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Material behaviour and interactions have consequences on In-Vessel Retention capabilities. 
The paper will focus on some important aspects. 

1) Behaviour of oxidic corium mixtures at elevated temperatures 

Depending on its composition, oxidic corium (UOZr) may undergo separation at elevated 
temperatures. This separation may be due to, at least, two effects: 

• existence of a miscibility gap above the liquidus temperature of the mixture: this gap has 
been studied in the ISABEL experiments, 

• separation due to density effects in the liquid-solid mixture : the results of the RASP LA V 
experiments are analysed and the phases formed have been recalculated wtith the Gemini2 software 
and its database on corium. 

The second effect tends to increase the thickness of the metallic layer which accumulates 
above an oxidic pool (U,Zr)02. This is deemed to decrease the so-called focusing effect, while the first 
effect, because the density of the metal rich phases is higher than the oxide rich one, results in a 
reverse segregation (metallic layer due to the miscibility gap below the oxidic one) and may not affect 
this "focusing effect". 

1-a) miscibility gap and density effects 

A miscibility gap in the liquid state is found in the O-U system [Edwards et aI., 1966]. The 
purpose of the present study was to determine the extent of the liquid miscibility gap in the O-U-Zr 
ternary system in order to improve the O-U-Zr phase diagram description and to predict the possible 
segregation of the liquid phases at high temperatures in the corium. 

(O,U) and (O,U,Zr) model corium are melted by electron bombardment and then quenched in 
the ISABEL facility. In case of a composition entering the miscibility gap, the microstructure of the 
quenched ingot is constituted of spherical droplets corresponding to a minor oxidic liquid in a matrix 
made of the major metallic liquid (Figure 1). The overall chemical analysis' of both droplets and matrix 
allows to determine overall compositions of both liquids. By this method, two tielines are experimentally 
determined in both O-U at 3090 K and O-U-Zr at 3223 K systems (the latter is drawn in Figure 2). The 
present results show that the miscibility gap has a large extent in both O-U and O-U-Zr systems. The 
high concentration of droplets located near the ingot surface indicate that the minor oxidic liquid phase 
may segregate at the ingot surface by a gravity-dependent effect. 

Figure 1 : .Droplets of the oxide rich liquid (L2) 
in a matrix of metallic liquid (L 1) 

L2 

163 

o 
Present study 

_ Experimental lieline 

U 0.0 0.2 0.4 0.6 0.8 1.0 Z 
at. %Zr r 

Figure 2 : O-U-Zr isothermal section calculated 
at 3223 K where the experimental tieline is 
reported 



The present experimental results as well as datafrom the literature are used to calculate the O-U

Zr phase diagram with the Thermo-Calc software. It allows to eliminate the inconsistency concerning the 

oxygen solubility limit in liquid uranium in the O-U system. Our experimental results on the O-U miscibility 

gap can only be compatible with the low solubility values of Edwards [Edwards et aI., 1966]. Furthermore, 

our experimental data on the O-U-Zr miscibility gap in the liquid state are consistent with the a-Zr(O)-U02 

and Zr-U02 sections reported respectively by Politis [Politis, 1975] and Juenke [Juenke et aI., 1969]. On 

the other hand, the recent experimental work of Hayward [Hayward et aI., 1996] does not predict any 

miscibility gap in the liquid state along the a-Zr(O)-U02 diagram and has to be analysed. The phase 

diagram calculation allows to extrapolate the miscibility gap versus composition and temperature in the 0-

U-Zr system. 

The present miscibility gap description is used to estimate the density of the two liquid phases. A 

very simple model considering an ideal mixture of the U, Zr, U02 and Zr02 pure constituents is used. For 

Zr contents below 35 at.%, the oxide liquid L2 is the lightest one. The miscibility gap extent decreases with 

both temperature and zirconium content in the (O,U,Zr) corium. The density difference is highest in the 0-

U system and will be less important by increasing both temperature and Zr content. The present result is 

consistent with the experimental study which shows that the segregation is the most important in the O-U 

system, leading to the formation of an oxide liquid layer at the ingot surface. 

1-b) Separation due to density effects in the solid-liquid mixture: analYSis of the Rasp/av 

experiments results 

The Rasplav AW200-1 test was performed in 1996 : C-22 corium (metalliC corium containing non 

oxidized Zr) was melted in the Rasplav facility . 

