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Abstract. During spent fuel assembly transportation or dry cask storage, filling 

gas and fission gas release pressurize the fuel rods contained in the cask. These 

rods are heated by fuel assembly residual power resulting in internal pressuriza-

tion stress increase in the rods. During the subsequent cooling associated to re-

moval of rods from the transportation cask or during the decrease of residual 

power after a long storage period, the cladding hoop stress is expected to de-

crease. Concomitant cladding temperature and stress decrease may influence the 

morphology of precipitated hydrides in corroded claddings. Radial hydride pre-

cipitation has a detrimental role on the mechanical resistance of the cladding and 

is promoted by large hoop stresses during the cooling of the cladding. There is, 

consequently, a need to predict the radial hydride precipitation in corroded clad-

ding tubes during dry storage or transportation cooling transients. Existing mod-

els usually address the radial hydride precipitation conditions under constant 

stress leading to over-estimated radial hydride content within the cladding. 

Keywords: fuel transportation, back-end, radial hydrides, Zircaloy-4. 

1 Introduction 

In the present study a model describing the radial hydride precipitation in a pre-hy-

drided unirradiated (SRA Zircaloy-4) cladding alloy under time varying stress and tem-

perature transient. The model is first described and, and afterwards validated using pres-

surized tests with constant depressurization rate during the cool down at 24°C/h. This 

model is implemented in IRSN SHOWBIZ [1] simulation code including back-end cy-

cle modeling capabilities. 

2 Modeling the influence of decreasing stress on radial hydride 

precipitation 

2.1 Constant stress model 

 

IRSN already developed a model to predict the radial hydride precipitation under 

constant stress at 24°C/h cooling rate [2]. Based on metallographs performed at room 
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temperature, two tangential stress thresholds have been identified, 𝜎𝑡,0% below which 

only circumferential hydrides can precipitate and 𝜎𝑡,100% above which 100% of newly 

precipitated hydrides are formed in the radial direction. 

 

𝜎𝑡,0%(𝑀𝑃𝑎) = 0.02[𝐻](𝑤𝑝𝑝𝑚) + 186.9 − 0.3862𝑀𝑖𝑛(𝑇𝑚𝑎𝑥(°𝐶); 𝑇𝑆𝑆𝐷(°𝐶)) (1) 

𝜎𝑡,100%(𝑀𝑃𝑎) = 110 + 65 (1 − 𝑒−
[𝐻](𝑤𝑝𝑝𝑚)

65 ) ± 20       (2) 

𝑇𝑆𝑆𝐷  is, the temperature required to dissolve [H](wppm) hydrogen while heating 

from room temperature, derived from the Une and Ishimoto correlation [3]: 

𝑇𝑆𝑆𝐷(°𝐶) = −
4395

 𝑙𝑛(
[𝐻](𝑤𝑝𝑝𝑚)

12.8104 )
− 273.15  (3) 

The data from Slattery [4] on Zircaloy-4 was used to adjust the terminal solubility 

while cooling:   

𝐶𝑆𝑃(wppm) = 69100. 𝑒
− 

3596

𝑇(𝐾)   (4) 

 

Fig. 1. Hydride orientation/precipitation map between 350 and 450°C maximum temperature. 

The fraction of radial hydrides precipitated at room temperature under constant hoop 

stress, 𝜎𝑡, is modeled using a simple lever rule [2]: 
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𝐹𝑅([𝐻], 𝜎𝑡 , 𝑇𝑚𝑎𝑥 , 𝑇𝑆𝑆𝐷) = {

0 𝑓𝑜𝑟 𝜎𝑡 ≤ 𝜎𝑡,0%
𝜎𝑡−𝜎𝑡,0%

𝜎𝑡,100%−𝜎𝑡,0%
 𝑓𝑜𝑟 𝜎𝑡,0% ≤ 𝜎𝑡 ≤ 𝜎𝑡,100% 

1 𝑓𝑜𝑟 𝜎𝑡,100% ≤ 𝜎𝑡

      (5) 

2.2 Decreasing stress model 

 

The above-described model was interpretated and transformed to extend its applica-

bility to the instantaneous fraction of radial hydride precipitated in the cladding at each 

cooling step under applied hoop stress [5, 6]. A very close approach was developed by 

Rashid and Machiels [7]. The fraction of hydrogen precipitated in the radial direction 

(𝑑[𝐻]𝑅) formed when precipitating 𝑑[𝐻]𝑃, at each time step is defined as:  𝑓𝑅 =
𝑑[𝐻]𝑅

𝑑[𝐻]𝑃
. 

This parameter can be easily derived from the constant stress model by comparing the 

radial hydride fraction at room temperature between two very close precipitation tem-

peratures (~T): 

 

𝑓𝑅([𝐻], 𝜎𝑡 , 𝑇, 𝑇𝑚𝑎𝑥) =
𝜕(𝐹𝑅([𝐻],𝜎𝑡,𝑇𝑚𝑎𝑥,𝑇𝑆𝑆𝐷)𝐶𝑆𝑃(𝑇))

𝜕𝐶𝑆𝑃
  (6) 

 

In the above equation, the 𝑇𝑆𝑆𝐷 temperature is deduced from 𝑇𝑆𝑆𝐷(𝑪𝑺𝑷(𝑻)). To il-

lustrate the model, the obtained function is represented in Fig.2. The plots show that 

under constant stress, radial hydrides rather form during early stage of precipitation 

below 𝜎𝑡,100%. And above this value, radial hydride precipitation is expected all along 

the cooling transient. 

