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Context

Nuclear Fuel Cycle © CEA/Com Ci Com Ca

➢ Harsh reprocessing conditions (nitric acid 3 to 6 mol/L - T > 90°C)

PUREX Process : the front end of the nuclear fuel cycle

Spent Nuclear Fuel
U (95 wt.%) – Pu (1 wt.%)

MA (0.1 wt.%) – FP (4 wt.%)

Necessity to better discriminate the reactions
and parameters driving the dissolution…

… to optimize the PUREX process and extend it to 
MOX Fuel and new thorium-based nuclear fuels

12/05/2023
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Objectives and approches

How to discriminate all the paramaters implied in the spent nuclear fuel reprocessing ?

A multiparametric study linking irradiation, dissolution and caracterization

Macroscopic dissolution rates

Coating

Polishing

Heating
treatments

Samples
preparation

Simulation

Irradiations

Characterisations

Dissolution 
experiments

U0,9Nd0,1O2-xU0,9Th0,1O2-x UO2

Model 
compounds

Macroscopic description 
of the dissolution

Monitoring of 
solid/liquid interface

Structural and 
microstructural control

MEB/EDX

AFM

RBS

MEB Raman

Pycno

ICP-AES

PERALS

12/05/2023
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Preparation of the sintered pellets 

Hydroxyde 

U(OH)4

(U1-xNdx)(OH)4

(U1-xThx)(OH)4

Oxyde 

UO2

(U1-xNdx)O2

(U1-xThx)O2

U(IV) + Mx+

HCl

msynthesis ≤ 1 g Room temperature

Excess NH3 (aq) (400%)

Washing

(H2O - EtOH) 
Drying (Tamb)

4h, 700oC
Ar/H2 (4%)

Oxalate precipitation Thermal conversion to oxide

12/05/2023
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Preparation of the sintered pellets 

Hydroxyde 

U(OH)4

(U1-xNdx)(OH)4

(U1-xThx)(OH)4

Oxyde 

UO2

(U1-xNdx)O2

(U1-xThx)O2

U(IV) + Mx+

HCl

msynthesis ≤ 1 g Room temperature

Excess NH3 (aq) (400%)

Washing

(H2O - EtOH) 
Drying (Tamb)

Oxalate precipitation Thermal conversion to oxide

6

Ar/H2 (4%)

Unixial pressing
Ø 5 mm, 500 MPa

Pellets Calcination

Grinding 1600oC 4 hours

TAmb

Sintered pellets

Densification rate (dgeom/dcalc)

➢ UO2 ≈ 91 %

➢ U0,9Nd0,1O2-x ≈ 91 - 95% 

➢ U0,9Th0,1O2-x ≈ 88 - 92 %

5mm 4mm

4h, 700oC
Ar/H2 (4%)

Shaping / Sintering

12/05/2023
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Caracterisation of the cation ratio in the UO2 fluorite-type structure

RBS spectra for each sample composition

Good cationic homogeneity

MEB /EDX Characterisation RBS Characterisation

Expected composition achieved

12/05/2023
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Parametric study of irradiation-induced damage
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Projectile velocity

Nuclear stopping

The projectile is slowed
down by atomic collision. 
Cascades of collision are 

observed.

Electronic
stopping

The projectile has a high 
velocity. It is slowed down 

by interaction with the 
electron clouds of the 
atoms of the target. 

Xe and Pb
1GeV

Xenon is an accessible fission 
fragment with the highest stopping

power (37𝑘𝑒𝑉. 𝑛𝑚−1).
Lead is used to maximise the effect
of the electronic stopping due to its

high atomic number (55𝑘𝑒𝑉. 𝑛𝑚−1).

Au
1; 2 and 7MeV

Gold projectiles simulates
the radiation damage 

induced by atomic collisions 
from fission fragments (close 

to their range). 

