying the Kirchhoff’s law (see Appendix A), the emissivity is equal to 1.

The material reaches a quasi-blackbody condition.

For oxides, the Christiansen wavelength is in the infrared range. Table 2 reports the
wavelength range where the normal spectral emissivity €0.99 for Al,O3 and ZrO,.

Wavelength range

Material Christiansen wavelength Reference
where £>0.99
AlLO; 9.5 pm 8.7-10.2 [4]
ZrO, 12.8 pm 12.6-12.9 [4]

Table 2: Christiansen wavelength of Al,O; and ZrO,

The variation of the Christiansen wavelength towards temperature in oxides is limited [5].
This property can be used to obtain directly the true temperature by interposing an
interferential filter between the HgCdTe detector and the sample. The selection of the
wavelength depends on the nature of the sample.
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Etude thermodynamique du corium en cuve —

Application a ’interaction corium/béton

Résumé en francais

1 Introduction

Pendant le fonctionnement normal d’un réacteur a eau pressurisée (REP), les produits
radioactifs (combustible nucléaire, produits de fission, ¢léments transuraniens) sont
physiquement séparés de I’environnement par trois barriéres de confinement (Figure 1) :

- la gaine du combustible en Zircaloy (1);
- le circuit de refroidissement primaire (2);

- le batiment contenant la cuve du réacteur (3).

Steam
generator

Pressuriser

Control
rods

Figure 1 : Schéma d’un réacteur a eau pressurisée (REP)

Lors d’un accident, I’endommagement d’au moins une de ces barriéres de confinement va
conduire a la perte d’étanchéité du réacteur. Un accident peut évoluer vers un accident grave
si le fonctionnement nominal du réacteur n’est pas rétabli. Si par exemple, le liquide
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caloporteur n’évacue pas efficacement la puissance résiduelle, la température extérieure de la
gaine de combustible peut monter en quelques secondes jusqu’a 1073 K. A cette température
les absorbants neutroniques fondent en formant un mélange (Ag, In, Cd) qui peut alors
interagit avec le Zircaloy et la gaine en Inconel des barres de commande. A 1473 K
I’oxydation exothermique des gaines de Zircaloy entraine une augmentation incontrolée de la
température : le combustible nucléaire est alors progressivement dissout et réduit par le
Zircaloy liquide. Par conséquent, déja en-dessous de 2273 K, le cceur perd déja sa tenue
mécanique.

La formation d’un mélange oxyde-métal au fond de la cuve du réacteur, appelé corium en
cuve, est la conséquence directe des interactions chimiques a haute température entre les
assemblages de combustible, les absorbants neutroniques et les éléments structuraux du
réacteur. Dans les réacteurs REP de troisieme génération, la rétention du corium « en cuve »
est la stratégie choisie en cas d’accident grave. La rétention et le refroidissement de ce corium
dans la cuve reposent sur le maintien de I’intégrité de celle-ci.

L’existence d’une lacune de miscibilité a 1’état liquide dans le systéme « corium en cuve » [1]
entraine une configuration de bain en fond de cuve menant a la stratification d’un liquide
métallique et d’un liquide oxyde (Figure 2a).

Radiative heat transler

Yy L/

ata el i Light metal layer
=
2L
Sel

Oxidic 'ci‘u's 0

¢ - Heavy mie_m]_ 1ja'}-'c.r oo

Water ;
= =5 Wessel wall -

(a) (b)

Figure 2: Configuration stratifiée du corium en cuve. (a) Liquide oxyde en dessous du liquide
métallique ; (b) formation d’un liquide riche en éléments lourds au fond de la cuve [1]

En fonction du degré d’oxydation du Zr, du rapport U/Zr et de la quantité d’acier dissout dans
le mélange liquide, une troisieme phase liquide métallique enrichie en uranium peut se former
en dessous du liquide oxyde [1] (Figure 2b). Ce phénoméne entraine la diminution de
I’épaisseur de la couche métallique supérieure. Or, en 1’absence d’eau a I’intérieur de la cuve,
cette couche transmet environ 60 % de la puissance résiduelle vers 1’interface entre la cuve et
le liquide métallique [2]. Il s’en suit un phénomeéne de concentration de flux de chaleur,
appelé focusing effect, au niveau de cette couche métallique vers la surface intérieure de la
cuve. L’intégralité de la cuve est alors assurée seulement si le flux transmis peut étre extrait
par ’eau a I’extérieur de la cuve. En général, le flux critique est autour d’une valeur de 1’ordre
de 1.5 MWm™ [1,2]. Ces valeurs sont obtenues en couplant des données thermochimiques a
des modéles thermo-hydrauliques. L’incertitude liée a la composition chimique des liquides
métalliques et oxyde affecte ces résultats : une meilleure description thermodynamique du
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systéme « corium en cuve », en premiere approximation U-Pu-Zr-Fe-O, est nécessaire
pour améliorer la qualité des calculs et ’exactitude des simulations.

La rupture de la cuve méne a I’étape suivante de 1’accident grave, 1’interaction corium/béton
(ICB), qui se traduit par une ablation progressive du béton par le corium. Au début, ’'ICB est
contrdlée par le corium surchauffé qui chauffe le béton. Le CO; et la vapeur d’eau relachés du
béton vont interagir avec le corium. Par la suite, la puissance résiduelle devient la source
principale de chaleur.

Du point de vue chimique, les constituants du béton (Al,O3, CaO, MgO, SiO,, H,O et CO,)
doivent étre ajoutés au systéeme complexe « corium en cuve ». Le « corium hors cuve » peut
étre défini comme le mélange résultant de 1’interaction entre le béton et le corium en cuve.
Par conséquent, en premiére approximation, le systéeme U-Pu-Zr-Fe-O-Al-Ca-Si peut étre
considéré comme prototypique du cas réel.

