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Context of the study : LOCA 
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This work investigates the effect of oxygen and zirconia (ZrO2) on the cladding 

ballooning during the ductile phase of the LOCA. 
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Experimental observations 
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Effect of oxygen Effect of oxide 

Strain localization on bare metal 

Multi-physics problem: multilayer material (ZrO2/aZr(O)/Zy-4/aZr(O)/ZrO2) with ZrO2 cracking and 

oxygen diffusion during the transient.  

(R. Chosson, 2016) 

high stress level 

low stress level 

competition between creep kinetics and oxidation  

(Campello, 2016) 



General strategy of the study 
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Oxidation tests 

Multi-physics model including 

Ccreep, oxygen diffusion, 

oxidation, cracking 

Ballooning test in 

a controlled 

environment 

calculations 
• oxygen profiles 

• ZrO2 thickness 

• ballooning rate 

• deformed shape 

Validation ? Validation ? 
Test-calculation confrontation 

The problem is treated with an both experimental and numerical approaches. 



Oxidation test protocol 
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-2 studyied testing temperatures: 750°C and 820°C, 

-2 types of specimens: as-fabricated and pre-oxidized (10/10), 
-2 environments: neutral (argon) and oxidiszing (argon+steam mixture).  

Pre-oxidation  at 470°C in air 

[H] measurement 

Pre-oxide layer thickness measurement 

20mm 
Water bath (5 litres) 

Argon or mixture of 

argon and steam 

thermal transient  

Time 

T
 

water quenching 

HT oxidation  test 

furnace 



Optical metallography before and after HT oxidation 
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Before test after test 
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Optical metallography 
Optical metallography 

• Sample colour change, 

 
• oxygen diffusion in the metal leading to the formation of a significant aZr(O) layer thickness. 

c[O]=1.27wt%  



Evolution of the aZr(O) layer thickness 
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750°C 

820°C 

extrapolation of IRSN correlation 

Time-[s] 

α
m
e
O

- 
[µ

m
] 

𝑒𝛼𝑚𝑒(𝑂) = 3.78.107 exp −
21577

𝑇 𝐾
𝑡(𝑠) 

IRSN law (900°C<T<1200°C): 

-The results obtained in this work are consistent with the extrapolation of the IRSN law, 

-the influence of the pre-oxide on the aZr(O) layer thickness formed during HT oxidation seems 

negligible.  
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Oxygen profiles and diffusion coefficients 
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Distance from the m/o interface-[µm] 

Experimental Simulation 

DZy−4(cm
2/s) 

T(°C) This study Literature 
(Ritchie,1977) 

750 5.78 × 10−11 9.01 × 10−11 

820 1.49 × 10−10 3.87 × 10−10 

Comparison of the identified coefficients 

with those in the literature  

Comparison between the simulated and experimental oxygen profiles in the metal 

The obtained O-diffusion coefficients in Zr-4 are consistent with those available in the literature.  



Ballooning tests in the ELLIE device  
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Characteristic of the test bench: 

 

-T max = 1500°C/s, 
 
- Pi = 1− 70  bar 
 
-F = [-10 ,10] kN  

 
- 2 environments: neutral (argon) or oxidizing (argon+O2 mixture).  
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Example of a test on a 10/10 thick pre-oxidized cladding 
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The thermal and kinematic profiles are consistent, the strain is maximal at the hottest point.  
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Strain and thermal profile after 1000s of creep at T=800°C and p=30bar  



Results on as fabricated cladding in neutral atmosphere and comparison with 

literature 
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T~800°C (This study) 

Internal pressurization 

(Campello,2016) 

Internal pressurization 

(Frechinet,2001) 

Uniaxial ensile test 

20 bar~14.7MPa 4.9×10-5 5.1×10-5 1.7×10-5 

30 bar~22MPa 3.1×10-4 1.5×10-4 3.2×10-4 

50 bar~36.7MPa 2.7×10-3 1.1×10-3 4.2×10-3 

The results on as fabricated Zr-4 in neutral atmosphere (argon) are consistent with the literature. 

Ballooning rate on as fabricated cladding under argon: 𝜀 v 



Results of tests on 10/10 thick pre-oxidized claddings at 30bar, 800°C 
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Zirconia reinforcement before cracking and strain localization between zirconia fragments 

after cracking. 

Normalized strain rate 

𝜀 v : as fabricated creep rate under argon 



Cracking of the oxide during ballooning 
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- cracking densification during ballooning, 

- strain localization between zirconia fragments after cracking. 



Conclusions and perspectives 
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• The growth kinetics of the oxygen enriched metal layer a(O) was characterized, 

 
• identification of metal oxygen diffusion coefficient at 750°C and 820°C, 

 

• the creep strengthening role played oxide layer was evidenced, 
 

• Strain induced densification of oxide layer cracking evidenced during the ballooning process, 
 

• simulation of ballooning tests on the basis of the finite element model developed in this work (“Modeling 

diffusive phase transformation and fracture in viscoplastic materials”, In Preparation). 
 


