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Abstract

In the frame of the Generation IV Sodium Fast Reactor (SFR) safety studies, a core catcher with a sacrificial material could be placed at the
bottom of the nuclear reactor. Its role is to dilute the (U, Pu)O, molten fuel in case of a hypothetical core meltdown accident. A Al,O3;-HfO,
ceramic is a candidate for the sacrificial material. To understand how the molten fuel would mix with this sacrificial material, the UO,—~Al,O3—
HfO, system was investigated at CEA Cadarache PLINIUS corium platform. The eutectic position of the UO,—Al,03;—HfO, was determined: the
eutectic temperature is 1728 + 22 °C (2001 + 22 K) and the eutectic composition is 30 wt% UO,-35 wt% Al,03-35 wt% HfO,. Then, the
pseudo-binary UO,—(50 wt% Al,O3-50 wt% HfO,) phase diagram has been proposed.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In order to increase the safety of Generation IV Sodium Fast
Reactors (SFR), hypothetical severe accidents have to be
investigated and their consequences must be limited [1]. In
case of a hypothetical core meltdown accident in the reactor, a
multiphase and multiconstituent melt, called corium, could
form. It is composed of the (U, Pu)O, molten fuel, stainless
steel and zircaloy coming from the core structures and
cladding. The corium is a very complex and chemical
aggressive mixture, its temperature can reach 2800 °C.
To mitigate severe accidents of future sodium fast reactors, a
core catcher will be installed. Its role is to contain corium and
to stabilize it to avoid the release of radioactive materials into
the environment. To design a robust core catcher, sacrificial
ceramic materials are likely to be introduced in it. These
ceramic materials should mix with the fissile part of the corium
and dilute it. By dilution, the recriticality risk should be
removed while adding the thermal protection of the core
catcher structures.

The Al,O3;—HfO, mixture may be chosen as a sacrificial
ceramic material for the core catcher, in which Hf will provide
some neutron absorption [2—4]. To forecast the behavior of the
molten fuel when in contact with the sacrificial material, it is
necessary to know the UO,—Al,O3—HfO, phase diagram.

Indeed, in this study, (U, Pu)O, fuel will be identified as
UO,. This simplification is admissible in a first approach since
the SFR fuel should contain only about 15 wt% of PuO, and
both oxides have relatively similar chemical behaviors.

To obtain a maximum dilution of corium at a minimum
temperature, the ternary eutectic point has been investigated;
the aim is to use these data to define the composition and the
temperature of this ternary eutectic point and to deduce the
optimal chemical composition of the sacrificial material.

The study of the Al,O;—HfO, system and its interaction
with UO, has been performed in France within the CEA
Cadarache severe accident mastering experimental laboratory
[2]. To the authors' knowledge the ceramic phase diagram of
the ternary system UO,-Al,0;—HfO, has not been fully
investigated to date. Only the binary diagrams UO,—Al,O;
and Al,O3;—HfO, have been published [5-7].

The ceramic phase diagram of the UO,—Al,O5 system was
studied by Lambertson et al. [7] and by Epstein et al. [8]. Both
authors agree on the existence of a unique eutectic point for
about 52 wt% of Al,Os at 1915 + 15 °C. But contrary to
Epstein et al., Lambertson et al. reported a miscibility gap
formation between 24 and 53 wt% of Al,Os.

According to Lopato et al. [6], the Al,0;—HfO, system is
also a system with only one eutectic position for 50 + 3 wt%
of Al,O5 at 1890 °C.

The primary aim of the present study is to consider the
whole system and to find its ternary eutectic position experi-
mentally. First, the materials and methods used are presented.
Then, the experiments performed in the relevant binary and
ternary ceramic systems are described and discussed. The
results of these experiments allow proposing the ternary UO,—
Al,O3-HfO, eutectic composition and temperature.

2. Materials and methods
2.1. UO,, Al,O;3 HfO, materials

The experiments use the so-called “prototypic corium” in
which the (U, Pu)O, fuel is simulated by depleted UO, in
contact with the Al,Os;—HfO, sacrificial material.