During the test, temperatures about 200°C higher than the liquidus temperature of C-22 were 

measured in the middle part of the pool, and could nolbe explained by superheating of the melt because 

of the very low extracted heat fluxes. After cooling and opening the facility, separation of the melt in two 

layers was observed. One layer Zr-rich (called "metallic" one) was located in the upper part of the device 

(20 vol%), and the other one, U02 and Zr02-rich was located in the lower part (80 vol. %). 

These results may not be explained by separation due to the miscibility gap of the ternary system 

U 0 Zr, for the following reasons: 
• first, due to density effects (see above), the metallic layer would have segregated in the lower 

part of the facility as the density of the "metallic" liquid L2 is expected to be higher than the density of the 

oxidic liquid L 1. 
. 

• Second, the measured temperature would have been the same in the two layers and the 

difference of 200°C would not be explained. 

• Third, the average composition C-22 is just at the limit of the miscibility gap, even for a large 

extent of the miscibility gap modelling: thus, the fraction of each layer (which is given by the lever rule on 

the corresponding tie-line) would not fit the measured fractions. 

Another interpretation was proposed, involving a segregation of the two layers during C-22 melting. 

The melting or solidification range of such compounds is very large (the difference between the 

solidus and liquidus temperatures can be of more than 1000°C, see fig.3) 
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Figure 3 : equilibrium phases in the 0 U Zr system 
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From these curves it can be observed that 

a "metallic" liquid (mainly composed of 

aZr(O» co-exists with the oxidic solid 

(U,Zr)02 over a large temperature range 

(from 2200 to 2700K at least) for a liquid 

fraction around 20 at. %. 



It is postulated that the liquid may gather through the solid microstructure, just before the 
liquidus temperature of the mixture is reached. At the same time, because of its lower density (the 
liquid contains mainly Zr and 0 and the solid is mainly constituted of U02), the liquid is supposed to 
separate, and to go to the upper part of the pool. The reason for this separation is not understood. 

The liquidus temperature of the solid phase, isolated from the liquid one which has separated, 
may thus reach the liquidus temperature of the residual oxide (U,Zr)02. This temperature, calculated 
with GEMINI2, is about 2970 K, which would then be the solid-liquid boundary temperature for the 
lower pool according to our model approach. This corresponds to the elevated temperature measured 
in the lower part of the molten pool. 

Assuming this scenario, it is also possible to calculate the equilibrium state after solidification, 
considering each phase separated from the other. The calculated final compositions of the phases 
agree with the experimental results. 

If such a separation of the metallic part of the corium could occur in a reactor vessel, that 
would decrease strongly the possibility of focusing effect : it is thus important to understand this 
separation mechanism and to evaluate if it could happen in reactor conditions. 

2) Interaction between metallic layer and vessel wall 

Two differentsitems are examined in this part. The first one is a theoretical approach based on 
thermodynamical equilibrium calculations, the aim of which is to evaluate the lower interface 
temperature between the metallic pool and the vessel wall due to physico-chemical dissolution to 
check whether the mechanical behaviour of the cold part of the wall is or is not modified by this 
interaction. The second one deals with the possible migration of low melting point metallic elements 
(chromium, tin, indium ... ) in the solid steel wall that may reduce its mechanical prope~ies too: a test is 
performed in the ISABEL facility (CEA Saclay) in order to analyse the possibility of such a migration 
under real thermal and stress conditions. 

2-a) Physico-chemical interaction of a corium with the carbon steel vessel wall 

All the following calculations were performed under equilibrium hypothesis with Gemini2 
software and the TOBCR associated data base on corium. 

An in-vessel retention scenario assumes an external cooling of the vessel wall ; the external 
surface temperature may be close to 150°C. 

The questiohis to determine at which temperature the metallic pool might dissolve the steel 
wall. 

We took, as an example, a 900MW PWR core inventory in which only 50% of the total 
zirconium is supposed to be oxidized, giving a metallic layer composition close to the following one: 

Zr : 8000 kg, Sn : 300 kg, Cr: 5 000 kg, Ni : 3 000 kg, Fe : 18 000 kg 

Due to the physico-chemical equilibrium hypothesis between the two layers (metalliC and oxidic 
ones), U is present in the metallic part with a maximum amount calculated .to be about 20wt% at 
1500°C, this value being related to the metallic Zr initially present in the metallic layer. 

The next step is to estimate the temperature at which may locally co-exist a metallic liquid of 
such a composition and a solid wall, and to determine their final compositions. 