 

Fig. 2. Predicted fraction of radial hydrides formed during cooling from 350°C modeling 

100 wppm hydrogen content. 
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3 Pressurization tests performed on Zircaloy-4 tubes 

3.1 Tested material 

Six 90 mm long tubes constituted of low tin SRA Zircaloy-4 17x17 cladding tubes 

were uniformly pre-hydrided under pure vacuum at about 100 and 150 wppm.  

Table 1. Zircaloy-4 composition. 

Sn (wt%) Fe (wt%) Cr(wt%) O(wt%) H(wtppm) 

1.30 0.21 0.11 0.14 7 

 

3.2 Testing conditions 

The tubes were sealed with Swagelok and pressurized with argon using a GE Druck 

PACE 5000 for pressure control. The rodlets were inserted in a Instron heating furnace 

set-up with a Eurotherm controller. The transient is illustrated in Fig.3. The sample was 

heated during 1h to 350°C, a 2h dwell time was imposed to achieve homogeneous tem-

perature within the furnace and then slowly cooled at 24°C/h. When reaching 315°C, 

about 25°C above precipitation solvus, the internal pressurization was established and 

controlled at different cooling rates. 

 

Fig. 3. Heating and pressurization transients imposed to the samples. 

3.3 Post-test examinations 

After testing, a cross sectional metallographic examination with hydride etching was 

performed using a Keyence 5000 numerical microscope. The entire cross-section was 
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analyzed, using ImageJ image analysis software, to determine the radial hydride frac-

tion and associated uncertainties. Hot vacuum measurements of hydrogen content were 

obtained with a LECO OH836 using two rings cut below and above the metallographic 

cross section position. 

 

3.4 Test matrix and results 

Table 2, provides a summary of the test parameters and main results obtained after 

material testing. Tests 1 to 4 had hydrogen contents close to 100 wppm and tests 5 to 7 

close to 150 wppm. Four depressurization rates were evaluated form 0, 1, 5 and 10 

bar/h. The measured radial hydride fraction and uncertainties appear in Table 2. The 

test #7 at constant pressure stands as a reference test. 

Table 2. test matrix and main results. 

Test [𝐻] 𝑝𝑖,𝑚𝑎𝑥  𝑝𝑖,𝑚𝑖𝑛  𝑑𝑝𝑖/𝑑𝑡 𝜎𝑡𝑡,𝑚𝑎𝑥  𝜎𝑡𝑡,𝑚𝑖𝑛 𝐹𝑅 

(#) (wppm) (bar) (bar) (bar/h) (MPa MPa) (%) 

1 82 150.3 138.3 1.0 110.2 101.4 31.9±4.6 

2 96 150.4 89.8 5.0 110.3 65.9 26.4±4.7 

3 98 150.3 25.4 10.0 110.2 18.6 19.9±2.4 

4 101 150.1 137.6 1.0 110.0 100.9 30.1±4.6 

5 148 150.4 29.5 10.0 110.3 21.7 14.1±4.7 

6 155 150.5 88.9 5.1 110.4 65.2 18.6±4.3 

7 156 150.2 150.2 0.0 110.1 110.1 25.0±4.7 

4 Test analysis and interpretation 

The experimental post-test radial hydride fractions (𝐹𝑅) are plotted in Fig.4, separat-

ing samples containing about 100 wppm and the one containing 150 wppm. The sam-

ples containing 150 wppm have hydrogen content slightly above the dissolution limit 

at 350°C (there are consequently remaining circumferential hydrides at maximum tem-

perature) whereas the samples containing 100 wppm experience full dissolution at the 

same maximum temperature. As expected, the samples with remaining circumferential 

hydrides lead to lower radial hydride fraction than the samples experiencing full disso-

lution (100wppm). For both hydrogen contents, a depressurization during the cooling 

transient has a limiting effect on radial hydride precipitation. This is consistent with the 

modeling results of Fig.2 showing that the instantaneous radial hydride fraction precip-

itated decreases with decreasing stress. 
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Fig. 4. Test and modeling results of moderate cooling transients at various depressurization 

rates. 

 

The tests have been modeled using the above-described modeling and the results are 

compared to experimental data in Fig.4. The models acceptably predict the influence 

of depressurization however the prediction accuracy has some sensitivity to hydrogen 

content. 

 

There is a clear benefit in modeling the influence of decreasing stress on radial hy-

dride precipitation and simple models provide acceptably accurate predictions. 

5 Conclusion 

This paper summarizes long-term objectives of the testing campaign performed at 

IRSN on Zircaloy-4. Past results [2] showed that there was a complex influence of 

maximum temperature and hydrogen content on radial hydride precipitation under con-

stant stress. 

These past results were used to build a model to assess the influence of decreasing 

stress on radial hydride precipitation. The model provides a reasonably good assess-

ment of the influence of a decreasing pressure. This model is now implemented in the 

SHOWBIZ [1] multiphysics code to add a modeling capability dedicated to back-end 

cycle to the already existing modeling developed for oxygen diffusion under LOCA 

conditions. 
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