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a b s t r a c t

In a previous study, delayed hydride cracking (DHC) assessment of pressurized water reactor (PWR)
spent fuel during dry storage using the threshold stress intensity factor (KIH) was performed. However,
there were a few limitations in the analysis of the cladding properties, such as oxide thickness and
mechanical properties. In this study, those models were modified to include test data for irradiated
materials, and the cladding creep model was introduced to improve the reliability of the DHC assess-
ment. In this study, DHC susceptibility of PWR spent fuel during dry storage depending on the axial
elevation was evaluated with the improved assessment methodology. In addition, the sensitivity of
affecting parameters such as fuel burnup, hydride thickness, and crack aspect ratio are presented.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Except for fuel rods that failed during in-reactor operations, the
long term integrity of fuel cladding is a key operational and regu-
latory concern during the storage and transportation of spent nu-
clear fuel. During storage, spent fuel claddings could degrade
through delayed hydride cracking (DHC) due to a combination of
stress from the internal pressure of the fuel rod, absorbed hydrogen
during operation and pre-existing cracks. In particular, DHC can be
activated within a relatively low temperature range, in contrast to
creep behavior, although cladding hoop stress also decreases as a
consequence of decreasing temperature [1]. In this regard, the NRC
[2], DOE [3], and EPRI [4,5] also recognized that DHC is a potential
breach mechanism for cladding degradation during long term dry
storage. In addition, the researchers participating in an Interna-
tional Atomic Energy Agency (IAEA) coordinated research program
(CRP) have produced much test data [6e10].

However, most of the studies have focused on experimental
results, and not on applications for actual spent nuclear fuel clad-
ding. In this regard, DHC assessment of pressurized water reactor
(PWR) spent fuel during dry storage using the threshold stress in-
tensity factor (KIH) was performed in a previous study [1]. Gener-
ally, DHC does not largely contribute to cladding failure except in
by Elsevier Korea LLC. This is an
limited cases such as damaged fuel. However, there were a few
limitations in the analysis of the cladding properties, such as the
oxide thickness and mechanical properties. Meanwhile, the spent
fuel cladding deforms outward by creep due to exposure to high
temperature and hoop stress; accordingly, the DHC susceptibility
could change. In this study, such models were modified including
test data for irradiated materials and cladding creep model was
introduced to improve the reliability of DHC assessment. Mean-
while, the temperature of a fuel rod in a dry storage cask (or
canister) varies depending on the axial elevation. Accordingly, the
DHC susceptibility could be different along the axial length of the
rod because of the changes in oxide deposition, hydrogen pickup
and cladding hoop stress. The DHC susceptibility of PWR spent fuel
during dry storage depending on the axial elevation was evaluated
with the improved assessment methodology. In addition, the
sensitivity of affecting parameter such as fuel burnup, hydride
thickness, and crack aspect ratio are presented.

2. Improvement of the DHC assessment

2.1. Summary of the previous methodology [1].

The overall flow of the proposed DHC assessment procedure is
shown in Fig. 1. First, the rod internal pressure (RIP) and hoop stress
are calculated considering the fuel burn-up. The applied stress in-
tensity factor (KI) is dependent on the hoop stress and the initial
crack morphology of the cladding. Meanwhile, the threshold stress
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Flow chart of the integrity assessment for DHC.
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intensity factor (KIH) is estimated by the material properties and
temperature according to the Shi and Puls model [11,12] assuming
the hydride thickness is in the range of 0.1e2 mm. A comparison of
KI and KIH is applied to determine whether the crack on the clad-
ding grows. In the case inwhich KI is larger than the threshold value
(KIH), the initial crack grows as storage period increases. The cracks
are then judged as a failure when the grown crack size is greater
than 75% of the cladding thickness, which is widely used in the flaw
evaluation of nuclear piping. In the analysis, only axially oriented
crack with a semi-elliptical shape was simulated (Fig. 2), consid-
ering that the applied stresses on the spent fuel cladding are pre-
dominantly in the hoop direction. As described on Fig. 2, Ri is the
Fig. 2. Schematic drawing of the semieelliptical crack assumed in this study [1].
inner radius, t is cladding thickness, o is oxide thickness, and a is
crack depth. The aspect ratio (c/a) of the crack is assumed to be 6,
which corresponds to its value used in a flaw analysis of nuclear
plant coolant piping because there are no relevant data on fuel
cladding. The improved parts in this study are highlighted in Fig. 1
and described in the following section.