La conception de la cuve du réacteur ainsi que les études sur la gestion du scénario accidentel
reposent sur la connaissance des propriétés physico-chimiques du corium en cuve et hors
cuve. En effet, les données thermodynamiques sur le corium sont indispensables pour
I’estimation de propriétés thermo-physiques du bain liquide en cuve et/ou hors cuve, comme
par exemple, la viscosité et la tension de surface.

Dans ce cadre, 1’objectif de cette thése est de contribuer a 1’amélioration du modele
thermodynamique du systéme prototypique corium en cuve, U-Pu-Zr-Fe-O. Aprés une
analyse critique des données de la littérature, un programme expérimental a été mené pour
obtenir de nouvelles données de diagramme de phase a haute température (T > 2000 K) dans
les sous-systemes U-Zr-O, Fe-Zr-O, Pu-Zr-O, U-Zr-Fe-O et U-Pu-Zr-O. Ces résultats, ainsi
que les données sélectionnées dans la littérature ont été utilisés pour la réévaluation du
modele thermodynamique du corium en cuve prototypique par la méthode CALPHAD ([3.4].
Ce modele couplé a la base de données thermodynamiques TAF-ID [5] a été utilisé pour des
calculs d’application sur des mélanges corium hors cuve. En parallele, le montage
expérimental ATTILHA (Advanced Temperature and Thermodynamic Investigation by Laser
Heating Approach) a été congu et développé pour disposer d’un moyen de mesure de
températures de transition de phase a trés haute température (T>2000°C). Il s’agit d’un banc
de chauffage par laser couplé avec la technique de 1évitation aérodynamique.

2 Etude bibliographique

Corium en cuve

Une partie importante de cette thése a été dédiée a la revue critique des données de la
littérature disponibles sur les systémes chimiques du corium. Le systtme U-Zr-O a été
largement étudié pour caractériser 1’interaction entre le combustible nucléaire UO, et la gaine
en Zircaloy. En particulier, a partir des années 1950, la section UO,-Zr a fait I'objet de
nombreuses études pour déterminer la température de formation de la phase liquide et la
limite de solubilité¢ de ’oxygene dans la phase liquide. L’extension du domaine d’existence
de la phase liquide a été longtemps au centre du débat. En 1997, Maurizi [6] a déterminé la
position du liquidus a 2273 K dans le diagramme de phase ternaire U-Zr-O. Cette étude a
montré que la solubilité de ’oxygene dans le liquide est plus faible que ce qui était supposé
dans les études précédentes [7]. A plus haute température, le systéme U-Zr-O est caractérisé
par la présence d’une lacune de miscibilité a I’état liquide [8]. Cette lacune est une des causes
principales de la stratification du corium en cuve. Néanmoins I’extension de la lacune n’est
pas bien connue. La plupart des auteurs ne reporte pas les compositions chimiques des deux
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liquides a I’équilibre. La seule conode disponible en littérature a été obtenue en 1998 par
Guéneau et al. [9] a 3223+100 K. En conclusion, de nouvelles mesures de données sur la
lacune de miscibilité sont nécessaires pour améliorer le modéle de la phase liquide. Le sous-
systtme UQO,-ZrO, a ¢été aussi largement étudié, car il est caractéristique d’un corium
complétement oxydé. Le modéle thermodynamique de Baichi [10] est satisfaisant et en
accord avec un trés grand nombre de données expérimentales.

Le mélange U-Zr-O formé pendant ’accident peut ensuite interagir avec les structures
métalliques du réacteur. Si on considere le cas simplifi€ d’un corium en cuve prototypique, U-
Zr-Fe-0, les systémes ternaires U-Fe-O et Fe-Zr-O sont les systémes les plus importants. En
ce que concerne le systeme U-Fe-O, les études expérimentales sont rares. Le contrdle de la
composition des échantillons est difficile a cause des nombreux états d’oxydation du Fe et de
I’U. Le peu de données disponibles sur ce systéme sont se situent dans la région oxyde du
diagramme ternaire. La partie du diagramme ternaire prés du binaire Fe-U (donc avec une
basse teneur en oxygene) est inconnue. Les mémes considérations peuvent étre faites sur le
systéme Fe-Zr-O. Treés peu d’études expérimentales sont disponibles dans la littérature. La
partie oxyde du diagramme ternaire a été la plus étudiée. Des données thermodynamiques, en
particulier des pressions partielles d’oxygeéne dans la région FeO-Fe;04-ZrO,, ont été
mesurées [11]. La modélisation thermodynamique de ces systémes s’appuie donc sur trés peu
des données expérimentales. En conclusion, la nécessité de mesurer de nouvelles données
expérimentales est évidente. En particulier, le manque de données thermodynamiques et de
diagramme de phase dans la partie pauvre en oxygene limite la qualité de la modélisation
thermodynamique associée aux systemes ternaires U-Fe-O et Fe-Zr-O.

Si ’on considére un combustible nucléaire MOx (mélange UO,-PuQ;), le Pu doit étre
également ajouté au systéme représentatif du corium en cuve. Néanmoins les systemes
contenant du Pu sont difficiles a étudier, principalement a cause de la radiotoxicité du Pu. Il
existe un nombre réduit d’études sur le systeme Pu-Zr-O. La section PuO,-ZrO; a été étudiée
surtout dans les années 1960. Le diagramme de phase reste assez incertain. En fonction de la
composition exacte de 1’oxyde de plutonium (plus ou moins réduit) — PuO,-ZrO, ou PuO; 4-
71O, « — le diagramme de phase correspondant est tres différent [12]. Plus récemment, Albiol
et al. (albiol) ont étudi¢ la partie riche en ZrO, de la section PuO,-ZrO, entre 1273 K et
1513 K et ont montré que du PuO, peut étre solubilisé dans les trois formes allotropiques du
ZrO, (monoclinique, tétragonale et cubique).