Two kinds of interactions : two distinct effects

12/05/2023
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Irradiation simulations – comparison between nuclear and electronic stopping

Penetration depths of the projectile

Ionization of the target material

Displacements created by collision cascades

Displacements per atom

Au – 7MeV Xe – 1GeVUO2

Au – 7MeV Xe – 1GeVUO2

Au – 7MeV Xe – 1GeVUO2

Au – 7MeV Xe – 1GeVUO2
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Simulation results

𝜙1𝑀𝑒𝑉,𝐴𝑢 = 2.1014 𝑖𝑜𝑛𝑠. 𝑐𝑚−2

𝜙2𝑀𝑒𝑉,𝐴𝑢 = 3,2.1014 𝑖𝑜𝑛𝑠. 𝑐𝑚−2

𝜙7𝑀𝑒𝑉,𝐴𝑢 = 1,3.1015 𝑖𝑜𝑛𝑠. 𝑐𝑚−2

Selected fluences 

Max dpa is fixed at 30

Choice of irradiation energies

➢Maximizing of the penetration depth

➢Maximizing of dpa to achieve the formation of 

a dislocation network.

Optimization of the gold irradiation conditions

Damages caused by gold irradiations at 3 energies : 1; 2 and 7MeV and fraction of gold atoms
incorporated within the UO2 material as a function of depth

12/05/2023
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Irradiation experiments – atomic collision

➢ A mask is placed on half the surface 
to determine the effect of surface 
irradiation.

➢ About 4 hours of irradiation

Gold implantation

൞

𝜙7𝑀𝑒𝑉,𝐴𝑢 = 1,3.1015 𝑐𝑚−2

𝜙2𝑀𝑒𝑉,𝐴𝑢 = 3,2.1014 𝑐𝑚−2

𝜙1𝑀𝑒𝑉,𝐴𝑢 = 2.1014 𝑐𝑚−2

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

Pellet code Composition Irradiation

P2S39 UO2 100%

P4S39 UO2 100%

P5S39 UO2 50,62%

P6S39 UO2 70,85%

P1S40 UTh10%O2 59,45%

P2S40 UTh10%O2 100%

P4S40 UTh10%O2 65,63%

P5S40 UTh10%O2 100%

P4S41 UNd10%O2 65,96%

P5S41 UNd10%O2 100%

P6S41 UNd10%O2 100%

P8S41 UNd10%O2 52,52%

Implentation

beam line

12/05/2023
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Gold implantation Imaging the surface

൞

𝜙7𝑀𝑒𝑉,𝐴𝑢 = 1,3.1015 𝑐𝑚−2

𝜙2𝑀𝑒𝑉,𝐴𝑢 = 3,2.1014 𝑐𝑚−2

𝜙1𝑀𝑒𝑉,𝐴𝑢 = 2.1014 𝑐𝑚−2

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

➢ Hugin & Gimp are used to obtain a 
complete mesure of the surface 
(px and μm).

Images are taken by optical microscopy

Irradiation experiments – atomic collision

12/05/2023
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Static dissolution experiments

Coating

➢ Epoxy Resin
➢ Coating after 2 hours
➢Drying : 8 hours

Only the irradiated surface is of 
interest

12/05/2023
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Coating

➢ Epoxy Resin
➢ Coating after 2 hours
➢Drying : 8 hours

Dissolution test

➢ Sampling of 15% of the total volume (4.5mL)

➢Diluted by 2 (9mL)

Static dissolution condition

First parameters

➢ Room temperature
➢ 0,1 mol/L nitric acid concentration

Static dissolution experiments

12/05/2023
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Coating

➢ Epoxy Resin
➢ Coating after 2 hours
➢Drying : 8 hours

Dissolution test Analysis of elements
released in the solution

➢ Room Temperature

➢ 0,1 mol/L nitric acid concentration

Static dissolution condition
Elementary concentration 

determination

➢ ICP – AES

➢ α scintillation

Static dissolution experiments

12/05/2023
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Characterisation of the solution

➢ ICP – AES

➢ α scintillation

Evolution of normalized mass losses NL (i) (𝑔.𝑚
−2) (left axis) and relative masses of 

dissolved UO2 (Δm(U,t)/m0 in %) (right axis) recorded during dissolution of sintered 
samples of formula U0,8Ln0,2O1,9 at 22°C

