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In-pile and out-of pile methods 

to predict fuel cladding failures  
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Evaluation of cladding integrity 
  

ÅMonitor the cladding degradation during Reactor 

operation (EC, NR, gammascanning, visual inspection) 

ÅIn-pile testing (Power ramp testing in test reactor) 

ÅDesctructive PIE (Microscopy, microanalysis) 

ÅMechanical testing  

   a) mechanical properties data 

   b) simulation of failure mechanisms   

   c) simulation of reactor operation  

ÅModeling  

   a) fuel behaviour during normal operation and anticipated transients 

   b) failure mechanisms 
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Effect of burn-up on fuel cladding properties 

in LWR (light water reactors) 

Zr-alloy 
oxide 

2 H2O+Zr         ZrO2+4H· 

 Pellet 

- thermal expansion 

- gas swelling 

- gap closure 

- bonding 

- cracking 
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Oxidation of outer/inner cladding surface 
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Increase in H during reactor operation 

Typical average concentrations: 

 

    Low burn-up       High burn-up     

 (20-40 MWd/kgU) (50-75 MWd/kgU) 

 

BWR           20-100 ppm           100-500 ppm 

 

PWR            50-200 ppm           100-1000 ppm 

 

 

 

Temperature  
C 

~300-340 

~360-400 
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Change in mechanical properties with burn-up 

RT 

 

385
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Effect of burn up on FGR & pellet expansion 

J.Noirot et al  

High burnup changes in UO2 fuels irradiated up to 83 GWd/t 

in M5È claddingsò 2008 Water Reactor Fuel Performance Meeting, 

October 19-23, Seoul, Korea,,Paper No.8036 
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Burn-up:  63  MWd/kgU 

Ridge formation 
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Effect of burn up on fuel cladding in LWR 

ÅIncreased hydrogen uptake - formation of brittle hydrides 

ÅIncreased oxidation - reduced load bearing area 

ÅIncrease in yield stress 

ÅDecrease in ductility 

ÅChange in microstructure 

ÅPellet swelling: increase in hoop stresses  

ÅFission product release :increase in hoop stresses  

 The risk for cladding failures is likely to increase with increasing burn-

up level é 

PCMI= Pellet Cladding Mechanical Interaction which can cause stress corrosion cracking (PCI) and hydrogen induced failures I 
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Reported fuel failures in current LWR reactors 

 

 

 

 

 

 

 

M.W. Kennards, Nuclear Fuel Performance: Trends, Remedies and Challenges, TopFuel 2006, Salamanca, Spain 

Observe that no  

hydrogen failures  

are observed in the  

statistics  ! 
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PCI (Stress Corrosion Cracking) 

Crack initiation on cladding 

inside 

Stress corrosion cracking 

by fission product (iodine) 

Characteristic fracture 

surface features 
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