2.2. Creep

The combined effect of decay heat and cladding hoop stress due
to RIP includes creep deformation for the spent fuel cladding at the
initial stage of the dry storage. The current trend towards high
burnup is harsh resulting in a high RIP and oxide formation. The
creep induces an increase in the void volume and a decrease in the
RIP and affects the hoop stress in two ways. In the previous study
[1], hoop stress (sh) was calculated as the following thin-wall
approximation:

sh ¼ P*Ri=ðt� o=1:56� aÞ

where P is the RIP. Hoop stress increases due to an increase of the
inner radius. For example, the results of a simple calculation using
the design parameters of 17 X 17 fuel implies that 1% creep defor-
mation leads to a 1.1% increase in hoop stress assuming a constant
thickness during deformation.

The total void volume of the discharged fuel (17 X 17 lattice)
including the pellet dishing, pellet chamfers, the fuel-cladding gap,
the crack, the plenum, the open porosity, and the roughness vol-
ume is 12.3e15.3 cm3 according to the results of Bratton et al.'s
from the FRAPCON analysis [13]. The RIP during storage (P1) is
updated reflecting the effect of the expanded volume by the creep
by following Boyle-Charles’ law. The calculation was performed
supposing the perfect gas law and no position dependency on
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temperature as follows:

P0V0 =T0 ¼ P1V1=T1

P0ðMPaÞ¼2:8781þ 0:0224*Buþ 1s ð1s ¼ 0:7255MPaÞ [1]

where BU is the fuel burnup (GWd/MTU), V is the void volume
and T is the temperature. The subscripts 0 and 1 denote the values
at the beginning of the storage period and after creep deformation,
respectively. Compared with increase of the inner radius, 1% creep
deformation induces a 23% decrease in the hoop stress with a
conservative assumption for the void volume (V0) of 15.3 cm3. Such
changes in the void volume have a dominant effect rather than that
of the radius on the hoop stress. For this reason, it has been re-
ported that creep is a self-limiting mechanism for spent fuel in dry
storage. To reflect the quantitative effects of creep on DHC, a
modified EDF-CEA Model-3 [14] that considers the effects of irra-
diation, annealing and hydrogenwas used. In addition, the analyses
were performed based on the assumption that the creep strain is
added onto the outer diameter of cladding, and the cladding
thickness is maintained during creep deformation.
2.3. Oxide thickness and hydrogen distribution

The internal pressure of the rod was estimated depending on
the fuel burnup, but the oxide thickness formed during normal
operation was assumed as a constant value [1]. To consider the
effects of the cladding outer oxide thickness and generated
hydrogen, the mean oxide formed during normal operation were
acquired as a function of the fuel rod average burnup from the
outer-surface oxide layer thickness data for UO2 fuel rods with a
low-tin Zircaloy-4 cladding [15]. In addition, hydrogen concentra-
tion C(H) was approximated from the oxide thickness with the
following equation, as described in Fig. 3:

oðmmÞ ¼ exp
�
0:94047þ0:6956 *Bu�1:56238 *10�4 *Bu2

�

CH ¼ o
ðt � oÞ

4f *mH

1:56*mZr

, where mH and mZr are the molar mass of the hydrogen and
Fig. 3. Oxide thickness model of the irradiated Zrye4 cladding as a function of burnup.
zirconium. The hydrogen pick up fraction (f) is assumed as the best-
estimate value, which is 15.3% for Zircaloy-4 [16]. The resulting C(H)
multiplied by 106 is expressed by H (in wt. ppm). The changes in
oxide thickness and hydrogen concentration affect the mechanical
properties and load-bearing thickness and therefore, results in
changes of KI and KIH.