Corium hors cuve

Lors de I'ICB, de nombreux phénomenes se produisent : la décomposition du béton, le
transfert de chaleur par mouvements convectifs, la formation de nombreuses phases,
I’oxydation de métaux, etc. La dégradation du cceur du réacteur et 1’interaction entre le
corium en cuve et le béton ont été largement étudiés. Les phénomeénes principaux qui ont été
étudiés sont [13] :

- la dégradation du cceur du réacteur ;

- le relachement des produits de fission (PF) ;

- ’interaction corium-eau (ICE) ;

- Pinteraction corium-béton (ICB) ;

- I’étalement du mélange corium+béton sur le récupérateur de corium (configuration EPR).

Ces expériences ont permis de bien caractériser les phénomenes se produisant lors de
I’accident. La plupart de ces études sont conduites dans une configuration « grande échelle »
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pour pouvoir reproduire au mieux les conditions réelles de 1’accident. Dans cette
configuration, les rares données thermochimiques sont influencées par les gradients de
température et de composition.

3 Thermodynamique du systeme prototypique corium en cuve

L’¢tude thermodynamique du systetme complexe U-Pu-Zr-Fe-O est basée sur la méthode
CALPHAD [14]. Cette méthode permet de modéliser les fonctions thermodynamiques d’un
systeme a partir d’une sélection de données expérimentales significatives. Dans ce cadre, de
nouvelles données expérimentales ont été obtenues dans les systémes U-Zr-O, Fe-Zr-O, U-Zr-
Fe-O et U-Pu-Zr-O. La modélisation thermodynamique du systéme corium en cuve a été
ensuite effectuée. Enfin des calculs de chemin de solidification a 1’aide de ce modele ont été
effectués pour interpréter les microstructures observées pendant cette campagne
expérimentale.

Méthodologie

La méthode CALPHAD (Calculation of Phase Diagrams) permet de développer un modele
thermodynamique d’un systéme chimique a partir de données expérimentales sélectionnées
grace a une analyse critique préliminaire des données de la littérature. Si ces données ne sont
pas suffisantes, des mesures sont réalisées pour obtenir de nouvelles données (Figure 3).

Théorie +— Estimations +«— Expériences
Quantique ATD, Calorimétrie,
Mécanique I = I FEM, Pression de vapeur,
Statistique Modé¢les Métallographie,
Thermodynamique avec des paramétres Diffraction des rayons X
T ajustables
18
E —
| %
| 2
]
1O
Lmm
Bases de donnée
stockées,
Publications
Equilibre [«
Yy
. Représentation
Applications graphicue

Figure 3 : Représentation graphique de la méthode CALPHAD
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L’atout de cette méthode est la possibilité de prédire le comportement de systemes multi-
constitués par extrapolation de systémes binaires et ternaires.

Etude expérimentale

Pendant cette thése, de nouvelles expériences ont ét¢ effectuées, notamment :

- Des traitements thermiques a 2567 K sur 4 échantillons dans le systéme U-Zr-O pour obtenir
des données d’équilibre de phases ;

- Des mesures de température de fusion, par chauffage laser, sur 3 échantillons dans le
systeme U-Zr-O et sur 6 échantillons dans le syst¢eme Fe-Zr-O en collaboration avec I’Institut
des Transuraniens (ITU) en Allemagne dans le cadre du projet TALISMAN ;

- Des mesures de température de fusion par chauffage laser sur 6 échantillons dans le systeme
UQO;-Pu0,-ZrO; en collaboration avec I’'ITU en Allemagne ;

- L*¢laboration par four a arc d’un échantillon de corium en cuve (UO;,-ZrO;-Zr-Fe) ;

- Des traitements thermiques a 2500 K sur 2 échantillons de corium hors cuve (UO,-ZrO;-
Al,03-Ca0-Si0,) avec différentes teneurs en SiO,.

Tous les échantillons ont été caractérisés au LMAC a Marcoule par microscopie électronique,
EDS et microsonde électronique pour identifier les phases a 1’équilibre.

Systeme U-Zr-O

Les compositions initiales des échantillons étudiés pendant la theése sont reportées sur la
Figure 4.

0,000

= Traitement thermiques

s Chauffage laser
0.25

0.75

8
B A
1,001 — Y Y8
0,00 0,25 0.50 0,75 1,00
U X(Zr) Zr

Figure 4 : Compositions initiales des échantillons U-Zr-O étudiés pendant la thése

L’analyse de la microstructure des 4 échantillons trempés dans le systéme U-Zr-O a permis de
déterminer les phases a I’équilibre a 2567 K. Deux échantillons (OUZr 1 et OUZr 4)
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montrent une microstructure dendritique homogene, typique d’un liquide refroidi trés
rapidement (Figure 5). La présence de W dans les échantillons solidifiés est due a
I’interaction entre le creuset en W et I’échantillon liquide.