Thermodynamical calculations showed that, for interface temperatures higher than 1100°C, 
there is no equilibrium state between the above metallic liquid and the solid wall: the iron saturation of 
this liquid layer cannot be reached. Below this temperature, the liquid, dissolving some amount of iron 
in order to reach its solubility limit, may be locally in equilibrium with the remaining steel wall (which 
~hickness has thus decreased). 
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As the temperature gradient in the vessel wall is imposed by the external cooling, the 

knowledge of the interface equilibrium temperature allows us to estimate the remaining thickness of the 

vessel (see the following sketch). 

Metallic liquid 

Interface temperature -11 OO°C --•• 

temperature gradient 

related to the heat flux 

Wall thickness 

t 

Wall thickness 
mechanically resistant 
(T< 600°C) 

As the mechanical resistance of the vessel is mainly controlled by the external cold part (below 

600°C), it is concluded that the mechanical behaviour of the vessel is not affected by physico-chemical 

dissolution of the steel wall by the metallic corium, even for a metallic corium containing up to 20 wt% 

uranium. 

2-b) Migration of low melting point metallic elements in the solid vessel wall. 

Tin, which is present in the metallic corium, may migrate through the solid vessel.' According to 

the literature [Barbier et aI., 1997], it is reported that additions of tin to high strength steels (e.g., AISI 

4140 steel [Mucek et al.,1982}) can reduce the ductility and fracture strength for tensile specimens 

tested at elevated temperatures. In order to assess the risk of embrittlement of 16MND5 steel by tin, a 

specific experiment has been realized to study the possibility of diffusion of this element into the steel, 

under real thermal and stress gradients. 

The test was performed in the ISABEL facility. The vessel was simulated by a small crucible 

externally cooled containing a metallic simulated corium mixture (without U) Including tin. The heat flux 

delivered by the melt to the wall was about 1 MW/m
2 and it has been maintained for 1 hour. At the end 

of the experiment, a layer of 3 mm was molten from the inside of the test wall. Then, samples were 

taken in the corium/steel interaction area for examination. They were characterized by scanning 

electron microscopy (SEM) and chemical analysis was made by energy dispersive spectroscopy 

(EDS). 

Figure 4: Microstructure of the corium/steel 

interaction 
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At the end of the experiment, the average 

composition of the metallic corium was 

found equal to (wt. %): 65.5 Fe - 8.5 Cr -

8.6 Ni - 14.7 Zr - 2.7 Sn. In the vicinity of 

the steel, the corium exhibited a complex 

microstructure as shown in Fig. 4. It is 

composed of (Fe,Cr)-rich phases (dark 

areas) embedded in an eutectic structure. 

The white area's of this structure are Zr-rich 

(46.5 Fe - 33.6 Zr - 10.2 Ni - 3.4 Cr - 6.3 Sn 

in wt.%) and they are smaller far from the 

corium/steel interface. The composition of 

the dark areas is (wt. %): 82.2 Fe- 12.1 Cr - . 

5.1 Ni - 0.3 Zr - 0.3 Sn. 
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Figure 5 : Concentration profiles in the steel. 
The concentration (c) is analyzed as a 
function of the distance (x) from the 
corium/steel interface. 

Concentration profiles have been measured 
in the steel, beyond the interface (Fig. 5). It 
can be seen that the Cr and Ni contents are 
decreasing while the Mn content is 
increasing (on about 40 11m) before the initial 
concentrations of the 16MND5 steel are 
found (i.e., 0.2 Cr - 0.9 Ni). It has to be noted 
that the Cr and Ni concentrations in this 
transition zone (~ 12 and 5 wt. %, 
respectively) are very similar to those 
analyzed in the dark phases of the corium 
area. It seems that this diffusion zone is 
detached with time and then dispersed in the 
metallic corium. On the contrary, no 
significant change in the profiles is observed 
·for the Sn and Zr elements, which have low 
concentrations (less than 0.2 and 0.08 wt. %, 
respectively). 

Thus, taking into account the accuracy of the apparatus, no volume diffusion of tin has been 
detected into the steel. However, the analysis cannot show if tin coulf diffuse along the grain 
boundaries (this point is under analysis). Nevertheless, referring to these preliminary results, it seems 
unlikely that the mechanical properties of the steel be significantly decreased beyond this transition 
zone. 

3) A model for the calculation of melt viscosity 

Whatever the scenario considered, from the beginning of core melting up to the control of the 
accident by stopping and cooling the corium. the knowledge of corium physical properties versus 
temperature is essential to predict scenario evolution with a view to managing the accident. The list of 
physical properties involved in all the phenomena which could occur is impressive; however only some 
of these properties are of significant importance. Among these, viscosity (in fact, corium rheological 
behaviour) plays a major role in many phenomena such as core-melt down and corium discharge from 
reactor pressure vessels. 

