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A Review of Factors Influencing the Hydride Reorientation Phenomena
in Zirconium Alloy Cladding During Long-Term Dry Storage
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Abstracts: Zirconium-based alloys, widely used for nuclear fuel cladding, are highly susceptible to hydride-
induced embrittlement. The degree of the hydride embrittlement is strongly affected by not only its
concentration but also its morphology. The hydride can drastically reduce the mechanical properties of the
cladding, especially when it is radially precipitated. Recently it has been reported that circumferential
hydrides can re-precipitate into radial hydrides if applied hoop stress in the cladding exceeds a certain limit,
so-called threshold stress, during the long-term dry storage of spent nuclear fuel. This hydride reorientation
phenomenon is now considered as one of the most critical issues in the nuclear fuel industry, threatening
cladding integrity during the steady state storage period as well as transportation of spent nuclear fuel. In
fact, the phenomenon is known to be quite complex, and affected by numerous factors. In this paper, the major
influential factors affecting reorientation issues, namely temperature, stress, number of thermal cycles,
cooling rate, and hydrogen concentration, are reviewed. In addition, recent studies on the synergistic effects
of the factors on the threshold stress triggering the reorientation are discussed in detail. Finally, summarizing
conclusions for mechanistic understanding are drawn and recommendations for future work are made.
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Table 1. Characteristics of several hydride phases [4,14-16].
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Fig. 1. Phase diagram of zirconium-hydrogen system [13].
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Stability stable metastable stable
Morphology platelets needles -
Crystal structure FCC FCT FCT
Density (g/cm®) 5.646 5.837 5.617
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slow cooling rate fast cooling rate
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Fig. 2. Hydrogen content dependent degradation of reduction of area (left) [ 18] and fracture toughness (right) [8] of Zircaloy-4.
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Fig. 3. Ductility degradation (upper) and DBTT increase (lower) of
Zircaloy-4 cladding due to radial hydrides [19].
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Fig. 4. Burnup dependent hydrogen concentration in spent nuclear
fuel [25].
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Fig. 5. Expected burnup dependent hoop stress at 400 °C [25].
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Fig. 6. Expected cladding temperature variation during dry storage
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Table 2. Spent nuclear fuel integrity criteria for interim dry storage in USA [38].

In order to assure integrity of the cladding material, the following criteria should be met:

For all fuel burnups (low and high), the maximum calculated fuel cladding temperature should not exceed 400 °C for normal
conditions of storage and short-term loading operations (e.g., drying, backfilling with inert gas, and transfer of the cask to the

1 storage pad).

However, for low burnup fuel, a higher short-term temperature limit may be used, if the applicant can show by calculation that
the best estimate cladding hoop stress is equal to or less than 90 MPa for the temperature limit proposed.

During loading operations, repeated thermal cycling (repeated heatup/cooldown cycles) may occur but should be limited to less
than 10 cycles, with cladding temperature variations that are less than 65 °C each.

3 For off-normal and accident conditions, the maximum cladding temperature should not exceed 570 °C.

Table 3. Spent nuclear fuel integrity criteria for interim dry storage in Japan [39].

Threshold of No Ductility Degradation
Affected by Hydride Reorientation

Cladding type Temperature Hoop stress

(O (MPa)
40 GWdit No Liner <200 <70
ng{;r)y'z 50 GWdrt with Liner <300 <70
55 GWdi with Liner <300 <70

39 GWdit Zry-4 <275 <100

PWR 48 GWdit Zry-4 <275 <100
(SR?) 55 GWdrt MDA <250 <90
55 GWdit ZIRLO <250 <90

! Recrystallized annealed, > Stress relieved annealed
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Table 4. Comparison on terminal solid solubility of hydrogen in Zircaloy-4 [54].

e Measurement Temp. range A

Solubility method 1(:’K) ¢ (wWppm) (k.l/%lol) Ref.

Diffusion 533-798 99,000 34.541 [59]

Diffusion 533-755 66,000 32.196 [36]

Dilato-metry 506-714 107,600 35515 [58]

Crssp DSC! 423-598 106,000 35.990 [57]

DSC 493-717 52,500 32.117 [56]

DSC 533-783 172,000 36.308 [55]

DSC 560-818 225,500 39.101 [54]

Diffusion 533-700 31,000 25.279 [36]

Dilato-metry 461-645 106,600 32.088 [58]

Cresr DSC 423-543 138,700 34.469 [57]

DSC 443-643 40,100 27.336 [56]

DSC 533-733 57,200 27.287 [55]

DSC 480-777 47,220 26.843 [54]

! Differential Scanning Calorimetry
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Table 5. Comparison of threshold stress determination methods.
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