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a b s t r a c t

Failures of zirconium alloy cladding tubes during a long-term storage at room temperature were first
reported by Simpson and Ells in 1974, which remains unresolved by the old delayed hydride cracking
(DHC) models. Using our new DHC model, we examined failures of cladding tubes after their storage
at room temperature. Stress-induced hydride phase transformation from c to d at a crack tip creates a
difference in hydrogen concentration between the bulk region and the crack tip due to a higher hydrogen
solubility of the c-hydride, which is a driving force for DHC at low temperatures. Accounting for our new
DHC model and the failures of zirconium alloy cladding tubes during long-term storage at room temper-
ature, we suggest that the spent fuel rods to be stored either in an isothermal condition or in a slow cool-
ing condition would fail by DHC during their dry storage upon cooling to below 180 �C. Further works are
recommended to establish DHC failure criterion for the spent fuel rods that are being stored in dry
storage.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Dry storage of spent fuel rods is being considered as an alterna-
tive to the interim storage method until a final decision on their fi-
nal disposal is made [1]. Most studies on the integrity of spent fuel
rods in dry storage have focused on cladding creep, which is known
to be the most likely failure mechanism [2,3], and reorientation of
hydrides to secure their retrievability after dry storage [4]. Little
attention has been paid to delayed hydride cracking (DHC) because
this phenomenon will not occur due to limited stresses and slow
diffusion of hydrogen at low temperatures below 200 �C [3,5].
However, Simpson and Ells reported a failure of unirradiated Zr–
2.5Nb fuel rods after their long-term storage at room temperature,
the cause of which was recognized to be DHC [6]. Therefore, it is
clear that in contrast to what is believed to be that no DHC occurs
in the spent fuel rods in dry storage, they would fail as long as
stress raisers such as surface flaws or the weld region are present
inside the cladding tube. Especially, high burnup fuel rods may
have incipient cracks on the inside cladding surface due to an
interaction of the fuel and the cladding during reactor operation
[4]. Three instances of spent fuel rod failures were also reported
where a leakage occurred less than 2 months after the spent fuel
rods were stored at rather low temperatures below 275 �C [2,7].
Although the cause of their failures is unknown, these failures have
shown that the incipient cracks present inside them grow fast to
through-wall cracks in the spent fuel rods even at low tempera-
tures, because the leakage has occurred within 2 months after
ll rights reserved.
the start of their dry storage. Thus, we suggest that these failures
of the spent fuel rods are likely due to DHC, the rationale of which
is given in this study. The aim of this study is to demonstrate the
DHC susceptibility of spent fuel rods by citing Simpson and Ells’s
results [6] and to provide a rationale for the failures of spent fuel
rods due to DHC even at room temperature using our new DHC
model [8–11], which remains unclear to date.

2. A model for delayed hydride cracking (DHC) at low
temperatures

Although the old DHC models suggest that a driving force for
DHC is a stress gradient, they cannot provide a rationale for DHC
of zirconium alloys with the test temperature approached by heat-
ing. It should be noted that when the bulk region of zirconium al-
loys has the hydrogen concentration in solution corresponding to
the terminal solid solubility for dissolution (TSSD) or CTSSD (point
A in Fig. 1) due to an approach to the test temperature by heating,
the hydrogen concentration at the crack tip cannot reach the ter-
minal solid solubility for precipitation (TSSP) or CTSSP (point A0 in
Fig. 1) even under tensile stresses applied to the crack tip
[12–15]. In other words, according to the old DHC models where
hydrides are precipitated upon an increase in the hydrogen con-
centration at the crack tip to CTSSP (point A0), DHC could not have
occurred in zirconium alloys charged to several tens to hundreds
ppm of hydrogen with the test temperature approached by heat-
ing. This explains why no DHC occurs in furnace-cooled zirconium
alloys with hydrogen at the test temperatures above 180 �C upon
an approach by heating [15]. However, at low temperatures below
180 �C, DHC occurs despite the test temperature being approached
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Fig. 1. The hydrogen solvus that a crack tip can reach at 250 �C due to tensile
stresses in isothermal conditions, according to the old DHC models, when the
hydrogen concentration in the bulk region of a zirconium alloy tube corresponds to
TSSD (point A) by an approach by heating from below [9–12].
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by heating as demonstrated by Kim et al. [10], Ambler [15] and
Huang et al. [16].