These oxides have very high fusion temperatures: T
(UO,)=2847 °C, T; (Al,03)=2042 °C T, (HfO,)=2850 °C
[6,7].

The UO,, Al,O3 HfO, samples were prepared from oxide
powders: depleted (0.22 wt% of 250), 99.9 wt% pure UO,
industrial powder; 99.99 wt% pure Al,O; powder from Alfa
Aesar; 99.9 wt% pure HfO, powder from CEZUS. The
powders were mixed together in a mortar for 10 min and then
introduced into the crucible. 8-10 g of mixture is prepared for
each test.

2.2. Apparatus

The experiments on the UO,-Al,O0;-HfO, system were
performed at the CEA Cadarache PLINIUS experimental
platform, in the VITI facility [9-11]. The VITI facility has
been developed to study chemical interactions between differ-
ent ceramic materials at high temperature and to measure
viscosity, density and surface tension on corium up to 2600 °C
by aerodynamic levitation. The facility, used to study the
eutectic crystallization of the UO,-Al203;-HfO,, is repre-
sented in Fig. 1.

The working chamber volume is of about 70 L. It is possible
to work either under low vacuum or under inert gas atmo-
sphere. The maximum absolute pressure in the working
chamber is 2.5 x 10° Pa. Induction heating is used to reach
temperatures above 2000 °C with limited thermal gradient. The
induction coil couples with a graphite susceptor, which heats
the crucible by thermal radiation. The radiation losses are
attenuated by a dedicated thermal shield. The maximum

o = 12

Fig. 1. Scheme of VITI furnace. (1) VITI tank, (2) crucible, (3) protective
coating (option), (4) mixture, (5) graphite susceptor, (6) thermal shield, (7)
support for crucible, (8) support for thermal shield, (9) inductance coil, (10)
pyrometer, measurement of 7iixure, (11) pyrometer, measurement of Tpycibles
(12) data acquisition.
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Fig. 2. Calibration of pyrometric temperature by thermocouple measurements.

electrical power of the induction generator is 24 kW and its
frequency is 23 kHz.

The temperature of the studied material mixture and the
temperature of the external crucible wall are measured by two
IMPAC-ISQ-LO bichromatic pyrometers (1;=0.92 and
A;=1.04 um). The temperature measurement is based on the
ratio of the radiation signals of two adjacent wavelengths. Gray
bodies, i.e., targets with the same emissivity on both wave-
lengths, can be measured without emissivity setting.

The two channels pyrometers have a temperature range of
1250-3300 °C. The measurement uncertainty (manufacturer's
data) is + 35 °C.

— The outside temperature of the crucible is measured through
a small window in the graphite susceptor (see Fig. 1), which
is similar to a black body with a cylindrical geometry. The
apparent emissivity of the graphite for a non-spherical
cavity is given by Gouffé's formula [12]:

1

= T e DA ma) | (7 A0/~
with Ag as the area of the orifice (window) (=80 mm?), a the
radius of the cavity (=24 mm), S the surface of the cavity
(=17,000 mmz), [ the height of the cavity (=100 mm), and &
the emissivity of the material of the cavity (graphite).

The ratio of emissivity (at 0.90 um and 1.04 pm wave-
lengths) is very close to 1.

— The temperature of the studied mixture was measured
directly by the top of the crucible. At temperatures of the
test (1200-2200 °C), the studied mixture is not a black
body. its emissivity is not close to 1. However, the ratio of
emissivity (at 0.90 um and 1.04 um wavelengths) is very
close to 1 [12].

&

Thus, the uncertainty of the temperature measurement
related to the graphite material and the studied mixture are
negligible.

The temperatures of pyrometers were calibrated by thermo-
couple measurements.

