Thai Le Hong 
email: hong-thai.le@cea.fr
  
Matthieu Le Saux 
  
Jean-Christophe Brachet 
  
Jérôme Crepin 
  
Quentin Barres 
  
Thomas Guilbert 
  
Raphaëlle Guillou 
  
Jean-Marc Joubert 
  
Caroline Toffo- Lon-Masclet 
  
Isabelle Turque 
  
Contribution of Materials Investigations and Operating Experience to Light Water NPPs' Safety, Performance and Reliability Metallurgical evolutions of zirconium alloys containing high hydrogen contents during cooling from high temperature

Keywords: zirconium alloys, LOCA, hydrogen, metallurgical evolutions, high temperature

Introduction

Materials and experimental procedure

Neutron and X-ray diffraction (XRD) analyses were performed at room temperature after cooling, or in situ upon step-cooling from the βZr domain. These investigations provided information on the material structure (phases, lattice parameters) and its evolution with temperature as a function of the alloy, the hydrogen content and the cooling scenario. In order to understand the effects of hydrogen on the evolution of lattice parameters and to decorrelate from the oxygen effects, XRD was performed at room temperature on as-received and hydrogen-charged "Van Arkel" Zirconium after heat-treatement in the βZr domain followed by various cooling scenarios. The diffraction data were analyzed by the Rietveld refinement method.

Calorimetry and dilatometry measurements were also carried out to investigate metallurgical changes of the model hydrogen-charged materials in near-equilibrium and dynamic conditions.

The experimental results were compared to thermodynamic predictions obtained in equilibrium conditions by the Thermo-Calc software associated with the Zircobase thermodynamic database [START_REF] Dupin | A Thermo-dynamic Database for Zirconium Alloys[END_REF].

Conclusion

The following conclusions were obtained, amongst others:

• δ-ZrH2-x hydrides start to precipitate at about 540°C for Zircaloy-4 and 520°C for M5. The αZr, βZr and δ-ZrH2-x phases co-exist between about 500 and 540°C and between about 480 and 520°C in the case of Zircaloy-4 and M5, respectively.

• Thermodynamic predictions are in good agreement with these results.

• According to results of both X-ray and neutron diffraction, the a and c parameters of the αZr hexagonal lattice increase with increasing the mean hydrogen content at room temperature.
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