According to our new DHC model [8–11], however, a driving
force for DHC is the hydrogen concentration gradient at a crack
tip, arising from the stress-induced precipitation of hydrides or
stress-induced hydride phase transformation from c to d.
Especially, with the test temperature approached by heating or
in isothermal conditions, the specimens have the hydrogen
concentration in solution corresponding to CTSSD (point A in
Fig. 1), which is the same between the crack tip and the bulk re-
gion. In this case, the stress-induced precipitation of the hydrides
cannot occur due to no supersaturation of hydrogen. However,
when the test temperature is below the c- to d-hydride phase
transformation temperature, corresponding to 182 �C for furnace-
cooled zirconium alloys [17] or 255 �C for water-quenched ones
Fig. 2. X-ray diffraction analyses of (a) the bulk region at a distance of 20 mm from the cr
to a DHC test at 250 �C.
[18], c-hydrides are precipitated in addition to d-hydrides in the
bulk region of the zirconium alloys [17]. In contrast, at stress rais-
ers such as surface flaws or cracks, only the d-hydrides are precip-
itated due to the stress-induced hydride phase transformation
from c to d, causing different distributions of the hydrides between
the bulk region and the crack tip: a mixture of the c- and d-hy-
drides in the bulk region and only the d-hydrides at the stress rais-
ers such as the surface flaws or cracks. Experimental evidence is
provided by examining the hydride distribution between the frac-
ture surface and the bulk region, 20 mm away from that, in a Zr–
2.5Nb compact tension specimen with 60 ppm H after a DHC test
at 250 �C. As shown in Fig. 2 [10], only the d-hydrides were ob-
served on the fracture surfaces but in the bulk region, the c-hy-
drides were found. Ambler also made a similar comment that the
hydrides precipitated at the crack tip would be the d-hydrides
[15]. Different distributions of the hydrides between the bulk re-
gion and the crack tip, as shown in Fig. 2, cause a difference in
hydrogen solvus between them due to a higher hydrogen solubility
of the c-hydrides compared to that of the d-hydrides as schemati-
cally shown in Fig. 3. In other words, the bulk region has a higher
concentration of hydrogen in solution due to the presence of the c-
hydrides than the crack tip with the d-hydrides only, creating the
difference in hydrogen concentration or DC between them which
is a driving force for DHC in isothermal conditions or when the test
temperature is approached by heating. The DC would correspond
to the distance CC0 for the water-quenched zirconium alloys or
the distance C1C0 for the furnace-cooled ones, as shown in Fig. 3.
Experimental evidence for a higher hydrogen solubility of the c-
hydrides is provided by comparing the measured solubility data
of the c-hydrides reported by Cann and Atrens [19], Mishra and
Asundi [20] and Carpenter and Watters [21] with that of the d-hy-
dride [22], as shown in Fig. 4. Here, the DC corresponds to the dis-
tance AA0 for the water-quenched zirconium alloys and the
distance BB0 for the furnace-cooled ones, as shown in Fig. 4. Nath
et al. also made a similar suggestion that the solvus temperatures
of the d-hydride would be higher than those of the c-hydrides
based on the nucleation behavior of each hydride with the temper-
ature [23]. Other evidence for a higher solubility of the c-hydrides
ack tip and of (b) the crack tip in the water-quenched Zr–2.5Nb specimens subjected
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Fig. 3. Diagram schematically illustrating the heating solvus (or terminal solid
solubility) of the Zr–2.5Nb specimens that depends on the cooling rate, the hydride
phase and the concentration of the c-hydride, creating the DC between the crack tip
and the bulk region corresponding to the distance CC0 or C1C0 .
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is provided by the experimental facts demonstrating two different
activation energies for the cooling solvus of hydrogen (or terminal
solid solubility for precipitation (TSSP)): a lower activation energy
below 260 �C and a higher activation energy above it [24]. Consid-
ering that the total strain energy of the c-hydrides is smaller than
that of the d-hydride [13,15], a change in the slope of the cooling
solvus line, as reported in the literature [17,24–25] corresponds
to precipitation of the c-hydrides besides the d-hydrides in the zir-
conium matrix. The temperature corresponding to the inflection
point of the slope strongly depends on the cooling rate: 260 �C
for a higher cooling rate of 10 �C/min [24] and 170 �C for a slower
cooling rate of 2 �C/min [25]. Given that the d- to c-hydride phase
transformation temperatures in zirconium alloys are 182 �C for the
furnace-cooled Zr–2.5Nb tubes [17] and 255 �C for the water-
quenched zirconium [18], it is obvious that this inflection point
of the slope of the cooling solvus line corresponds to the onset of
precipitation of the c-hydrides.