A (tungsten, thenium) C type thermocouple was positioned
1 cm from the bottom surface of the graphite crucible. Fig. 2
shows the temperatures measured by pyrometer in relation to

the temperature measured by thermocouple (test performed
without a liquid oxide mixture). The temperatures obtained by
the pyrometers are extremely close with those obtained by the
thermocouples to a temperature of 2200 °C (difference < 1%).

The homogeneity of the furnace temperature in the area of
the graphite susceptor was also measured. Temperatures are
homogeneous at +/—4 °C.

2.3. Experimental procedure

The experiments related to our study were performed with an
absolute pressure of the working chamber of 1.8 x 10° Pa.
Graphite crucibles with a protective zirconium carbide coating,
(which avoids the reduction of graphite by UO, [13,14]) or
tungsten crucibles were used to contain the studied mixtures. The
samples were heated until completed melted and then they were
cooled down very quickly (500 °C/min) when the generator was
switched off. The mixtures were exposed to an argon furnace
atmosphere (under a 5 L/min argon flow) to avoid the change of
UO,-Al,O5-HfO, composition due to the potential of oxygen. The
risk of vaporization of oxides during the test is very low
considering their very high boiling temperature: 7;, UO,=4100 °C,
Tb Hf02=5400 OC, Th A1203=2980 OC, Th A1203—HF02 eutectic
point > 2850 °C [2].

The experimental method is a thermal analysis in which the
temperature of a phase change is determined from changes in
the rate of cooling or heating brought about by the heat of
reaction.

The eutectic temperature of our different mixtures was
measured during the cooling. Indeed, a solidification plateau
appears on the temperature curve of the mixture at eutectic
temperature (Fig. 3). When the UO,—(50 wt% Al,O3-50 wt%
HfO,) phase diagram was investigated, its liquidus tempera-
tures were also determined from cooling curves: at liquidus
temperature, a change of slope was observed.

The experimental conditions of different performed experi-
ments related to the UO,-Al,0O5;-HfO, system study are
gathered in Table 1.

2200 - Solidification|
plateau
1900 -

2000 -
14 T crucible
o
5 18004 1200 +—m—— .
§ 129 T crucible
o
o
g 1600 -
[

1400 A

1200 T T T T T T T T T T

30 40 50 60 70 80 90 100 110 120 130

Time (min)

Fig. 3. The recorded temperature curves related to the Al,O;—UO, experiment
performed in the tungsten crucible. During the cooling stage, the temperature
curve of the mixture shows a solidification plateau at 1880 °C.
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Table 1

Description of different experiments performed in the frame of the UO,—Al,O3;—HfO, system study (The objective of each experiment is indicated).

System Crucible Initial composition (wt%) Objective
ALO; Tungsten 100% Al,O5 To evaluate the reliability of the experimental data
U0,-AlLO;5 Cor+7rC 48% UO,-52% Al,O To verify the eutectic position
Tungsten 60% UO,—40% Al,O To verify the absence of the miscibility gap
Al O3;-HfO, Tungsten 50% Al,03-50% HfO, To verify the eutectic position
UO0,-Al,03;-HfO, Tungsten 31% UO,-34% Al,03-35% HfO, To determine the eutectic position

40% UO»-30% Al,05-30% HfO,
60% UO»-20% Al,05-20% HfO,

To investigate the pseudo-binary UO,—(50 wt%
AlL,03-50 wt% HfO,) phase diagram

70% UO,-15% Al,03-15% HfO,

Al_1c_milS_R_X500_1

Fig. 4. Back-scattered scanning electron micrographs (500 x ) of the UO,+ Al,O; mixtures, Black ~ Al,O3, white & UO,. (a) 48 wt% UO,+52 wt% Al,O;
mixture heated in a ZrC-coated graphite crucible. The eutectic phase composition determined by EDS is 47 wt% UO,+53 wt% Al,O;. (b) 60 wt% UO,+40 wt%
Al,O3 mixture heated in a tungsten crucible. Dendrites of proeutectic UO, and eutectic phase formed. There is no miscibility gap.

