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Introduction 
Results of the tests on long-duration annealing of pre-oxidized Zircaloy cladding 
tubes in the inert atmosphere with an annealing temperature of 1250 °C are 
presented. The objective of the tests was the investigation of the reduction kinetics of 
the oxide layer during a steam starvation phase by the progression of core drying 
during a severe accident. The homogeneous formation of the α-Zr(O) precipitations 
inside of the oxide layer and formation of the α-Zr(O) scale on the cladding outer 
surface were detected in addition to the oxide layer thickness change. The 
phenomenon should have a strong influence on hydrogen release during the 
following quench phase. 
 

1. Motivation and Objectives 
Steam starvation conditions on fuel rod surfaces are possible during a severe 
accident due to dry-out of the reactor core and blockage formation. The oxide layer of 
the cladding tube surface will be reduced under these conditions. Therefore the 
knowledge about the oxide layer reduction processes is important for severe accident 
management measures. Up to now detailed investigations were only performed for 
the description of the oxide layer growth during cladding oxidation at isothermal 
conditions [1] and non-isothermal conditions [2]. 
The oxide layer reduction processes under non-isothermal conditions were 
investigated at FZK during the last two years, only in the temperature region between 
1400°C and 1490°C (temperature drift during the test between these values) [3, 4]. 
These tests on degradation of oxide layer during annealing in argon atmosphere 
unexpectedly show the formation of α-Zr(O) precipitates, homogeneously distributed 
inside of the oxide layer. The work presented describes the results of the new FZK 
experiments, which were performed at significantly lower temperature 
(1250…1350 °C) and showed nevertheless the bulk precipitate formation as well as 
the development of the metallic scale on the outer surface of the oxide layer during 
annealing. Furthermore results of two new tests under isothermal conditions at 
1400 °C are presented, which also demonstrate the development of both bulk 
metallic precipitates and outer metallic scale. 
 
2. Applied Tools 
Six empty Zry-4 sealed tubes with a length of 15 cm were pre-oxidized and 
afterwards annealed in the IMF QUENCH rig [5]. Two temperature sensors were 
applied: (a) a pyrometer to control the HF-generator and (b) an internal TC to reliably 
measure the temperature of the sample under thermodynamic-balance conditions. 
The samples were pre-oxidised in an argon (90 l/h)–steam (100 g/h) mixture flow at 
~1250 °C to reach the two target initial oxide layer thicknesses of 180 and 240 µm. In 
the next stage the pre-oxidised samples were annealed for 40, 90 and 150 min at 
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temperatures with a heating rate of ~ 0.35 K/min starting from ~1250 °C. Two other 
samples were cooled down after pre-oxidation and used as reference specimens. 
To investigate oxide layer degradation phenomena under isothermal conditions, two 
additional tests were performed in the tube furnace IMF BOX at 1400 °C. For each 
test two Zry specimens were used: a closed empty cladding sample with a length of 
20 mm and a rod sample with a length of 20 mm. The diameter was 10.75 mm in 
both cases. The samples were pre-oxidised in an argon (50 l/h)–steam (75 g/h) 
mixture flow at 1400 °C to reach the two desired initial oxide layer thicknesses of 250 
and 320 µm, respectively. The following annealing phase lasted 5400 s. 
After the tests detailed metallographic analyses were performed. 
 

3. Results and Conclusions 

• Reduction of the oxide layer under steam starvation conditions  was 
experimentally investigated with empty Zry-cladding tubes. Two test series with 
a different initial oxide layer thickness (180 and 240 µm) and different annealing 
times (40, 90 and 150 minutes) were performed at annealing temperatures of 
1250°C - 1350°C under non-isothermal conditions. 

• The thickness of “thick” oxide layer (240 µm initially) did not change during the 
annealing in one direction: a decrease up to ~120 µm was followed by an  
increase up to ~160 µm. 

• Development of the two-phase structure in the oxide layer during the reduction 
process was observed. The bulk metallic precipitates α-Zr(O) were formed 
inside of the oxide layer. The content of the metallic phase in the oxide layer 
reached 10%. 

• The scale thickness of the α-Zr(O) scale on the outer surface of oxide layer 
reached 35 µm after annealing during 9000 s. 

• Similar formation of the bulk α-Zr(O) precipitates inside of the oxide layer and 
development of α-Zr(O) scale on the oxide layer outer surface were observed 
under isothermal conditions at 1400 °C and 1450 °C. 

• Development of the bulk precipitates is more intensive under non-isothermal 
conditions. 
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