2.4. Mechanical properties

The cladding affected by DHC is in the irradiated state, but the
mechanical properties database for irradiated cladding is limited.
The correlations between the mechanical properties and affecting
parameters are obtained with the combination of available data.
The French program (PROMETRA) presented yield strength (YS) as a
function of temperature from the results of a hoop tensile test using
5 cycle irraidated Zry-4 using the equation in Ref. [17]. Although it
was for high strain rate deformation, PROMETRA data adopted
because strain rate sensitivity on YS is limited and no other avail-
able data for YS is available for high burnup fuel cladding. Irradia-
tion hardening of the Zry-4 cladding is almost saturated over 10
GWd/MTU of burnup [18]; therefore, it is assumed that the corre-
lation from the PROMETRA data is valid over 10 GWd/MTU. The YS
of materials having below 10GWd/MTU of burnup is difficult to
evaluate using the PROMETRA data; therefore, it was analyzed
using the previous model on DATING code for spent fuel analysis in
U.S [19]. Meanwhile, irradiated material has a significantly high YS
due to the irradiation hardening effect shown in Fig. 4.

In addition, a hydrogen dependent multiplier, A(H), is intro-
duced to reflect the effect of hydrogen on the YS. The data from the
axial tensile test [20] are normalized to the as-fabricated condition
and fitted to the following piecewise function. The A(H), up to
1200 ppm in the hydrogen condition, is in the range of 0.973e1.017
(Fig. 5). Meanwhile, experimental results suggest that the YS is not
affected by the hydride distribution which is uniformly distributed,
rimmed or layered [21].

YSðMPa; sY Þ¼
924� 0:751*Tð�CÞ

1þ e0:0116ðTð�CÞ�635:17Þ*AðHÞ ðBU >10GWd=MTUÞ

AðHÞ ¼1� 6:68484�10�5*H ðH � 400ppmÞ
¼ 0:973261þ 5:31505�10�5�ðH�400Þ ðH>400ppmÞ
Here, H is the total hydrogen concentration in ppm, and T (�C) is

the temperature of the cladding. The resulting yield strength at 20
and 300 �C with the oxide thickness and hydrogen concentration is
Fig. 4. Yield strength, oxide thickness and hydrogen contents of the irradiated Zrye4
cladding as a function of burnup.



Fig. 5. Hydrogen dependent multiplier for the yield strength, A(H).

Fig. 6. Predicted KIH depending on the temperature for the unirradiated and irradiated
cladding (fuel burnup ¼ 45GWd/MTU).
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shown in Fig. 4.
The elastic modulus (E, Young's modulus) is used in theMATPRO

model [22] to explain the irradiation hardening effect. To apply the
MATPRO model, the fuel rod burnup is converted to the neutron
fluence, which assumes that burnup is linearly propotioned to the
neutron fluence, using the data of Goll et al.'s [23].

EðMPaÞ ¼
�
1:088�1011 �5:475�107TðKÞþK1 þK2

�.
K3

.
106

[22]

K1 ¼ 0 ðadditional oxygen¼0Þ

K2 ¼ � 1:3�1010 ð50% of cold work for Zry� 4Þ

K3 ¼0:88þ 0:12exp
�
�F

.
1025

�
¼ 0:88þ 0:12expð�Bu � 0:189Þ
Here, f is the fast neutron fluence (n/m2), and BU is the fuel

burnup (GWd/MTU).
In addition, the models for the hydride fracture strength and

Poisson's ratio are also modified to improve the suitablity of the
models for the cladding material. The material properties for the
estimation to improve the applicability for the actual spent fuel
cladding are summarized in Table 1.

2.5. Comparison with the results from the previous study

Fig. 6 shows the temperature dependency on the KIH prediction
for unirradiated and irradiated cladding. If the hydride thickness
from 0.5 to 2 mm is assumed in the previous model, the predicted
Table 1
Changes in mechanical properties used in the estimation of KIH.

Parameters Previous

Young's modulus (E, MPa) Includes temperature effect
Yield strength (sY, MPa) Correlation from unirradiated materi
Poisson's ratio (y) For Zre2.5Nb

Fracture strength of hydrides (sf
h, MPa) Constant (710 MPa)
value shows good agreement with the measured values for the
unirradiated material. However, a significantly decreased KIH for
the irradiated cladding is predicted compared with the previous
study and the resulting KIH for irradiated cladding is almost inde-
pendent on the temperature of cladding. The decrease in KIH is due
to the difference in the changes of mechanical properties between
the unirradiated material in previous study and the irradiated
material in this study. The following KIH predictive equation, the
model of Shi and Puls, also implies that the KIH is highly dependent
on each of the material properties, such as YS, hydride fracture
strength (sf

h) and Poisson's ratio(y). Meanwhile, KIH is sensitive to
the hydride thickness (t), as shown in Fig. 6.