A scanning electron microscopy (CAMBRIDGE S360
SEM) equipped with an energy-dispersive X-ray spectrometer
(OXFORD EDS 7060 analyzer) was used for the micro-
structural analysis of samples. Each chemical analysis has,
on average, over five measurements at least. Uncertainty of
measurements is less than 10% for metallic elements (Al HF,
U) [15]. X-ray diffraction (SIEMENS D5000 XRD diffract-
ometer in the Bragg—Brentano configuration) helped to com-
plete the information about the crystallized phases.

3. Results and discussion

The experimental results are presented as an increasingly
complexity of Al,O; UO,, HfO, system:

— melting temperature of Al,O3 pure compound;

— binary eutectic in UO,—Al,03 and Al,O3—HfO, systems;
and

— ternary eutectic in UO,—Al,O3-HfO, system.

3.1. Melting temperature of Al,O3 pure compound

The pure alumina powder was heated up to 2200 °C in a
tungsten crucible. During cooling, the temperature of the alumina
measured on the top of the crucible presents a plateau. This
plateau is due to the change of the liquid to solid state of alumina,

at a constant temperature. The solidification temperature of pure
alumina measured is 2030 °C. This temperature is close to the
temperature reported by the literature: 2042 °C [6].

3.2. Binary eutectic in Al,O3~UQO; and Al,O3;-HfO; systems

3.2.1. UO»-Al,O3 system

Two experiments within the UO,—-Al,O5; system were
performed in order to verify the eutectic position and to verify
the miscibility gap existence (Table 1).

The eutectic temperature was measured during the cooling of
the samples (presence of a solidification plateau). The recorded
temperature curves related to the experiment performed in a
tungsten crucible shows a solidification plateau on the tempera-
ture curve of the 40 wt% Al,03~60 wt% UO, mixture during the
cooling stage (Fig. 3). The experimental average value of the
eutectic temperature is 1850 °C.

Fig. 4 shows the two crystallized phases (proeutectic UO,
phase and eutectic UO,—Al,03 phase) of the studied mixtures
after melting and cooling. The eutectic phase has a character-
istic fine lamellar microstructure.

The composition of the eutectic phase was determined by
EDS: 47 wt% UO,+ 53 wt% Al,O5 (Fig. 4(a)), which matches
well with the composition found in the literature (48 wt%
UO,+ 52 wt% Al,O3) within the analysis uncertainties of 5 wt%.

The XRD analysis of the crystallized samples confirmed the
presence of UO, and Al,O5.with a little pollution of tungsten
oxides from crucible (Fig. 5).
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Fig. 5. X-ray diffraction of 40 wt% Al,03—60 wt% UO, sample.
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Fig. 6. Modified UO,+ Al,O3 phase diagram from [5] after our experiments.
The eutectic was found almost for the same composition but for a lower
temperature: 47 wt% UO,+53 wt% Al,O3 and 1850 + 35 °C. No miscibility
gap was observed in this system.

The existence of the miscibility gap at liquid state was
invalidated by the experiment with the 40 wt% Al,O3-60% wt
% UO, hypereutectic composition.

After the crystallization of the melt, a mixture of eutectic
phase and proeutectic UO, are formed (Fig. 4(b)). Guéneau
et al. [16] studied the miscibility gaps in the diagrams O-U and
O-U-Zr. The typical morphology of a miscibility gap is made
of immiscible droplets in a matrix. For the 60 Wt% UO,—40 wt
% Al,Os3 mixture, typical morphologies of a miscibility gap
were not observed. It is thus possible to conclude that UO,—
Al,0O3 are miscible, confirming the results of Epstein et al. [8].

The eutectic position determined during our experiments is
represented on the phase diagram published by Lang et al. [5],
in Fig. 6. The measured eutectic temperature is 65 °C lower
than the temperature found in the literature (1915 + 15 °C).

