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Corium formation with the severe nuclear accidents
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3 study parts 
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Corium-Water Interaction (ICE): 
formation of solid solutions U1-xZrxO2±y
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Fuel Coolant Interaction : Severe Accident phenomenon including water corium interaction

The melt is fragmented by hydrodynamic forces in coarse droplets.

The melt is broken into fine droplets by thermal fragmentation.

Thermal fragmentation process escalates through the premixed 
volume. 

1) Premixing

2) Triggering

3) Propagation

4) Explosion
the melt is finally transferred to the work of steam in a short 
time scale (few microseconds).
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Corium-water (ICE) interaction/vapour explosion 
and prototypical corium formation U1-xZrxO2±y

PLINIUS:
Experimental platform, located at the CEA Cadarache site
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Corium material analysis by EPMA and diffractions 
methods
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X rays difraction (HR-XRD), 
(beam line MARS at 
synchrotron SOLEIL)

Laue microdiffraction
(Beam line BM32 at l’ESRF)

Neutrons diffraction 
(Line D2B at ILL)

Electron diffraction (SEM-EBSD) 

Local deformation

Cationic fluctuation 
composition 

Microstructure : size, 
distribution and orientation of 

cristals

Microanalysis (EPMA, CAMECA SX 100)

U1-x Zrx O2±y : 
𝐹𝑚3ത𝑚 cubic

O2-

Zr4+

U4+



Structural material investigation
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 X ray and neutron diffraction spectrometry : Technique for structural and microstructural investigation 
and cationic/ anionic composition.

2 Theta diffraction diagram

Co
un

ts
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Structural material investigation
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X ray Dirac Pic Material effect

f crystal 
size

f local 
deformation

f true Pic

g 
instrumental

f true Pic

Instrumental effect

h experimental 
Pic

 X ray and neutron diffraction spectrometry : Technique for structural and microstructural investigation

Crystal size Local deformationChemical 
composition
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Micro texture material investigation
SEM/ EBSD

Pole piece

Sample

Tilt 70°

EBSP

Camera

Sample

Diffusion

Diffracting plan

Diffraction area

Kikuchi
lines

Diffraction area

Phophorescent screen

Diffracting plan

Phophorescent screen

Pole piece

Sample

■ Phase identification by kikuchi lines in the scale of µm
■ Local area orientation of the grain and size
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Micro texture material investigation
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Microanalysis material composition by EPMA
Quantitative material composition results by EPMA 

■ Five spectrometer, optical camera

■ Quantitaive analysis from berylium to uranium

In
te

ns
ity

CAMECA SX100

X-ray intensity measurement
X-ray emission was produced by interaction of the electron beam
with the sample. The emitted photons were recorded with
different wavelength-dispersive spectrometers.

Energy of X rays



Microstructural study of corium by SEM EBSD
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50 µm 100 µm 1000 µm

KA2-50µm KA2-200µm Crucible

- Crystal size decreases with decreasing particle size and increasing cooling rate.
- Crystal size is much larger than micrometer.
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Interpretation of asymmetric widening of diffraction 
lines
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XRD in laboratory:
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The instrumental resolution function: ( = 0,7276 Å)
Diffraction diagram collected on LaB6 standard powder

The instrumental resolution function: ( = 1,5941 Å)
Diffraction diagram collected on Na2Ca3Al2F14 standard powder

X-ray diffraction on the MARS beam line at the SOLEIL synchrotron: 
study of fluctuations in cationic composition 

Neutron diffraction on line D2B to ILL:
study of anionic composition, oxygen stoichiometry

Structural analysis by X-ray and neutron diffraction 
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Diffraction diagram decomposition method
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Application of the decomposition method on prototypical 
corium
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𝑁 ≈
full width 𝑜𝑓𝑈ଵି𝒙𝑍𝒙𝑂ଶ±௬

𝐹𝑊𝐻𝑀 𝑑𝑢 𝐿𝑎𝐵6

= 50 𝑝𝑖𝑐𝑠

Choice of N elementary peaks:
Vegard Low : 𝑎 = 5,468 − 0,3296 𝒙

Choice of N elementary cationic compositions:

5,46800 < 𝑎 < 5,28013 ;  ∆𝑎 = 0,006592
𝟎 < 𝒙 < 𝟎, 𝟓𝟕 ;  ∆𝒙 = 𝟎, 𝟎𝟐

- Extraction of composition fluctuations by global simulation
of diffraction diagrams.

- The calculated diagram is the sum of 30 contributions,
each corresponding to a given composition.
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Quantification of the fluctuation of cation compositions and oxygen 
content by combined Rietveld X-ray and neutron diffraction analysis

 Combined Rietveld analysis
with X ray and neutron
diffraction accurate the
determination of solid
solution, this result are in
good agreement with local
EPMA microanalysis realized
in the sample.
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Local deformations analysis by µ Laue diffraction
Local deformations analysis by µ Laue diffraction
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Local deformations analysis by µ Laue diffraction
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Local deformations analysis by µ Laue diffraction
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Local deformations analysis by µ Laue diffraction
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 LAUE micro-diffraction : Interplay between composition
fluctuations and stresses into crystals of uranium-
zirconium and can show an increase of local
deformation rate with the fast cooling.
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Conclusion
■ Corium : heterogeneous and complex material (i.e geological material),  Specific

analytical procedure has to be developped through electron microscopy, diffraction 
method and X ray spectrometry

■ Quantitative analysis is allowed by WDS EPMA and light element can be measured like O.

■ Diffraction methods give structural information

 Combined Rietveld analysis with X ray and neutron diffraction accurate the determination of solid 
solution, this result are in good agreement with local EPMA microanalysis realized in the sample.

 LAUE micro-diffraction : Interplay between composition fluctuations and stresses into crystals of 
uranium-zirconium and can show an increase of local deformation rate with the fast cooling.

 EBSD can measured the formation of grain size during process

 The new methodology can do determination of the relationship between corium cooling process and 
the cationic-anionic composition variation into the uranium-zirconium solid solutions in radioactive 
corium materials.

■ Analytical approach through electron microscopy and diffraction methods and condition 
parameters could be transfered (i.e, F.P, M.A, Pu) in hot cell condition
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