Figure 5 : (a) Image MEB en ¢électrons rétrodiffusés (BSD) de 1’échantillon OUZr 1 ; (b)
Agrandissement de la microstructure dendritique ; (c) les trois phases identifiées : (U,Zr)O,., a-
(Zr,U)(O) et une phase métallique enrichie en U

,’. \ G ‘,‘-’ ey - b o - SR 4 g » 5 ] g Y > ’.:_: o g 4{ :é
v A A LR B TR v A N g ,&%m&%
Figure 6: Image MEB en électrons rétrodiffusés (BSD) de la coupe transversale de I’échantillon

OUZr 3 solidifié, montrant la séparation et la stratification entre le liquide oxyde (partie supérieure) et
le liquide métallique (partie inférieure)

En revanche, les échantillons OUZr 2 et OUZr 3 présentent une microstructure avec deux
couches distinctes stratifiées (Figure 6). Les analyses effectuées par microsonde €lectronique
et par analyse dispersive en énergie (EDS) révelent que la zone supérieure est enrichie en
oxygene et la zone inférieure est enrichie en éléments métalliques. Cette configuration est
typique de la formation de deux liquides immiscibles refroidis trés rapidement. La
présence d’une lacune de miscibilité a I’état liquide a été ainsi confirmée. Il s’agit d’un
équilibre entre un liquide oxyde et un liquide métallique. L’étendue de cette lacune en
composition et en température est un des parameétres clés qui détermine la présence de ces
deux phases liquides dans le corium en cuve. Grace a ces nouvelles données expérimentales,
I’extension de la lacune de miscibilité a 1’état liquide dans le systeme U-Zr-O est maintenant
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mieux connue a 2567 K. Les résultats obtenus par traitement thermique sont présentés dans le
Tableau 1.

Les échantillons étudiés par chauffage laser en collaboration avec I'ITU se situent dans la
section UO,-Zr, du c6té riche en Zr. Une description détaillée de la technique de chauffage
par laser est publiée dans [15]. Les résultats obtenus (en température de luminance)
présentent une excellente reproductibilité. De ce fait, on peut conclure que les conditions
expérimentales utilisées pendant les essais ont permis de ne pas évoluer en composition, tout
en gardant [D’intégrit¢ mécanique des échantillons. Pour deux échantillons (OUZr 7 et
OUZr 8), le pyrométre a mesuré deux arréts thermiques (Figure 7). La source majeure
d’incertitude est I’estimation de I’émissivité des échantillons. Les résultats de chauffage laser
sur le trois échantillons U-Zr-O sont reportés dans le Tableau 2.

2400 sample OUZr 8 under Ar, pulse c 10000
iz ¢ 0 ISR BN, NOUY SR SRS Y . . .
2200 4 1% thermal arrest J 8000
- / |
218 / _2thermal arrest | =
X 2000 L / { 6000
] - bl : g
51900 4 jall : - 5
k: - : : : : &
i S
1700 -
1600 10 - 2000
1500 —emy
1400 ——— T —————— 0
7.5 8.0 8,5 9,0 9,5 10,0 10,5 11,0

time /s
Figure 7: Thermogramme obtenu sous argon sur I’échantillon OUZr_8. Pendant le refroidissement
deux arréts thermiques sont bien visibles
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OUZr_1

Initiale Finale (U,Zr)O, o-(Zr,U)(0) (U,Zr,0)
at % O 41.0 39.1 64.4 25.1 33.1
at % U 15.0 10.2 30.5 2.0 63.9
at % Zr 44.0 50.7 5.1 72.9 2.6
OUZr 2
Initiale Liquide oxyde : Qy.46Ug.130Z1r¢ 401 Liquide métallique : Og30,Ug.162Z¥¢.536
(U,Zr)O,, a-(Zr,U)(O) U,Zr,0) (U,Zr)O,, a-(Zr,U)(O0) (U,Zr,0)
at % O 41.0 64.4 26.0 38 66.9 26.8 24
at % U 21.0 27.5 2.7 62 30.3 2.1 69
at % Zr 38.0 8.0 71.3 / 2.8 71.1 7
OUZr_3
Initiale Liquide oxyde : Oy.507Uy.173Zx 32 Liquide métallique : Oy 236Uy.28Z10 484
(U,Zr)O,, a-(Zr,U)(O) U,Zr,0) (U,Zr)O,, a-(Zr,U)(O0) (U,Zr,0)
at % O 38.0 66.0 26.1 20 66.4 26.8 11
at % U 28.0 29.6 2.9 80 30.3 2.1 84
at % Zr 34.0 4.4 71.0 / 33 71.1 5
OUZr 4
Initiale Finale (U,Zr)0, o-(Zr,U)(0) (U,Zr,0)
at % O 38.0 35.7 64.2 26.9
at % U 6.0 4.8 16.0 2.3
at % Zr 56.0 59.5 19.8 70.7

Tableau 2 : Résumé des résultats obtenus par traitement thermique sur les 4 échantillons U-Zr-O
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Echantillon | Température de luminance / K Température vraie / K
1" arrét 2°™ arrét 1 arrét 2°™ arrét
€(652 nm)
thermique thermique thermique thermique
OUZr_6 2011£11 // 0.24340.05 2307+101 /
OoUZr_7 2020£10 1665126 0.264%0.05 2299494 1850£70
OUZr_8 2002+16 1889+18 0.40%0.08 2183194 2049161

Tableau 2: Résultats des essais de chauffage laser sous argon sur les trois échantillons U-Zr-O. Les
températures de luminance et les vraies températures sont reportées. L’incertitude sur les vraies
températures est corrigée d’un facteur d’élargissement k=2

I1 faut souligner que 86 % de I’incertitude sur les températures vraies est li¢ a I’estimation de
I’émissivité.

Systéme Fe-Zr-O

En utilisant le méme montage expérimental de chauffage par laser, le systeme Fe-Zr-O a été
étudié. Les résultats sur le systeme Fe-Zr-O sont résumés dans le Tableau 3.