3.2.2. ALO3;—HfO, system

An experiment with the 50 wt% HfO,—50 wt% Al,Os5 initial
mixture was carried out to verify the eutectic position. The
SEM micrographs (Fig. 7) show a very fine eutectic lamellar
phase formed everywhere in the sample after its crystallization.
Its composition measured by EDS: 49 wt% HfO,-51 wt%
Al,O5 is consistent with the composition: 50 wt% HfO,—50 wt
% Al,O3 + 3% found in the literature [6].

The XRD analysis of the sample confirmed the presence of
only HfO, and Al,O3 phases (Fig. 8).

The experimental eutectic temperature was measured during
the cooling of the sample. The eutectic temperature is 1800 °C.
The new HfO,-Al,O3 eutectic point is positioned on the
HfO,—Al,O5 phase diagram established by Lopato et al. [6]
(Fig. 9). The measured eutectic temperature is a little lower
than the temperatures of the literature.

3.3. Ternary eutectic in UO,~Al,O3—-HfO, system

The UO,—Al,0;—HfO, ternary phase diagram has never
been studied. Each binary UO,—Al,O; and Al,O3;—HfO,
diagrams have only one eutectic point. Therefore, the UO,—
Al,05;-HfO, phase diagram has two eutectic valleys which
converge to a ternary eutectic point whose composition is
not known.

3.3.1. Thermodynamic calculations

GEMINI2 software coupled to the thermodynamic database
NUCLEA_OS8 database [15] were used to determine the
chemical composition of the ternary eutectic point in the
UO,-Al,03-HfO, system.

GEMINI2 (Gibbs Energy MINImizer) software, based on
the principle of total Gibbs's energy minimization, is well
adapted to determine the equilibrium in complex chemical
systems, such as corium [17]. The NUCLEA_OS8 database was
developed in the frame of severe accident research for
Pressurized Water Reactors.

UO,; and Al,Oj3 are part of this database, while HfO, is not
present. It was nevertheless possible to replace a mole of HfO,
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Fig. 7. Back-scattered scanning electron micrographs of the 50 wt% HfO,+ 50 wt% Al,O3 mixture heated in a tungsten crucible, Gray ~ Al,O3;, White ~ HfO,.
Only one eutectic phase formed. Its composition determined by EDS is 49 wt% HfO,+51 wt% Al,05.(a) 300 x and (b) 2000 x .
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Fig. 8. X-ray diffraction of 50 wt% HfO,+ 50 wt% Al,O3 sample.
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Fig. 9. Modified UO,+ Al,O3 phase diagram from [6] after our experiments.
The eutectic was found almost for the same composition but for a lower
temperature: 49 wt% HfO,+51 wt% Al,O3 and 1800 + 35 °C.

by a mole of ZrO,. Indeed, HfO, and ZrO, have close
chemical behavior since they have the same crystalline
structure, the same allotropic transformations and since the
ionic radii of Hf** and Zr* " are very close (respectively 0.83
and 0.84 x 10~ 1% m).

A GEMINI2 calculation is made using these initial propor-
tions, replacing a mole of HfO, by a mole of ZrO,.

GEMINI2 calculations are interpolated from the correspond-
ing ternary and binary systems and their thermodynamic
properties included in the NUCLEA_08 database. The quality
criteria for binary and ternary sub-systems included in the
UO,-Al,03—Zr0O, system, based on comparisons between
calculation and available experimental data, are considered as
acceptable, which means that these systems are well known
and satisfactorily modeled.

Fig. 10 represents the temperature evolution of the weight
fraction of different materials of this UO,—Al,03—ZrO, ternary
system. According to this figure, the solid solution (U;_,Zr,)
O, and Al,O3; melt simultaneously at constant temperature.

The UO,-HfO, indifferent point position, characterizing the
transformation of the (U; _ Hf,)O, solid solution from solid state
to liquid state at constant composition and temperature, was
estimated at 54 wt% HfO,, by analogy with the (UO,—ZrO,)
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pseudo-binary diagram. The ternary eutectic composition was
estimated at 31 wt% of UQO,, 34 wt% of Al,O3 and 35 wt% of
HfO,.

