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During a severe accident in a nuclear reactor, as it occurred in Fukushima Daiichi 

BWRs in 2011, the so-called “corium” resulting from the thermal fusion of nuclear fuel 

and interaction with the zircaloy cladding at high temperature (T>2800 K) can be 

formed. During cooling phases in the vessel or outside of the vessel, corium is 

crystallized at solid state under the form of an uranium and zirconium oxide solid 

solution. Based on the severe accident scenario, different phenomena can occur such as 

Fuel Coolant Interaction (FCI). In those conditions, solidification paths will be far from 

thermodynamic equilibrium if the corium is cooled very quickly by interacting with 

water. At the CEA-Cadarache, on the PLINIUS Severe Accident Platform, FCI is 

studied at the KROTOS experimental facility using prototypical corium, i.e. with 

depleted uranium dioxide. Resulting from different stages of corium - water interaction, 

we hypothesis that a large cationic composition fluctuation takes place into these U1-

xZrxO2±y crystals. Thanks to high-resolution X-ray diffraction experiments done at the 

SOLEIL synchrotron radiation source at the MARS beamline, we were able to analyze 

at the quantitative level the cationic composition fluctuations that are strongly related to 

the cooling speed. 

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
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1. Introduction 

In case of a severe accident in a nuclear reactor, as it happened in Fukushima Daiichi, a 

complex mixture, so-called corium, is formed at very high temperature (T > 2800 K) 

under various conditions of oxygen potential [1]. This hot fluid is initially mainly 

composed of nuclear fuel (UO2) and oxidized zirconium coming from the zircaloy 

cladding operated in Light Water Reactors (LWR). The downward relocation of this 

corium into the remaining core water, or injection of fresh water promotes several 

scenarios of hot fluid cooling and consequently different paths of the solidification [2]. 

This key phenomenon for nuclear safety is experimentally studied at the KROTOS 

facility. S.B. Board and R.E. Hall [3] have proposed four main steps to describe FCI 

and its possible consequence, i.e. Steam Explosion (SE). This kind of configuration is 

simulated on KROTOS facility with a 

corium jet at about 2800 K poured into cold 

water (see Fig. 1):   

(1) Premixing – The corium jet is 

fragmented in the coolant by 

hydrodynamic forces into coarse 

droplets covered by a steam film 

limiting heat transfer and 

solidification occurs in few seconds 

(2) Triggering - The protective steam 

film can locally be destabilized. In 

this case, in a few milliseconds, the 

 

Fig. 1. Schematic representation of the KROTOS 

facility at CEA-Cadarache. The FCI is involving 

four different phenomena that take place 

according to very different time scales. 
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melt is locally divided into fine droplets by thermal fragmentation 

(3) Propagation – In few tens of milliseconds, thermal fragmentation process 

escalates through the premixed volume. The propagation wave can reach 

supersonic velocities 

(4) Expansion (steam explosion) – in few microseconds, the thermal energy of the 

melt is finally transferred to water, forming steam in a very short time scale and 

generating consequently high-pressure loads on the reactor vessel (in-vessel 

configuration) or reactor pit (ex-vessel configuration). 

The solidification path of the corium from liquid state to solid state is out of 

thermal and thermodynamic equilibrium [4]. Nevertheless, the knowledge of the final 

solid state of corium is a key issue for the understanding, modelling and mitigation of 

severe accident phenomena and for future activities in damaged reactors 

decommissioning. In order to decouple the phenomena, studies have been focused on 

ternary corium compositions U1-xZrxO2±y [5]. We think in this work that this corium 

solid solution exhibits a very large cationic composition fluctuation that we were able to 

analyze at the quantitative level through high-resolution x-ray diffraction (HR-XRD) 

measurements. Moreover, we find that the shape of the determined cationic distributions 

is strongly linked to the cooling process. 