Echantillon | Température de luminance / K Température vraie / K
1" arrét 2°™ arrét £(652 1" arrét 2°™ arrét
thermique thermique nm) thermique thermique
OFeZr_1 1989+18 166014 0.56+0.11 2098+86 1735454
OFeZr 2 1883+29 /1 0.560.11 1980194 /1
OFeZr_5 184711 1572+15 0.55£0.11 1943+72 1642458

Tableau 3 : Résumé des résultats obtenus sur trois échantillons dans le systéme Fe-Zr-O. Les
températures de luminance et les vraies températures sont reportées. L’incertitude sur les vraies
températures est corrigée d’un facteur d’élargissement k=2

UOz-PUOg-ZI‘Oz

Si on considére un combustible nucléaire MOx (oxyde mixte UO,-PuQ,), le Pu doit étre
ajouté a la description thermodynamique du corium en cuve. Six échantillons dans le systéme
UO,-Pu0O,-ZrO, ont été étudiés par chauffage laser en collaboration avec I'ITU. La
composition initiale des échantillons est présentée dans le Tableau 4.
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Echantillon | mol% UO, | mol% PuO, | mol% ZrO,
U48P3749 48 3 49
U45P10Z45 45 10 45
U33P33Z733 33 33 33
U20P40Z40 20 40 40
U10P45Z745 10 45 45
P50Z50 0 50 50

Tableau 4 : Composition initiale des échantillons UO,-PuQO,-ZrO,

Pour la premiére fois, une étude systématique de ’effet de 1’atmosphére expérimentale (plus
ou moins oxydante ou réductrice) sur le comportement pendant la solidification et la fusion du
systtme UQO,-Pu0,-ZrO, a ét¢ menée (Tableau 5). En fonction de la teneur en UO, dans
I’échantillon, une atmosphére oxydante ou plutét réductrice peut stabiliser le rapport
O/(U+Pu+Zr) prés de la stoechiométrie (O/(Pu+U+Zr)=2). La température de solidification
mesurée sur 1’échantillon U48P3Z49 sous air est environ 200 K plus basse de celle mesurée
sous Ar. En plus, pendant le chauffage, le thermogramme obtenu sou air est moins régulier
que celui mesuré sous argon (Figure 8a). En effet, a cause de la réactivité chimique a haute
température de 1’échantillon avec 1’atmosphere, le liquide s’oxyde et dissout une partie de
I’oxygene présent dans le gaz. Le rapport O/(U+Pu+Zr) de I’échantillon évolue donc vers un
rapport oxygéne/métal supérieur a 2. En revanche, pour 1’échantillon U10P45745, les
thermogrammes obtenus sous air et sous Ar sont similaires (Figure 8b). Dans ce cas, la
fraction molaire d’UQO, dans 1’échantillon n’était pas suffisante pour qu’une oxydation
significative se produise.

Atmosphére réductrice | Atmosphére oxydante

Echantillon T solidification / K T solidification / K
U48P3749 2799454 2620£39
U45P10Z45 2812440 2663+46
U33P33733 2786£57 2772+150
U20P40Z40 2726+£50 2731+£58
U10P45Z45 2812+44 2835+44

PS0Z50 2819450 2848443

Tableau 5: Résultats expérimentaux sur les six échantillons UO,-PuO,-ZrO,. L’incertitude sur les
varies températures est corrigée par un facteur d’élargissement k=2
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Figure 8 : Effet de I’atmosphére expérimentale sur le comportement pendant la fusion/solidification.
(a) Echantillon U48P3Z749 ; (b) échantillon U10P45745

Modélisation thermodynamique

Systeme U-Zr-O

La modélisation thermodynamique du systeme U-Zr-O a été effectuée en prenant en compte
les données expérimentales sélectionnées de la littérature ainsi que les résultats expérimentaux
obtenues pendant la these (traitement thermique a 2567 K et chauffage laser).

Les diagrammes de phase calculés sont en accord avec les données expérimentales. A 2273 K
la solubilit¢ d’oxygene calculée dans la phase liquide est en trés bon accord avec celle
obtenue par Maurizi [6]. A 2567 K, les données sur la lacune de miscibilité¢ a I’état liquide
ont permis de mieux décrire son domaine d’extension. La coupe isotherme calculée a 2567 K
est présentée sur la Figure 9.

- 260 -



O.LZ/,/

e This work OUZr 1:L
e This work OUZr_2: L1+L2
e This work OUZr_3:L1+L2
e This work OUZr_4:L

0.6
S
0.5

0.4/l
0.3¥/////l| |

2_/\./ j _.f,‘ll‘ l

// Lig+(0.2)0,.,

N N N N N\
0.2 0.4 0.6 0.8 1.0
x(Zr) Zr

Figure 9 : Section isotherme calculée a 2567 K

La section isoplethe Zr-UO, a été également été optimisée en utilisant les données de
Juenke & White [8] et les résultats de chauffage laser obtenus pendant la thése. La coupe
calculée est sur la Figure 10.
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Figure 10 : Section Zr-UO; calculée

Le domaine d’extension calculé de la lacune de miscibilité n’est que partiellement en accord
avec les données de Juenke & White [8]. Cependant, les auteurs n’ont pas donné
d’informations précises sur la composition chimique des échantillons et sur leur
microstructure. Les résultats de chauffage par laser sur les échantillons OUZr 6, OUZr 7 et
OUZr 8 ont été également utilisés pour modéliser la section Zr-UO,. Un bon accord est
obtenu entre les calculs et les données expérimentales sur les échantillons OUZr 6 et
OUZr 7. Pour I’échantillon OUZr 8, la différence entre le calcul et les résultats
expérimentaux peut étre liée a une mauvaise estimation de 1I’émissivité, qui entraine une
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baisse de la température vraie. Ces résultats montrent qu’une analyse plus approfondie des
propriétés optiques de ces échantillons est nécessaire.