The thermodynamic calculations confirm the estimated
eutectic composition. Nevertheless, this composition needs to
be experimentally verified.

3.3.2. Experimentations

First, the experiment within the UO,—Al,O3-HfO, system
was performed with the composition estimated by GEMINI2
software coupled to NUCLEA_OS8 database: 31 wt% UO,—

41g Al203 + 24g 2r02 +35g UO2, P=2atm

0,8

0,6 1

0,4 -

Weight fraction

0,2 4

0_

1600 1650 1700 1750

1800
Temperature (°C)

1850 1900

Fig. 10. GEMINI2 and NUCLEA_08 calculation simulating 35 wt% UO,—
41 wt% Al,03-24 wt% ZrO, interaction. On the graph, weight fractions are
plotted against the temperature. The initial composition of oxides was
determined considering UO,-Al,O; and Al,O3;-HfO, eutectic composition
ratios and replacing a mole of HfO, by a mole of ZrO,.

o

100pm 2a_mel_mil3_R_X300_1
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34 wt% Al,03-35 wt% HfO,. The micrograph of this sample
after melting and crystallization (Fig. 11(a)) shows that a fine
eutectic phase formed. The ternary eutectic composition was
determined by EDS as 30 wt% UO,-35 wt% Al,O3-35 wt%
HfO,, which confirms the GEMINI2 estimation within the
3 wt% uncertainty.

Then, the pseudo-binary UO,—(50 wt% Al,O3-50 wt%
HfO,) phase diagram was studied. Indeed, in case of a
hypothetical core melt-down accident, the amount of UO,
varies in the core catcher, whereas the wt% Al,Os/wt% HfO,
ratio remains a constant characteristic of the chosen sacrificial
material. Thus, three other ternary mixtures were considered,
with 40 wt% UO,, 60 wt% UO, and 70 wt% UO,.

The SEM micrographs of these hypereutectic mixtures after
crystallization are shown in Fig. 11(b—d). As expected, the
proportion of proeutectic UO, dendrites increases with the
initial UO, fraction. According to the EDS analysis, there is
HfO, solubility in these UO, dendrites up to 10 wt%. The
eutectic zones were composed of Al,O5 and of (U, _,Hf,)O,
solid solution lamellas, with some solubility of HfO, in UO,.
This solid solution was detected by EDS, but also by XRD.

The XRD characterization reveals the presence of three
phases: Al,O;, HfO, and a (U;_,Hf,) O, solid solution
(Fig. 12). The lattice parameter of the (U,_,Hf,) O, solid
solution decreases when the fraction of hafnium increases in
accordance with linear Vegard's law [18].

Table 2 presents the eutectic temperatures, the liquidus
temperatures and the eutectic compositions determined from
the temperature measurements recorded during cooling and
from the EDS analysis of microstructures of the four ternary
mixtures. Only the composition of eutectic zones of the UO,

—ooum

700pm AL2b_mil4_R_X300_1

100pm Al_2d_mil_R_X500_2

Fig. 11. Back-scattered scanning electron micrographs (300 x ) of the UO,+ (50 wt% Al,03-50 wt% HfO,) mixtures heated in tungsten crucibles, black ~ Al,O3,
white ~ (U; _ Hf,)O,. The proeutectic UO, dendrites are surrounded by the eutectic phase which increases with the initial UO, proportion. (a) 31 wt% UO,, (b)

40 wt% UO,, (c) 60 wt% UO,, (d) 70 wt% UO,.
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Fig. 12. X-ray diffraction of 31 wt% UO,-34 wt% Al,053-35 wt% HfO, sample.

Table 2

Eutectic temperatures, Liquidus temperatures and composition of the eutectic phases relative to experiments in the UO,—(50 wt% Al,03-50 wt% HfO,) system.