More direct evidence for a higher hydrogen solubility of the c-
hydride is provided by Root and Fong’s experiment [17] where the
specimen with 87 ppm H had a higher hydrogen solubility on heat-
ing than that with 49 ppm H whose hydrogen solubility fell on the
Kearns solvus line, as shown in Fig. 5. It should be remembered
that since the specimens have been stored for 2 years after charg-
ing of hydrogen [18], the concentration of the c-hydride would in-
crease with time even at room temperature due to the hydride
phase transformation from d to c [26]. Consequently, a higher
hydrogen solubility of the specimen with 87 ppm H on heating
(Fig. 5), when compared to that of the specimen with 49 ppm H
falling on the Kearns solvus line, is likely due to the increased con-
centration of the c-hydride with a higher hydrogen solubility.

Accounting for all the experimental results shown above,
accordingly, we conclude that the stress induced hydride phase
transformation from c to d causes the DC between the bulk region
and the stress raisers such as cracks, causing hydrogen to move
from the bulk region to a crack tip in zirconium alloys even in iso-
thermal conditions or in slow cooled conditions. Furthermore, this
can explain why DHC of a Zr–2.5Nb tube occurs with little cooling
from the terminal solid solubility for dissolution (TSSD) tempera-
ture below 180 �C, as shown in Fig. 6 on cooling from 50 �C above
the TSSD temperatures [12]. It should be noted that at the test tem-
peratures above 180 �C, DHC initiation has occurred with some de-
gree of undercooling from the TSSD temperatures, corresponding
to the distance AB shown in Fig. 6. Conversely, when the test tem-
perature is higher than the d- to c-hydride phase transformation
temperatures, for example, 182 �C for the furnace-cooled Zr–
2.5Nb tube, no DHC occurs on approaching the test temperature
by heating due to no d- to c-hydride phase transformation: for
examples, when the test temperature of 250 �C was approached
by heating, no DHC occurred in a Zr–2.5Nb tube specimen
(Fig. 7). In contrast, the water-quenched Zr–2.5Nb tube specimens
had DHC even at 250 �C when approached by heating, as shown in
Fig. 7, due to the d- to c-hydride phase transformation. This occurs
because the c hydrides are present even at 250 �C in the water
quenched specimens given that the hydride phase transformation
temperature for the water-quenched specimen is higher than the
test temperature, as shown in Fig. 4. Conclusively, our new DHC
model demonstrates that DHC occurs at low temperatures below
180 �C due to the d- to c-hydride phase transformation in zirconium
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alloys with hydrogen such as spent fuel rods if the stress raisers
such as a surface flaw or the weld region of high tensile stresses
exist.