KIH
2 ¼ E2ε⊥t

8p
�
1� v2

�2 1
1�2v �

sh
f

sY

!

Fig. 7 describes the estimated hoop stress and applied stress
intensity factor for a low burnup fuel cladding (45GWd/MTU)
having a crack with a depth of 18.6 mm during dry storage. For
comparison, the results of previous study are included in Fig. 7. As
described in Figs. 6 and 7, a maximum KI value is 1 MPa√m, but
minimum KIH values for the irradiated and unirradiated cladding
are 1.29 MPa√m and 3.09 MPa√m, respectively. Therefore,
degradation of the PWR spent fuel by DHC does not occur for both
cases. The resulting reduced hoop stress and KI are believed to be a
reflection of the effect of the void volume increase by creep
deformation. At the beginning of dry storage, hoop stress in this
study is equivalent to that of the previous study. However, cladding
deforms outward, and the void volume increases by creep during
This study

MATPRO model including burnup, temperature effect
al test data PROMETRA (Irradiated material test data) þ Hydrogen effect

For Zre1Nb [FRAPTRAN]
0:42628 � 5:556� 10�5Tð�CÞ
Includes temperature effect
650:84� 0:09096Tð�CÞ



Fig. 7. Estimated hoop stress and applied stress intensity factor of the PWR spent fuel during dry storage by the improved model (Hydride thickness ¼ 0.5 mm, fuel
burnup ¼ 45GWd/MTU).

Fig. 8. Dependency of burnup on the KI and KIH of the PWR spent fuel during dry
storage (Hydride thickness ¼ 0.5 mm).
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the initial few days of storage described in Fig. 7. As the storage time
increases, the void volume increase induces a decrease in rod in-
ternal pressure and hoop stress; therefore, the creep deformation is
self-limiting.

Meanwhile, the maximum cladding temperature would be not
exceeding 320 �C according to the results of U.S High burnup
DEMO program [3]. Accordingly, the applied stress would be lower
than the predicted values due to lower RIP and the cladding
rupture risk by DHC decrease especially in the early stage of dry
storage. Also, KIH would be increased due to a decrease of movable
hydrogen to crack tip, because the amount of dissolved hydrogen
would be decreased according to a decrease of TSSD (terminal solid
solubility of hydride dissolution). In this regards, lower cladding
temperature give a positive impact on the cladding integrity dur-
ing dry storage.

3. Results and discussion

3.1. Sensitivity of the parameters

In the previous study, the hydride thickness was conservatively
assumed as 0.5 mm, because it could give lower-bound values for
the measured data. The observed hydride thickness was also taken
into consideration. However, the hydride thickness is considered
still as the unknown parameter that can-not be exactly quantified.
Fig. 6 describes the dependency of the hydride thickness on the KIH
prediction for unirradiated and irradiated cladding. The unirradi-
ated cladding shows a large difference in the KIH between the
conditions with a hydride thickness of 0.5 and 2 mm. This variation
effect of the hydride thickness is emphasized especially at the high
temperature region, at which the difference in KIH reaches up to
6 MPa√m. In the case of the irradiated cladding, the ratio is iden-
tical to the unirradiated cladding case, but the difference in KIH is
not more than 1.5 MPa√m in the overall temperature range. The
maximum difference when comparing the 0.5 and 3 mm condition
is only 2 MPa√m.

Fuel burnup could affect various aspects of the DHC phenome-
non. Parameters such as the oxide thickness, hydrogen concentra-
tion, and hoop stress as well as mechanical properties are
influenced by burnup. Fig. 8 compares the burnup effect on KI and
KIH during dry storage under the same temperature profile. KIH is
nearly irrelevant to burnup except unirradiated case. However, KI
quietly increases as the burnup increases. The burnup dependency
of KI is mainly attributed to a decrease in the load-bearing thickness
by oxide formation which is accompanied by an increase in hoop
stress. As a consequence, it follows that a high burnup fuel cladding
has a smaller safety margin for DHC than a low burnup fuel clad-
ding, especially in the early stage of storage.