Initial wt% UO, 31 wt% 40 wt% 60 wt% 70 wt%
Liquidus temperature (°C) in the pseudo-binary UO,—(50 wt% Al,03-50 wt% HfO,) system 1730 2093 2200 2280
Eutectic temperature (°C) 1730 1740 1755 1715
Eutectic U0, 30 35 32
composition AL O3 35 36 47 /
(Wt%) HfO, 35 29 21

uo, is drawn in Fig. 13. The binary eutectic compositions Al,O3—

Indifferent
Eutectic point point
uo, - Al,0, Uo,- Hfo,
EuteLtig valley {analogy with

~el(b)mb
~&
X lTerna ry
e(c) a f f
1 eutectic poin
1

UO,-Zr0,)

Eutectdc valley

Eutectic point Al,O,- HfO,

Al,O, HfO,

Fig. 13. Ternary UO,~AlL,O3—HfO, phase diagram (weight compositions) with
the ternary eutectic point and eutectic valleys. The points determined from the
experiments in the UO,—(50 wt% Al,03-50 wt% HfO,) system were drawn on
the diagram (squares=initial compositions, crosses=eutectic compositions
determined by EDS.

richest sample could not be determined, being sufficiently
large to be analyzed by EDS. The compositions of the eutectic
zones from the samples that contained initially 40 wt% and
60 wt% UO, are different as the ternary eutectic composition
30 wt% UO,-35 wt% Al,03-35 wt% HfO,. They are situated
in the eutectic valley between the ternary eutectic position and
the binary eutectic Al,03-UO,. A schematic ternary phase
diagram with the ternary eutectic point and the eutectic valleys

UO, and Al,03;-HfO, which were previously experimentally
determined are positioned on this ternary phase diagram,
likewise the indifferent point composition of the binary
UO,-HfO, system which was estimated from the UO,—ZrO,
system. The experimental points determined during this study
are positioned on this ternary phase diagram.

A pseudo-binary phase diagram UO,—(50 wt% Al,0O3-50 wt
% HfO,) is proposed (Fig. 14). The four measured eutectic
temperatures are extremely close (Table 2). The average
eutectic temperature for the UO,—(50 wt% Al,O3-50 wt%
HfO,) system is 1728 + 22 °C. The uncertainty was calculated
with Student's law, adapted to small series.

4. Conclusion

The UO,—Al,03-HfO, system has been investigated.

A 2030 °C melting temperature of pure alumina was
measured in the VITI facility. This temperature is close to
the temperature reported by the literature: 2042 °C.

Within this system, the binary eutectic positions of UO,—
Al,O3 and Al,O3;—-HfO, sub-systems were verified. They were
found respectively for the following compositions ( + 5 wt%)
and temperatures (£ 35 °C): 47 wt% UO,+53 wt% Al,O3
and 1850 °C (2123 K) and 49 wt% HfO,+51 wt% Al,O3 and
1800 °C (2073 K). Our measured eutectic temperatures are 65—
90 °C lower than the temperatures found in the literature.
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Fig. 14. Pseudo-binary UO,—(50 wt% Al,03-50 wt% HfO,) phase diagram.

Under the experimental conditions used, under cooling or other
non equilibrium effects could explain that our experimental
eutectic temperatures are lower than those given in the literature.

The temperature and the composition of the ternary eutectic
of the UO,—Al,O3-HfO, system were determined: the eutectic
temperature is 1728 + 22 °C (2001 + 22 K) and the eutectic
composition (£ 3 wt%) is 30 wt% UO,-35 wt% Al,O3-35 wt
9% HfO,. Then, a pseudo-binary UO,—(50 wt% Al,03—50 wt%
HfO,) phase diagram has been proposed.

Moreover, it is necessary to note that further investigations
of this ternary system should be done to complete the study of
the sacrificial material for the generation IV SFR core catcher.
Knowing the UO,—Al,03—HfO, system it is partially possible
to forecast the way the fissile part of the corium interacts with
the sacrificial material. The interaction of the HfO,—Al,0;
eutectic mixture with sodium shall also be studied.
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