𝑹𝑳 𝒊 ≈ 𝑹𝑳 𝒋 : 𝒄𝒐𝒏𝒈𝒓𝒖𝒆𝒏𝒕 𝒅𝒊𝒔𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏

𝑹𝑳 𝒊 ≠ 𝑹𝑳 𝒋 : 𝒊𝒏𝒄𝒐𝒏𝒈𝒓𝒖𝒆𝒏𝒕 𝒅𝒊𝒔𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏

𝑅𝐿 𝑖 =
𝑑𝑁𝐿 𝑖

𝑑𝑡
=

1

𝑓𝑖 . 𝑆

𝑑𝑚𝑖

𝑑𝑡
𝑁𝐿 𝑖 =

𝑚𝑖

𝑓𝑖 . 𝑆

൞

𝑚𝑖 ∶ 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑔)

𝑆 ∶ 𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2)

𝑓𝑖 ∶ 𝑚𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑖 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑

Time (day)

How the first step and steady state are 

modified by irradiation ?

T. Cordara et al., J. Nucl. Mater. 2017, 496, 251-264
T. Dalger et al., J. Nucl. Mater. 2018, 510, 109-12212/05/2023
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Operando study of evolving interface during dissolution

Taking and assembling images at 
different dissolution times

Making of a video
Fiji/ImageJ Images taken by Environmental SEM 

(ICSM) and AFM (IJCLab)

12/05/2023
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Conclusions and Perspectives

➢ All protocols have been optimized so that results will flow in the

next couple of months.

➢ The first gold irradiation campain has been succesfully concluded.

➢ Long dissolution times means the results take time to be usable

but first observations show the necessity to increase nitric acid

concentration.

➢ An internship student, Kevin LEBAY will start on 24th of April to

conduct AFM experiments for operando study and surface

characterization of samples.

Conclusions

Perspectives

Future experiments

Lead and Xenon irradiation at 1GeV

Early July 2023

Raman spectrometry

May / June 2023

Operando study by Environmental SEM 

October 2023

12/05/2023
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Appendix 1 – The Purex Process
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Goal of the PUREX process

“to recover the plutonium and uranium

contained in irradiated fuel with the highest

possible yields and to purify them in such a

way as to allow their reuse, and to condition

the various wastes in a form compatible

with storage, while having the lowest

possible impact on the environment”.

1Lecomte, M., & Bonin, B. (2008). Traitement-recyclage du combustible nucléaire usé.



Appendix 2 – Nitric acid media
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𝑈𝑂2 𝑠 + 𝑁𝑂3
− 𝑎𝑞 + 4𝐻+ 𝑎𝑞 → 𝑈𝑂2

2+ 𝑎𝑞 + 2𝑁𝑂2 𝑎𝑞 + 2𝐻2𝑂

𝑈𝑂2 𝑠 + 2𝑁𝑂2 𝑎𝑞 + 2𝐻+ 𝑎𝑞 → 𝑈𝑂2
2+ 𝑎𝑞 + 2𝑁𝑂 𝑎𝑞 + 2𝐻2𝑂

2𝑁𝑂 𝑎𝑞 + 𝐻𝑁𝑂3 𝑎𝑞 + 2𝐻2𝑂 → 3𝐻𝑁𝑂2 𝑎𝑞

Main equation used to define the oxidation of uranium* :

Equations defining the formation of nitrous acid :



22

Appendix 3 – Structural defaults of the pellets

After polishingBefore Polishing

Polishing by diamond disk

Structural imperfections : presence of cavities

200μm

Sintered pellets

Densification rate (dgeom/dcalc)

➢ UO2 ≈ 91 %

➢ U0,9Nd0,1O2-x ≈ 91 - 95% 

➢ U0,9Th0,1O2-x ≈ 88 - 92 %
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Washing

(H2O - EtOH) 
Drying (Tamb)

Oxalate precipitation Thermal conversion to oxide
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Ar/H2 (4%)

Unixial pressing
Ø 5 mm, 500 MPa

Pellets Calcination

Grinding 1600oC 4 hours

TAmb

5mm 4mm

Polishing

Appendix 4 – preparation of the sintered pellets
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Appendix 5 : AFM characterization and roughness