La version actuelle du modele thermodynamique pour le systéme ternaire U-Zr-O est
satisfaisante, en particulier pour T > 1800 K. Néanmoins, des mesures de potentiel d’oxygene
sont nécessaires pour mieux décrire la phase cubique (U,Zr)O,.-c.

Systéme Fe-Zr-O

Pour ce systéme, peu de données sont disponibles dans la littérature. Les équilibres entre ZrO,
et les oxydes de fer FeO:x ont été les plus étudiés. Un modele thermodynamique pour le
systéme Fe-Zr-O a été publié¢ en 2015 par Fabrichnaya & Pavlyuchkov [16]. Ce mod¢le a été
pris comme point de départ pour cette étude. Néanmoins, leur modéle pour la phase ZrO,-c
est différent de celui que nous utilisons. Les données de solubilité du FeO dans ZrO, et de
liquidus obtenues par Bechta et al. [17] ont été utilisées pour modéliser la section ZrO,-FeO
(Figure 11). En plus, la section ZrO,-Fe;O4 a été modélisée en utilisant les données de
Kiminami [18,19].

Notre modé¢le dans la région oxyde ZrO,-FeO-Fe;04 reproduit bien les données de pression

partielle d’oxygene obtenues par Katsura [11] a 1473 K.

Le reste du diagramme ternaire est obtenu par extrapolation des diagrammes binaires Fe-Zr,
Fe-O et Zr-O. De nouvelles données de potentiel d’oxygene pourraient aider & mieux décrire
les équilibres ternaires.

4 IMCC/EDX Betcha et al. (2006)

—m IMCC Betcha et al. (2006)

e Galakhov furn. Betcha et al. (2006)
& DTA/EDX Betcha et al. (2006)

L1: metallic liquid

2400 — - L2: oxide liquid
C+L1+L2 C: (Zr,Fe)O,,-¢c

X 2200 T: (Zr,Fe)O,t
F 2000 - \ L M: (Zr,Fe)O,m
T+L1 T+L1+L2

1800

T+5-Fe+L2
1600 . -
\l T+y-FetFeO
1400
M+ y-FetFeO
1200 [ ] [ .
0 0.2 0.4 0.6 0.8 1.0
Zro, x(FeQ) FeO

Figure 11 : Section ZrO,-FeO calculée avec notre modéle. Comparaison avec les points expérimentaux
de Bechta et al [17]

Systeme U-Fe-O

L’¢étude expérimentale du systeme U-Fe-O pose les mémes difficultés que pour le systeme Fe-
Zr-0. De plus, le Fe et I’'U ont de nombreux états d’oxydation en fonction de la température,
du potentiel d’oxygene et de la pression totale. Dans ce travail, la section UO,-FeO; a été
modélisée (Figure 12). Pour cela, les données de Bechta et al. [20] ont été utilisées.
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Figure 12 : Section UO,-FeO ; calculée avec le modele développé pendant la thése. Comparaison
avec les points expérimentaux de Bechta et al. [20]

La solubilit¢ calculée de FeO;; dans UQO, est surestimée par rapport aux données
expérimentales de Bechta et al. [20].

Systeme U-Pu-Zr-O

La section PuO,-ZrO, a été modélisée. Les données de Mardon et al. [12] et Albiol et al. [21]
ainsi que le résultat de chauffage laser sur 1’échantillon P50Z50 ((PuO3).s50(ZrO2)o.50) ont été
utilisés. La section calculée est présentée sur la Figure 13.

3500 : : l
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30007w7
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Figure 13 : Section PuO,-ZrO,, ou les points expérimentaux de Mardon et al. [12] et Albiol et al. [21]
ont été reportés
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Le diagramme de phase calculé est en bon accord avec les données expérimentales.
Néanmoins, trés peu de résultats expérimentaux existent sur ce systéme. De nouvelles études
sont nécessaires pour confirmer notre modélisation.

Calculs de chemins de solidification

Le modele thermodynamique du systéme corium en cuve prototypique U-Pu-Zr-Fe-O
développé dans le cadre de cette thése, a été utilisé pour interpréter la microstructure d’un
¢échantillon quaternaire U-Zr-Fe-O fabriqué par fusion a arc. L’échantillon refroidi a une
structure similaire a celle observée pour les échantillons ternaires OUZr 2 et OUZr 3, avec
une zone enrichie en oxygene et une autre enrichie en éléments métalliques. La composition
¢tudiée se situe donc dans la lacune de miscibilité a I’état liquide. La partie oxyde est formée
d’un phase majoritaire (U,Zr)O, et de précipités métalliques au bord de grains de la phase
oxyde. Le couplage entre 1’analyse par microsonde ¢lectronique et les calculs de chemin de
solidifications ont permis d’identifier les phases observées au MEB (Figure 14).

Figure 14 : Microstructure observée au bord des grains de la phase (U,Zr)O,., dans la région oxyde de
I’échantillon U-Zr-Fe-O. Les phases indexées sont le résultat du couplage calculs de chemin de
solidification/analyse par microsonde
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4 Calcul d’application sur le systéme corium hors cuve prototypique

La base de données thermodynamique TAF-ID a été¢ développée dans le cadre d’un projet
international de I’OCDE. L’objectif principal de ce projet est d’obtenir une base
thermodynamique pour calculer les diagrammes de phase et les propriétés thermodynamiques
du combustible nucléaire contenant des produits de fission et sur D’interaction de ce
combustible avec les matériaux structuraux (acier, Zircaloy, béton).