The morphology of a crack such as the depth and aspect ratio (c/
a) is one of the key parameters when evaluating KI, but an
assumption on themorphology of a pre-existing crack is used in the
absence of relevant data for the cladding. The pre-existing crack is
assumed to have an axial semi-elliptical shape at the inner surface
of the cladding, and the aspect ratio of the crack is assumed to be 6.
The KI of the DHC propagating crack at the point of the maximum
penetration point is calculated with the following equation.



Fig. 9. Dependency of the crack aspect ratio on the KI of the PWR spent fuel during dry
storage (Hydride thickness ¼ 0.5 mm; fuel burnup ¼ 45 GWd/MTU).

Fig. 10. Axial temperature distribution on the peak cladding over time in dry storage
[25].

Fig. 11. Temperature decay profile depends on the axial elevation from the base during
dry storage.
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KI ¼ Fsh
ffiffiffiffiffiffi
pa

p
where F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1:2=Q

p
Meanwhile, Q values for elliptical flaws and long flaws like a

scratch are about 1.5 and 1.0, respectively [5]. Q values in the range
of 1.0e1.5 correspond to a crack with an aspect ratio from 1.7 to 10.
Therefore, it is believed that an aspect ratio in the range of 1e10
covers all shapes of the assumed crack which could propagate by
DHC. Fig. 9 shows the KI as a function of the crack aspect ratio. It
was found that the KI value increases with the aspect ratio,
although it has a small influence on KI for assumed cracks.

3.2. Axial temperature distribution

As mentioned before, the cladding temperature along axial
elevation varies depending on the fuel loading history and the flow
of inert gas in the storage system [24,25]. Accordingly, the oxide
deposition, hydrogen pickup, and cladding hoop stress as well as
the DHC susceptibility become different along the axial length of
the rod. To evaluate the DHC susceptibility depending on the axial
elevation of the fuel, the analysis results of the axial temperature
distribution by PNNL [25] was used. The temperature evaluation
was performed using a COBRA-SFS model of the Holtec Interna-
tional HI-STORM 100 system containing an MPC-32 dry storage
canister at the design-basis loading for the non-uniform loading
configuration permitting the highest assembly decay heat load
[25]. The decay heat curves were projected assuming that the
canister contained the Westinghouse 17x17 OFA at 62 GWd/MTU,
with a non-uniform loading configuration corresponding to the
largest permitted per-assembly decay heat load, allowing 30.2 kW
initial total decay heat load. Fig. 10 shows the axial temperature
distribution for the hottest rod during dry storage. In addition,
temperature decay profiles for part of the rod based on axial ele-
vations of 50, 150, 250 and 350 cm from the base, were acquired to
compare the susceptibility of the rod to DHC, as described in Fig. 11.

Fig. 12 describes the dependency of the axial elevation on the KI
and KIH profile of the PWR spent fuel during dry storage. The an-
alyses were performed using the temperature decay profile (Fig. 11)
in the condition that the hydride thickness is 0.5 mm, and fuel
discharged burnup is 45GWd/MTU. The circumferential distribu-
tion of each parameter was ignored because its effect on the
behavior of a single rod is negligible. In the analysis cases, the
differences in KIH based on the rod axial elevation are minor.
Meanwhile, KI for elevation positions at 250 and 350 cm is higher
than that for the other positions. A relatively high KI for a high
temperature position is believed to be brought out by the high hoop
stress from RIP. Meanwhile, a creep strain of 0.12% at a 350 cm
elevation was found, but the creep strains were below 0.04% at the
elevations of 50, 150, and 250 cm. They implies that the hoop stress
from RIP is dominant even than the increase in void volume
resulting from creep deformation. In addition, the resulting value of
KIH minus KI at 50 cm was the highest over storage time, which
means that the low temperature position has more tolerance for
DHC.
4. Conclusion

Based on the previous study, models for cladding properties
such as the oxide thickness and mechanical properties were
modified to include test data for irradiated materials, and a



Fig. 12. Dependency of the axial elevation on the KI and KIH profile of the PWR spent
fuel during dry storage (Hydride thickness ¼ 0.5 mm; fuel burnup ¼ 45 GWd/MTU).
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cladding creep model was introduced to improve the reliability of
the DHC assessment. A significantly decreased KIH for irradiated
cladding is predicted compared with that of the previous study
because of the difference in the changes in mechanical properties
between the unirradiated material in the previous study and the
irradiated material in this study. Nonetheless, the degradation of
PWR spent fuel by DHC does not occur for the assumed cases.