2. Materials and methods 

Samples studied in the present paper are coming from the KROTOS “KA2” test realized 

in the frame of the French ANR-ICE program. The initial composition with respect to 

the raw materials was 80.1 wt.% UO2; 11.4 wt% ZrO2; 8.5 wt% Zr, that corresponds to 

an atomic ratio between oxygen and cations equal to 1.61, representative of LWR 

operating conditions. The raw materials were mixed and melted at 3040 K with 
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superheat of about 200 K according to the theoretical liquidus temperature of the 

mixture in the upper crucible of the facility [6]. After the release of the corium with its 

crucible on a puncher with a tin membrane, the liquid corium was poured into the 

KROTOS test section, full of water at liquid state maintained at 333 K under a pressure 

of 2 bars. During cooling, the corium is interacting with water and therefore the final 

oxygen stoichiometry of the corium solid phase is indeed unknown. 

Post-test analyses have been performed on three corium sample families, 

representative of specific cooling regimes. The samples are as follows: (i) The KA2-

crucible, representative of a “slow cooling rate” of corium located in the crucible after 

the test. Cooled naturally under argon in a few minutes, this sample didn’t interact with 

water and presents solidification of melt in inert atmosphere. (ii) The KA2-200, 

representative of a “fast cooling rate”, is made up of corium debris having a mean 

particle size close to 200 µm, formed after the interaction with water steam and cooled, 

mainly without explosion. (iii) The KA2-50, representative of a "very fast cooling rate", 

is made up of corium debris having a mean particle size of roughly 50 µm, formed after 

the interaction with water steam and cooled with explosion. 

It has to be stressed that from the structural point of view, the final solid state of 

corium is due to several coupled non-linear and complex phenomena (oxidation, 

fragmentation, explosion, cooling and solidification) occurring far from the equilibrium. 

It is worth noting that at high temperature ZrO2 adopts the Fm3m cubic space group that 

is observed for UO2 at all temperatures. According to the pseudo-binary UO2-ZrO2 

equilibrium phase diagram [6, 7], during cooling from the liquid state, the U1-xZrxO2 

solid solution crystallizes under the Fm3m cubic space group whatever the value of x is. 

The tetragonal phase (P42/nmc space group) has been found at room temperature under 

metastable state [8] only for compositions corresponding to x value above 0.7. As we 
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will show later in all the cases under consideration here, the value of x remains below 

0.7 and the solid solution crystallizes under is cubic form. 

Structural analyses of the corium samples were performed using the HR-XRD 

set-up CX2 at the MARS beamline at the synchrotron SOLEIL [9]. This beamline is 

fully devoted to the structural characterization of radioactive materials. The CX2 end-

station is equipped with a four-circle diffractometer that we used in transmission mode. 

HR-XRD patterns were recorded using the Double Crystal Monochromator (DCM) 

equipped with a pair of Si (220) crystals which second crystal is bent for horizontal 

focusing. Before being collected by a set of 24 scintillation detectors, the X-ray beams 

diffracted by the samples are highly collimated using a multi-crystal analyzer stage [9] 

made of two banks of Ge (111) analyzer crystals mounted on the 2θ arms. Such multi-

analyzer set-up was developed for beamlines using intermediate energy range around a 

number of synchrotron radiation sources [10, 11] and was recently extended to the case 

of beamline working at energies as high as 60 keV [12]. All the diffraction patterns 

considered in this article were obtained after the summation of the diffraction signals 

coming from all the 24 detectors. This summation was done using a specific procedure 

developed by the MARS beamline scientists. It is well-known that this geometry 

associated with a capillary sample holder is one of the most efficient ways to record 

very high-resolution diffraction patterns. Depending on the energy and the collimation 

of the beam the full width at half maximum (FWHM) of the diffraction peaks is lying 

typically between few thousandth and few hundredths of degree [11]. Taking into 

account the K-edge of zirconium, the energy of the beam was fixed at 17 keV after 

calibration using the absorption K-edge of a yttrium metallic foil. The size of the beam 

was about 300 x 1000 µm2 (V x H). All the corium samples were milled and put into 

closed capillaries following a procedure proposed by Hill et al. [13] and already used 



6 

 

before on nuclear materials at the MARS beamline. The internal and external diameters 

of the capillaries were equal to 2 and 3 mm respectively. The total sample volume was 

close to 50 µL and in order to limit the X-ray beam absorption, the corium powders 

were diluted in wax (one third corium and two third wax). During the pattern recording, 

the samples were continuously rotated around the capillary axis. The instrumental 

resolution function was estimated through the diffraction pattern measurement of the 

LaB6 660b NIST powder and the diffraction peak FWHM was close to 0.02 nm-1, 

corresponding to 0.015°, according to the x-ray beam energy. Scanning electron 

microscopy (SEM) observations were realized using a Zeiss supra 55 electron 

microscope coupled with an electron back-scattered diffraction (EBSD) detector from 

the Bruker company. 