Cette base couplée avec le modéle développé pendant la thése sur le corium en cuve
prototypique U-Pu-Zr-Fe-O a été testée sur deux compositions de corium hors cuve Al-Ca-Si-
U-Zr-O. Ces compostions représentent deux scenarii d’ICB entre un corium en cuve oxydé
(UO,-Zr0O;) et deux type de béton, un calcaire (riche en CaO) et un siliceux (riche en SiO»).
Cette approche est importante car le béton utilisé dans les installations nucléaires dans le
monde n’est pas standardisé [22,23].

Les deux échantillons ont subi un traitement thermique a 2500 K. Une trempe a ensuite
permis de déterminer les phases présentes a la température du recuit (Figure 15).

. ;Zl'"'-' "=
o } v,
i m“ ¥

rf
) @ @

(c) (d)

Figure 15 : Comparaison entre la microstructure de 1’échantillon riche en CaO (a-b) et 1’échantillon
riche en SiO, (c-d)

L’¢échantillon riche en CaO a une structure dendritique, typique d’un seul liquide refroidi
tandis que 1’échantillon riche en SiO, présente une structure caractérisée par une matrice
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amorphe avec une dispersion de microgouttelettes. Cette derniére microstructure indique qu’a
2500 K deux liquides immiscibles étaient a 1’équilibre. Des difficultés ont été rencontrées lors
des analyses sur ces échantillons solidifiés a cause de la présence de phases amorphes et des
dimensions trés petites de ces phases.

Les calculs de chemin de solidification ont permis d’identifier que partiellement les phases
observées par MEB-EDS et par microsonde électronique. Des analyses supplémentaires
pourront aider a mieux interpréter les microstructures.

5 Développement du montage expérimental ATTILHA

Le montage expérimental ATTILHA (Advanced Temperature and Thermodynamic
Investigation by Laser Heating Approach) a été développé dans cette thése pour pouvoir
¢tudier le comportement a haute température de matériaux céramiques, métalliques et
mélanges oxyde/métal. Il s’agit d’un couplage entre la technique de chauffage par laser et de
lévitation aérodynamique. Un schéma de principe du dispositif expérimental ATTILHA est
montré la Figure 16. Les échantillons sphériques 1évitent dans un écoulement gazeux (air, Ar
ou Ar+20 % O,). Le lévitateur est une buse en Al constituée d’un convergent et d’un
divergent. La bille initialement placée au fond de la buse est expulsée grace a ’injection du
gaz de lévitation. Le réglage de la pression et du débit de gaz permet de stabiliser 1’échantillon
en lévitation a I’intérieur du col divergent.

L’échantillon est chauffé par un laser CO, (Coherent®, Piax=250 W) qui émet a la longueur
d’onde 2=10.6 um. A ce stade, le réglage de la puissance laser est manuel.La mesure de
température est effectuée par un pyrometre bi-chromatique et par un détecteur MCT. Le
pyrométre  bi-chromatique est du type Lumasence IMPAC ISR 12-LO (A=0.8 pm,
A=1.05 um). La plage de température mesurée est 1273-3273 K. Ce pyrometre a été livré
avec un certificat d’étalonnage par le constructeur. La validité de ce certificat a été testée sur
le point de fusion de I’alumine pure.

Le détecteur MCT utilisé est un Hamamatsu P5274-01 sensible entre 2 pm et 22 um. Un
« chopper » optique a été placé entre le détecteur et I’échantillon pour moduler le flux radiatif
provenant de la source chaude (I’échantillon chauffé par le laser). La sortie analogique du
détecteur MCT est du chopper ont ¢été envoyés a vers une détection synchrone
Stanford Research® SR530 pour augmenter le rapport signal/bruit. Puis le signal synchronisé
a été envoyé vers un incrustateur de données National Instrument® NIcDAQ-9178
directement connecté a 1’unité centrale via une application LabView". Le détecteur MCT a
¢été ¢talonné a plusieurs longueurs d’onde pour vérifier la linéarité de sa réponse en sortie en
fonction de la luminance regue par la source chaude. Deux filtres interférentiels centrés sur
10 um et 12.214 um ont été interposé€s entre le détecteur et la source chaude.

En paralléle, une caméra infrarouge rapide FLIR® SC7500 a été utilisée pour observer et
enregistrer le comportement de 1’échantillon pendant la fusion et la solidification. Grace a une
collaboration avec [I’Institut de Mathématiques de Toulouse (IMT), I’émissivité de
I’échantillon a 3.99 um peut étre obtenue.

L’acquisition synchrone du pyrometre bi-chromatique, du détecteur MCT et de la caméra
infrarouge est assurée par un trigger externe.
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Figure 16 : Schéma du dispositif expérimental ATTILHA

La validité du montage expérimental a été testée sur 1I’alumine, dont les propriétés optiquse et
thermiques sont bien connues. Ensuite, deux échantillons dans le systeme Al,O3-ZrO, ont été
étudiés. Grace aux signaux synchronisés du détecteur MCT et de la caméra infrarouge, il est

possible d’obtenir 1’évolution de 1’émissivité de 1’échantillon pendant un cycle de
chauffage/refroidissement. Le résultat obtenu sur 1’échantillon A89Z11 (89 mol% Al,O; —
11 mol% ZrO,) est présenté sur la Figure 17.
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Figure 16 : Résultat obtenu sur I’échantillon A89Z11. La ligne rouge représente la température
enregistrée par le détecteur MCT, la ligne noire représente la température enregistrée par le pyrometre
bi-chromatique. Les points bleus montrent la variation de I’émissivité a 3.99 pm de 1’échantillon au
cours du cycle chauffage/refroidissement

Les deux arréts thermiques enregistrés par le pyromeétre bi-chromatique correspondent
respectivement a la température de liquidus et a la transition eutectique. En revanche, le
détecteur MCT n’a enregistré qu’un seul arrét thermique correspondant a la transition
eutectique. En effet, ’émissivité de 1’échantillon a 3.99 um varie au cours du cycle
chauffage/refroidissement. La valeur maximale est atteinte a 1’état liquide.