For these reasons, it is important to be able to predict the rheological behaviour of corium of 
different compositions (essentially based on U02• Zr02, FexOy and Fe for in-vessel scenariOS) at 
temperatures above the liquidus temperature or between the solidus and the liquidus temperature. 

3-a) Liquid phase viscosity 

One of the first theories concerning the viscosity of liquids is due to Andrade (1934a). This 
theoretical modelling is mainly based on the hypotheSiS that, at the melting point, a liquid has a 
structure comparable to its solid phase. He proposed the following expression of the liquid viscosity at 
the melting point: 

in which, I1Tm (Pa.s) is the viscosity at the melting temperature (T m (K)), K a constant, A (kg) 

the atomic weight and VA (m3) the atomic volume. 
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When temperature is above the liquidus temperature, Andrade (1934b) assessed that only 
molecules having an energy higher than the activation energy On can exchange momentum; thus he 
extended his formula and proposed the following relationship: 

/-l = K (A. Tm)~ exp[~(~-~)] 
T V% R T T 

A m 

in which J..Lr is the viscosity at temperature T and R the ideal gas constant. 

The use of the Andrade formula to predict liquid oxide viscosities is often limited by the fact that 
the molecular weight and volume of an oxidic mixture at melting temperature are generally unknown. 

Therefore, we propose (Sudreau, Cog net 1997) to use the the following formula: 

A = L X ;A; where Xi is the atomic fraction of the i component and Ai its , 
atomic weight; 

A. 
VA = LXY = Lx.-' 

I I i 'p. , 
in which Vi the atomic volume of the i component and Pi its density at the melting point. 

The determination of K and On is based on experimental correlations; for K, Andrade, himself, 
proposed the following value which seems to be the best one: 

K = 0.161x10-6 kg 1/2.m.K-1/2.s-1. 

On can be assessed by using the following formula proposed by Grosse in 1963 : 

O = 1 8 T 1,348 
n , m 

3-b) Viscosity in the solidification range 

It is supposed here that solid and liquid stay mixed in the freezing interval. 

When temperature is within the solidification range (between solidus and liquidus 
temperatures), due to the appearance and growth of solid particles, the rheological behaviour of the 
mixture is no longer Newtonian; nevertheless its behaviour can be approached by an apparent 
viscosity (I-Iapp)' In this temperature range, many parameters playa role in the rheological behaviour of 
hydrodynamic suspensions: liquid phase viscosity (1-11), solid volume fraction (f5 ), shear rate, cooling 
rate, particle shape, .... A lot of empirical and semi-theoretical correlations have been proposed to 
calculate this apparent viscosity. However, these relationships need always the determination of at 
least one, often two or three, parameters whose physical meaning is not very clear. Among these 
correlations, and because of the lack of data on corium in the solidification range, we propose to use 
the Thomas correlation: 

Jlapp=1+2,5fs + 10,05f/ +0,00273 exp (16,6fs) 

which is certainly not better than others but which is based on only one parameter: the solid 
volume fraction (fs)' Though the hypothesis of thermodynamic equilibrium is certainly not correct for the 
whole mixture, this parameter can be provided by a thermo-chemical computer code such as GEMINI. 

Solid and liquid may also separate in a corium pool under quasi-state conditions. The model 
approach is then very different [K.Froment, J.M.Seiler, 1997] and the viscosity to be considered is the 
viscosity of the residual liquid phase. 

4) Baryum release and residual power; residual power distribution during freezing 

4-a) Baryum release and residual power 

VERCORS is a semi-analytic experiment dedicated to the study of the fission products (noted 
FPin the following text) release from irradiated fuel [Andre et aI., 1996] 
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We focussed in this work only on the results in terms of total release amounts for each FP. 

Two experiments have been chosen among the data base, i-e VERCORS 4 and 5 [Ducros et 
aI., 1996], in order to compare the predictions of the GEMINI2 software and its database to the 
measured releases. In these experiments temperature levels of about 2300°C were obtained under two 
different compositions of the gaseous flow (one is reducing, the other oxidising atmosphere). 

The experimental conditions of the two tests (temperature and gas flows) were used to 
determine the equilibrium conditions of the calculations. 

The comparison between measured releases and the calculation results are summarised in the 
following table. 