An increase in hydride thickness leads to a large increase in KIH
and the variation effect of the hydride thickness is emphasized
especially at the high temperature region for unirradiated cladding.
Additionally, KIH is nearly irrelevant to burnup except for the un-
irradiated case; however, KI quietly increases as burnup increase
due to a decrease in the load-bearing thickness. Meanwhile, the KI
value increases with the crack aspect ratio, but they has a small
influence on the KI for the assumed cracks. Finally, the analysis
results along the axial elevation of fuel rod implies that the low
temperature position has more tolerance for DHC over the storage
time.

Acknowledgments

This work was supported by the Radioactive Waste Manage-
ment Technology Program of the Korea Institute of Energy Tech-
nology Evaluation and Planning, under financial resources granted
by the Ministry of Trade, Industry & Energy, Republic of Korea. (No.
2014171020166A)

References

[1] J.D. Hong, H.C. Kim, J.S. Kim, Y.S. Yang, D.H. Kook, Delayed hydride cracking
assessment of PWR spent fuel during dry storage, Nucl. Eng. Des. 322 (2017)
324e330.

[2] U.S. Nuclear Regulatory Commission, Identification and Prioritization of the
Technical Information Needs Affecting Potential Regulation of Extended
Storage and Transportation of Spent Nuclear Fuel, White Paper ML14043A402,
U.S. Nuclear Regulatory Commission, Washington, 2014.

[3] B. Hanson, C. Stockman, H. Alsaed, Review of Used Nuclear Fuel Storage and
Transportation Technical Gap Analyses, FCRDeUSEDe2012e000215
(PNNLe21596), U.S. Department of Energy, Washington, 2012.

[4] Y.R. Rashid, D.J. Sunderland, R.O. Montgomery, Creep as the Limiting Mech-
anism for Spent Fuel Dry Storage, EPRI Report 1001207, EPRI, California, 2000.

[5] C.E. Coleman, Delayed Hydride Cracking Considerations Relevant to Spent
Nuclear Fuel Storage, EPRI Report 1022921, EPRI, California, 2011.

[6] C.E. Coleman, V. Grigoriev, V. Inozemtsev, V. Markelov, M. Roth,
V. Makarevicius, et al., Delayed hydride cracking in zircaloy fuel cladding e an
IAEA coordinated research programme, Nucl. Eng. Technol. 41 (2009)
171e178.

[7] C.E. Coleman, V. Grigoriev, V. Inozemtsev, V. Markelov, M. Roth,
V. Makarevicius, et al., The effect of microstructure on delayed hydride
cracking behavior of Zircaloye4 fuel claddingeAn international atomic energy
agency coordinated research program, J. ASTM Int. (JAI) 7 (2010). Paper ID
JAI103008.

[8] IAEA, Delayed Hydride Cracking of Zirconium Alloy Fuel Cladding,
IAEAeTECDOCe1649, International Atomic Energy Agency, Vienna, 2010.

[9] IAEA, Evaluation of Conditions for Hydrogen Induced Degradation of Zirco-
nium Alloys during Fuel Operation and Storage, IAEAeTECDOCe1781, Inter-
national Atomic Energy Agency, Vienna, 2015.

[10] C. Coleman, V. Inozemtsev, V. Markelov, M. Roth, A.eM. AlvarezeHolston,
L. Ramanathan, The threshold stresseintensity factor, KIH, for delayed hy-
dride cracking (DHC) in Zircaloye4 fuel cladding e an IAEA coordinated
research project (CRP), in: Proceedings of WRFPM 2014, 2014 (Paper No.
100048), Sendai, Japan, September 14e17.

[11] S.Q. Shi, M.P. Puls, Criteria for fracture initiation at hydrides in zirconium
alloyse I. Sharp crack tip, J. Nucl. Mater. 208 (1994) 232e242.

[12] S.Q. Shi, M.P. Puls, Dependence of the threshold stress intensity factor on
hydrogen concentration during delayed hydride cracking in zirconium alloys,
J. Nucl. Mater. 218 (1994) 30e36.

[13] R.N. Bratton, M.A. Jessee, W.A. Wieselquist, K.N. Ivanov, Rod internal pressure
distribution and uncertainty analysis using FRAPCON, Nucl. Technol. 197
(2017) 47e63.