Grace au montage expérimental ATTILHA il est également possible d’obtenir des
informations spatiales sur le comportement d’un échantillon en 1évitation pendant la fusion et
la solidification. En particulier, on a montré qu’il est possible de suivre la formation d’une
lacune de miscibilité a I’état liquide dans le systeme ternaire Fe-Zr-O. L’échantillon de départ
— un échantillon métallique Fe-Zr — a été fondu sous une atmosphere d’Ar + 20 % O,. Pendant
plusieurs cycles de chauffage/refroidissement, la présence d’une lacune de miscibilité a été
mise en évidence (Figure 17). L’échantillon initialement métallique, a interagi avec 1’oxygene
présent dans le gaz de lévitation : la composition globale a alors évolu¢ dans le systeme
ternaire Fe-Zr-O.
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Figure 17 : Mise en évidence de la présence d’une lacune de miscibilité a I’état liquide dans le systéme
ternaire Fe-Zr-O

Le deuxiéme liquide a la forme d’un lobe qui se déplace a la surface de 1’échantillon. La
différence de couleur dépend du niveau numérique (Digital Level DL) mesuré par la caméra
infrarouge : le violet correspond a un niveau de signal élevé, le bleu correspond a un niveau
de signal faible. Cette différence a une signification physique. Si on fait I’hypothese que le
Liquide 1 et le Liquide 2 sont a la méme température, la différence de couleur correspond
alors a une différence d’émissivité des liquides. Le Liquide 2 est donc moins émissif que le
Liquide 1.

6 Conclusions et perspectives

Cette thése entre dans le cadre des €tudes sur les accidents graves dans les réacteurs nucléaires
de 2°"¢ et 3°™ génération. L’objectif était d’étudier le systéme complexe U-Pu-Zr-Fe-Al-Ca-
Si-O, qui peut étre considéré comme le systéme prototypique du corium hors cuve.

La méthodologie adoptée est basée sur la méthode CALPHAD, qui permet de développer un
modele thermodynamique sur des systemes complexes a partir d’une sélection de données de
la littérature. Si les résultats de la littérature ne sont pas suffisants pour 1’étape de
modélisation, de nouvelles données peuvent étre obtenues. Dans ce cadre, aprés une revue
critique de la littérature existante sur les sous-systémes chimiques du corium, une campagne
expérimentale a été effectuée pour obtenir des données supplémentaires, notamment sur les
systtmes U-Zr-O, Fe-Zr-O, Pu-Zr-O, U-Zr-Fe-O et U-Pu-Zr-O. De plus, un traitement
thermique sur deux échantillons prototypiques du corium hors cuve a été effectué¢ pour étudier
les phases a I’équilibre dans ce systéme complexe.

Grace a la campagne expérimentale effectuée pendant cette these, la lacune de miscibilité a
1’¢état liquide dans le systéme ternaire U-Zr-O a été mise en évidence et caractérisée a 2567 K.
Deux conodes ont été mesurées est ont permis d’améliorer le modele thermodynamique de la
phase liquide. Les essais de chauffage laser ont également permis d’améliorer le modele du
systeme U-Zr-O. Les résultats de chauffage laser sur les échantillons Fe-Zr-O ne sont pas
utilisés pour la modélisation a cause des incertitudes sur la composition finale apres les essais.
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Les résultats sur les échantillons UO,-PuO,-ZrO; ont permis d’étudier le comportement de ce
matériau pendant la fusion et la solidification en fonction de I’atmosphére expérimentale. On
a montré que pour ce type d’échantillons, il est trés difficile de garder un rapport O/M=2. Le
rapport O/M de I’échantillon varie en fonction de la température mais aussi de I’atmosphere
expérimentale utilisée. Des calculs thermodynamiques ont confirmé ce comportement.

Le mode¢le thermodynamique du systéme corium en cuve prototypique (U-Pu-Zr-Fe-O) a été
développé avec succes. Cependant, de nouvelles données thermodynamiques telles que des
potentiels d’oxygene sont nécessaires pour pouvoir mieux décrire les équilibres de phases.

L’analyse post-trempe sur deux échantillons de corium hors cuve a montré qu’en fonction de
la teneur en Si0O,, une ou deux phase liquides sont a 1’équilibre a 2500 K. Le mod¢le évalué
pendant la thése a été couplé avec la base thermodynamique TAF-ID et testé sur les deux
¢chantillons. Les calculs sont cohérents avec les résultats expérimentaux. Néanmoins, des
différences ont été mises en évidence, surtout pour ce qui concerne la composition chimique
des phases observées dans ces échantillons complexes.

Le dispositif expérimental ATTILHA a été congu et développé pendant la these. 11 s’agit d’un
montage de chauffage par laser couplé a de la lévitation aérodynamique. Cette technique
permet d’étudier le comportement a haute température d’une large gamme de matériaux sans
un contact direct entre 1’échantillon et un support solide. Des résultats préliminaires sur de
I’alumine et sur des échantillons Al,03-ZrO, ont démontré la validité de la technique. On a
aussi montré que I’é¢tude d’une lacune de miscibilité a 1’état liquide est possible. La prochaine
étape du développement consiste a tester le dispositif sur des matériaux contentant de I’U.
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