3. Results and discussion 

Part of the diffraction patterns recorded on the NIST standard powder and on the 3 

different corium samples is reported in Fig. 2a. As evidenced by the enlargement around 

the (111) corium diffraction peak, both the profiles and the mean positions of these 

diffraction peaks are strongly influenced by the cooling process. In all cases, they 

exhibit a very significant asymmetric broadening with respect to the instrumental 

function (see in Fig. 2 the LaB6 diffraction peak near the (111) corium peak). The 

broadening of the diffraction peaks can be related to a number of crystalline defects 

[14]. The three corium samples have been intensively characterized through SEM-

EBSD analysis. It is worth noting that whatever the cooling process was, the size of the 

corium crystals is always much greater than one micron and often corresponds to a few 

tens of microns (see Fig. 2b). Thus, the X-ray diffraction peak broadening is not related 

to a crystal size effect.  
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As written above, the UO2-ZrO2 pseudo-binary phase diagram exhibits a large 

solid solution [6, 7] allowing a continuous variation of the cationic composition of the 

U1-xZrxO2 mixed oxide. Therefore, according to previous experiments done on similar 

compounds [8], the shape of the XRD peaks can be interpreted as a direct consequence 

of local cationic composition fluctuations in each individual corium crystal. It is well-

known that such local composition fluctuations in solid solutions may be associated to 

the presence of microstrains (see for example [15-17]). In principle, the line profile 

analysis of the diffraction peaks recorded on the polycrystalline samples may take into 

account simultaneously cationic fluctuation and microstrains. Although such a general 

 

(a) XRD patterns recorded on the three corium samples and the LaB6 660b NIST powder 

(b) SEM-EBSD image illustrating the typical size of the corium crystals. The color scale with respect to 

the crystal orientations is indicated on the left corner of the figure. 

Fig. 2. Influence of the cooling process on the profile of the XRD diffraction peaks. 
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approach has been described for binary ordered or disordered metallic alloys [18], it is 

much more complex in the case of oxides. As a first step of the determination of the 

cationic local fluctuation in corium crystals, the potential associated microstrains will be 

neglected here.  

In the frame of the X-ray diffraction kinematic theory, the experimental 

diffraction patterns can be considered as a summation of a number of patterns all 

indexed with respect to the ��3�� space group and corresponding to a local distribution 

of the cell parameter of this cubic U1-xZrxO2 solid solution. Knowing the relationship 

between the U/Zr atomic ratio and the value of this cell parameter, allows in principle to 

extract the cationic fluctuation from the cell parameter distribution. The basis of the 

quantitative analysis of diffraction pattern following this approach has been introduced 

in the seventies by C.R. Houska for the study of metallic alloys [19-22] and extended to 

the case of thin films [23, 24]. More recently, this approach was applied to ceramic-

metal composite materials [25] and to the study of cationic local fluctuations in oxides 

[26]. The principles of the method are presented Fig. 3. It corresponds to the 

decomposition of each experimental peak profile into a set of N elementary peaks where 

each of them corresponds to a given cell parameter and thus to a given cationic 

composition. The profile of these elementary peaks was fixed as identical to the 

instrumental function at the corresponding Q-value. Due to their large broadening, the 

corium diffraction peaks are partially superimposed on each other and thus the 

experimental patterns were modelled by full pattern matching approach using the 

MAUD software [27]. All the diffraction peaks were simulated using the pseudo-Voigt 

function [28] and the Q evolution of the width of the instrumental function was fitted 

according to the Caglioti polynomial approximation [29]. Two inserts corresponding to 

zooms on both the low-Q and the high-Q parts of the diffraction pattern illustrate the 
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quality of the refinement. The values of the normalized difference function remains 

between -0.03 and 0.03 whatever the values of Q (see the bottom of Fig. 3, below the 

diffraction pattern). The values of the reliability factors obtained after the best fits are 

reported Table 1.  