The calculated results correspond for each element to the ratio of the total FP amount in the 
gaseous phase at 2300°C reported to the initial FP inventory. 

VERCORS 4 (reducing atm.) VERCORS 5 (oxidising atm.) 

weight % Calculated releases Measured releases Calculated releases Measured releases 

Sa 68 (55) 66 67 55 

La 1 (0.6) <3 0 <3 

Ru 7 (4.6) 7 I<>i 52< "" 

""',< 6 
Sr 1/ • > 21(1()}8) ". ." •• "'."'.".' '. "" <6 1 <6 

U 5 (3.3) 2 3 2 

Zr 0(0) <3 0 <4 

(*) .' taking into account the existence of the U02-SrO compound in the (U02,SrO) quasi-binary 
system. 
The values between ( ) are calculated for a reduced 0 partial pressure. 

It can be observed that measured releases are not very different between the two tests and 
thus do not seem to depend on the composition of the gas (reducing or oxidising) for these 
experiments and only for these FP (other very different releases are measured on Mo and Rh in the 
different atmospheres, but these elements, not belonging to the database, are not calculated here). 
The calculated values are also close to the measured releases except for two elements (Sr and Ru ), 
for which the calculated release is very sensitive to the composition of the atmosphere. 

Some parametric studies were undertaken for Ru and Sr releases: 

- it is possible to approach the measured releases for Sr assuming the existence of 
some definite compound (either U02-SrO in the ternary system, either some other definite compound 
which could appear in a quaternary system: analysis of recent works are going on), 

- the Ru measured release corresponds to a lower oxygen partial pressure then 
assumed in the previous calculations : the consistency of the database was checked comparing Ru 
releases for oxidising atmospheres (Hunt et ai, 1994 - Iglesias et aI., 1990) to calculations and showed 
a good agreement. 

It is generally assumed in the calculation of the residual power dissipated in the corium that 
baryum is not released. However, the release of Saryum is significant in these experiments and the 
release of this element has a strong influence on the level of the residual power (about 20% reduced). 

4-b) Distribution of the residual power in an oxidic corium 

A repartition of fission products in the solid and liquid phases has been calculated during 
solidification of oxidic corium under assumption of thermodynamic equilibrium with the GEMINI2 
software and its database on corium. 

An in-vessel corium composition was considered (only seven FP choosen as representatives 
of families are modelised in the database),with the following inventory : 
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From the thermodynamical equilibrium calculations which give the elements and phases 
compositions for each temperature, we evaluated the residual volumetric power distribution, assuming 
that: 

- the mixture density may be estimated applying a simple mixture rule of the 
elementary species densities (for U02,Zr02 ... ) which amounts are known from the previous 
thermodynamical calculations, 

- the volumetric power of one phase is due to the elementary contribution of each FP 
according to its amount 

These calculations conclude that there is no significant difference of volumetric power 
dissipation between solid and liquid phases. 

Conclusion 

This paper presented material behaviour aspects that may have consequences on In-Vessel 
Retention capabilities: 

- The physico-chemical behaviour of the corium may result in a separation two layers, one 
being oxide rich and the other more metal rich, due to some miscibility gap (like in the U 0 Zr system) 
or due to other mechanisms (like in the RA8PLAV experiments according to our interpretation). 
According to the density of the two separated phases, the metallic one can be found in the upper or in 
the lower part of the pool. If it relocates in the upper part (like in RA8PLAV), this will decrease the 
focusing effect which is an important problem for In-Vessel retention. However, the mechanism leading 
to separation in RA8PLAV is not well understood and the extrapolation to reactQf conditions is not 
possible. Complementary investigations are necessary. 

- The mechanical behaviour of the vessel seems not to be affected by physico-chemical 
processes such as steel dissolution by the metallic liquid corium, tin diffusion (but complementary 
microprobe examinations have to be performed to be sure that tin did not diffuse in the grain 
boundaries). 

- The viscosities of In-Vessel liquid corium layers are estimated by an extension of the Andrade 
formula. The effect of a solid fraction mixed with the liquid can be taken into account, however this may 
not be pertinent to the reactor approach if solid and liquid phases separate. 

- The Thermodynamic approach seems to be a good tool for fission products releases 
estimations : the significant Baryum release, higher than generally assumed, which was measured in 
the VERCOR8 experiments and which is predicted by thermodynamical calculations, has a strong 
influence on the residual power in the liquid corium (about 20% reduced). 

The distribution of the volumetric power dissipation between solid and liquid phases is 
predicted to be quasi-uniform. 
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