3. Failures of spent fuel rods at low temperatures by DHC

Simpson and Ells [6] showed that for a Zr–2.5Nb cladding tube
containing only 10 ppm of hydrogen the hydrides were precipi-
tated at room temperature at the root of the end cap weld 4 weeks
after welding and then a crack grew there to about 90% of the clad-
ding wall thickness (equal to 0.41 mm) 2 years after that. A simple
calculation assuming the growth of a crack to be 0.9 times the
thickness over 2 years shows that the crack growth rate was at
the least 5.9 � 10�12 m/s, which is over 104 times faster than the
predicted crack growth rate, 1.6 � 10�16 m/s [6], by the old DHC
models. Then, they conducted another verification test using the
cladding tube with 100 ppm H where a faster growing crack with
time was also observed at the same place or the root of the end
cap weld [6]. When a Vickers microhardness impression was made
in a Zr–2.5Nb alloy sheet charged to 100–300 ppm H, the hydrides
at each of the corners of the microhardness impression that did not
exist a few minutes after that impression were observed six
months after that, causing a crack growth there by their cracking
[6]. Given that the microhardness impression tests had been con-
ducted at room temperature, it is obvious that DHC occurs in zirco-
nium alloy with hydrogen even at room temperature if a stress
raiser is present, which cannot be satisfactorily understood by
the old DHC models.

Precipitation of the hydrides and subsequent crack growth by
their cracking in cladding tubes of zirconium alloys even at room
temperature as described above is similar to the cases where
DHC occurs at 250 �C for the water-quenched Zr–2.5Nb tube when
approached by heating as shown in Fig. 7 or initiates near the TSSD
temperature with little undercooling when cooled from 50 �C
above the TSSD as shown in Fig. 6. A driving force for cracking of
zirconium alloy cladding tubes at room temperature is the DC
caused by the d- to c-hydride phase transformation, corresponding
to the distance AA0 or BB0 shown in Fig. 4: the bulk region contain-
ing the d- and c-hydrides with a higher hydrogen solubility and the
weld region containing d-hydrides only with a lower hydrogen sol-
ubility. Considering that the c-hydrides are precipitated at low
temperatures below 182 �C for the slow cooled zirconium alloys
such as the spent fuel rods, it is not until the spent fuel rods are
cooled to below 180 �C that DHC occurs due to stress-induced hy-
dride phase transformation from c to d. We can estimate when the
cladding temperatures of the spent fuel rods become lower than
180 �C using Einziger’s method for predicting temperature of a fuel
assembly [27]. Fig. 8 shows an example of the fuel assembly tem-
perature predicted by Einziger’s method. Assuming that the clad-
ding temperature is conservatively similar to the average
temperature of the fuel assembly, it takes at least 30 years for
the cladding temperatures to completely fall to below 180 �C
(Fig. 8). This estimation is in line with Sasahara’s prediction that
more than 30 years of the cooling time is needed to cool the clad-
ding temperatures of spent fuel rods to below 180 �C [28]. In other
words, even though a visual inspection of the spent fuel rods after
dry storage of 15–20 years showed little evidence of DHC [27,28], it
is too early to draw concrete conclusions about the DHC effect on



34 Y.S. Kim / Journal of Nuclear Materials 378 (2008) 30–34
the integrity of spent fuel rods. It is not until the storage time ex-
ceeds 30 years that DHC is activated, likely causing a leakage from
the spent fuel rods. Other evidence for this hypothesis is provided
by the failures of the spent fuel rods that had been stored at rela-
tively low temperatures below 275 �C [7].

4. Conclusions

Failures of unirradiated Zr-2.5 cladding tubes occurred even at
room temperature due to cracking of the hydrides precipitated at
stress raisers such as the weld region. These facts demonstrate that
DHC occurs even at room temperature in zirconium alloys with
hydrogen, only if stress raisers are present. Consequently, it is con-
cluded that the spent fuel rods to be stored in dry storage would
fail due to this low temperature DHC only if they have stress raisers
inside the cladding surface. Given that this phenomenon occurs
only after cooling the cladding temperatures of the spent fuel rods
to below the c- to d-hydride phase transformation temperature, it
is not until 30 years have passed that failures of the spent fuel rods
by DHC would occur. The driving force for this low temperature
DHC is a difference in hydrogen concentration between the bulk
region and the crack tip arising from stress-induced hydride phase
transformation from c to d, which is evidenced by a higher hydro-
gen solubility of the c-hydrides when compared to that of the
d-hydrides. Further works are recommended to establish DHC fail-
ure criterion for the spent fuel rods that are being stored in dry
storage.
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