Table 1. Values of the reliability factors that attest of the quality of the fits. 

 RWP (%) Rexp(%) GofF 

Slow cooling 5.265 9.02 0.584 

Fast cooling without explosion 8.698 10.463 0.831 

Very fast cooling with explosion 5.276 9.907 0.532 

 

The narrow diffraction peaks observed on the pattern are corresponding to the 

diffraction by of tin crystals present as impurities in the sample. The contribution of this 

additional phase was considered during the full pattern matching process. The local 

composition fluctuations are extracted with respect to the variation of the corium cell 

parameter a as a function of zirconium amount x using the following linear equation: 

a=5.468-0.3296x [8, 30]. 

The three corium diffraction patterns were simulated according to this 

methodology introducing 50 patterns between UO2 and ZrO2 range, with a variation of 

0.02 with respect to the value of “x”. After refinement, 30 compositions between pure 

UO2 and U0.43Zr0.57O2.0 exhibiting a significant contribution have been identified. The 

 

Fig. 4. Cationic composition fluctuations into corium crystals as a function of the cooling process. 



10 

 

cationic composition fluctuations obtained for each sample are reported Fig. 4 with an 

illustration of the diffraction patterns fitting with a focus on the enlargements around the 

(111) peak. The cationic distribution fluctuation is significantly influenced by the 

cooling process and the associated solidification path mechanism but also by oxidation 

mechanism. In relation with the corium cooling rate and the oxidation process, 

mechanisms can be proposed to explain the cationic fluctuation asymmetry curve 

evolution. In the crucible, conditions are the closest of the thermodynamic equilibrium, 

solidification process is slow, the curve can be considered as relatively symmetric and 

centered even if the spread is large. For fast cooling, the curve can be assumed as being 

“asymmetric” on the uranium rich side, whereas for very fast cooling, the curve can be 

assumed as being “asymmetric” on the zirconium rich side, both directly linked with the 

cooling rates. 

4. Conclusion 

FCI is a key phenomenon that can occur in case of a severe accident in a LWR. This 

phenomenon implies very quick process allowing high cooling rates and several 

solidification paths for the corium melt. Three prototypical corium samples coming 

from FCI experiments (KROTOS facility-CEA-Cadarache) have been studied through 

high-resolution x-ray diffraction experiments. The consequence of the different cooling 

rates is the formation of U1-xZrxO2 solid solutions crystallized under the Fm3m space 

group and exhibiting large and asymmetric cationic local fluctuations. It is worth noting 

that the formation of such continuous cationic composition fluctuations through 

spinodal process has been observed quite long time ago into yttrium doped zirconia [31, 

32] that exhibit similar crystallographic structure of the samples under consideration 

here. Nevertheless, as far as we know, such HR-XRD experiments using synchrotron 

radiation and devoted to quantitative analysis of the cationic fluctuations have never 
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been done in corium. Moreover, their analysis at the quantitative level should be very 

helpful to better understand and model severe accident phenomena and to develop 

specific post-test analyses methodologies for use in decommissioning and storage 

operations of damaged Fukushima-Daiichi reactors. For a better understanding of 

corium behavior, the knowledge of solid state will be able to build a reliable modelling 

of severe accident phenomena, the final solid state acting as a signature of the severe 

accident phenomena. This first work has been able to show for the first time specificity 

of the cationic fluctuation in the corium solid solution U1-xZrxO2 using Large Instrument 

such as SOLEIL. Following this work, we will go on simulating more realistic corium 

solid state adding fission products immobilized in the corium such as strontium or 

barium. For the Fukushima Daiichi damaged reactors, it is planned to take some real 

corium samples and to perform post-test analyses before any decommissioning action. 

In the frame of OECD/NEA organization, international projects, such as PreADES 

project (“Preparatory Study on Analysis of Fuel Debris”), have been led to collect 

methodology on fuel debris characterization for Fukushima Daiichi damaged reactors 

and will go on in the next years.  
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