[14] Y. Rashid, R. Dunham, Creep Modeling and Analysis Methodology for Spent
Fuel in Dry Storage, EPRI Report 1003135, EPRI, California, 2001.

[15] J. Rashid, B. Dunham, Y. Zhang, R. Montgomery, Spentefuel Transportation
Applications: Longitudinal Tearing Resulting from Transportation Accidents,
EPRI Report 1013448, EPRI, California, 2006.

[16] O. Courty, A.T. Motta, J.D. Hales, Modeling and simulation of hydrogen
behavior in Zircaloye4 fuel cladding, J. Nucl. Mater. 452 (2014) 311e320.

[17] B. Cazalis, J. Desquines, C. Poussard, M. Petit, Y. Monerie, C. Bernaudat, P. Yvon,
X. Averty, The PROMETRA program: fuel cladding mechanical behavior under
high strain rate, Nucl. Technol. 157 (2007) 215e229.

[18] H.R. Higgy, F.H. Hammad, Effect of neutron irradiation on the tensile prop-
erties of Zircaloye2 and Zircaloye4, J. Nucl. Mater. 44 (1972) 215e227.

[19] E.P. Simonen, E.R. Gilbert, DATINGe A Computer Code for Determining
Allowable Temperatures for Dry Storage of Spent Fuel in Inert and Nitrogen
Gases, PNLe6639, Pacific Northwest Laboratory, 1988.

[20] M.L. Saux, J. Besson, S. Carassou, A model to describe the mechanical behavior
and the ductile failure of hydrided Zircaloye4 fuel claddings between 25�C
and 480�C, J. Nucl. Mater. 466 (2015) 43e55.

[21] S.K. Yagnik, J.eH. Chen, R.eC. Kuo, Effect of hydride distribution on the me-
chanical properties of Zirconium alloy fuel cladding and guide tubes, in:
Proceedings of 17th International Symposium on Zirconium in the Nuclear
Industry, 2013. Hyderabad, India, February 3e7.

[22] L.J. Siefken, E.W. Coryell, E.A. Harvego, J.K. Hohorst, SCDAP/RELAP5/MOD 3.3
Code Manual, MATPROe A Library of Materials Properties for Light-
eWatereReactor Accident Analysis, NUREG/CRe6150eRev.2, vol 4, U.S. NRC,
Washington, 2001.

[23] W. Goll, H. Spilker, E.H. Toscano, Shortetime creep and rupture tests on high
burnup fuel rod cladding, J. Nucl. Mater. 289 (2001) 247e253.

[24] D.J. Richmond, K.J. Geelhood, FRAPCON analysis of cladding performance
during dry storage operations, Nucl. Eng. Technol. 50 (2018) 306e312.

[25] J.M. Cuta, S.R. Suffield, J.A. Fort, H.E. Adkins, Thermal Performance Sensitivity
Studies in Support of Material Modeling for Extended Storage of Used Nuclear
Fuel, PNNLe22646, U.S. Department of Energy, 2013.

http://refhub.elsevier.com/S1738-5733(19)30370-5/sref1
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref1
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref1
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref1
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref2
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref2
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref2
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref2
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref4
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref4
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref5
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref5
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref6
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref6
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref6
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref6
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref6
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref6
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref8
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref8
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref8
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref8
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref9
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref9
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref9
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref9
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref9
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref11
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref11
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref11
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref11
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref12
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref12
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref12
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref12
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref13
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref13
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref13
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref13
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref14
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref14
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref15
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref15
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref15
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref15
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref16
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref16
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref16
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref16
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref17
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref17
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref17
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref17
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref18
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref18
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref18
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref18
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref18
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref19
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref19
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref19
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref19
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref19
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref20
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref20
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref20
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref20
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref20
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref20
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref20
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref21
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref21
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref21
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref21
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref21
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref21
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref21
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref22
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref22
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref22
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref22
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref22
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref22
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref22
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref22
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref23
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref23
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref23
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref23
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref24
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref24
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref24
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref25
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref25
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref25
http://refhub.elsevier.com/S1738-5733(19)30370-5/sref25

