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a b s t r a c t

TSSD, TSSP, and TSSP2 of hydrogen for optimized-Zirlo (Zirlo™) alloy were measured by DSC in the range
of 53e457 wppm. Solvus curves of the TSSs are derived and proposed in this study. The results show that
the temperature gap between TSSD and TSSP solvus lines of Zirlo™ are similar to those of other zirco-
nium alloys, but another gap between the TSSD and TSSP2 line differs significantly. In particular, the
TSSP2 solvus line becomes closer to the TSSD solvus line than to TSSP unlike Zircaloy-4, so DTTSSD-TSSP2 of
Zirlo™ decreases with decreasing temperature. This implies that hydride reorientation can take place
more significantly in Zirlo™ than in Zircaloy-4, and the limited temperature variation of 65 �C during the
vacuum drying and the cooling-down process may not be sufficient to prevent the triggering of hydride
reorientation in Zirlo™ cladding under long-term dry storage.
© 2020 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

Zirconium (Zr) alloys have been used as a cladding material in
water nuclear reactors (LWRs and PHWRs) due to their low neutron
absorption cross section and advantageous mechanical properties
as well as good corrosion resistance in harsh reactor environments;
however, they react with coolant water and pick up hydrogen
during waterside corrosion. Consequently, the hydrogen concen-
tration in the cladding is basically proportional to the oxide thick-
ness of the cladding materials. The absorbed hydrogen precipitates
into Zr hydrides when the hydrogen concentration exceeds the
terminal solid solubility (TSS) of hydrogen in the Zr matrix [1e3]. In
actuality, the hydrogen TSS of Zr alloys at room temperature is less
than 10 wppm, and therefore most of the hydrogen in the Zr matrix
precipitates at room temperature.

The precipitated hydrides lying in the circumferential direction
of the cylindrical cladding are called circumferential hydrides
whereas the hydrides precipitating perpendicular to the circum-
ferential direction are defined as radial hydrides. Circumferential
hydride embedded Zr alloy cladding can endure significant defor-
mation, and most of the hydrides in the cladding precipitates in the
m).

by Elsevier Korea LLC. This is an
circumferential directionwhile normal operation. In fact, this is the
reason that metallurgical texture of the zirconium alloy is
controlled during cladding tube manufacturing process.

Since Zr hydrides are extremely brittle especially at low tem-
peratures the hydrides can cause the cladding ductility to deteri-
orate and induce significant embrittlement if radial hydrides form
in the cladding. In fact, the radial hydrides can form in the cladding
when higher stress than threshold stress for hydride reorientation
(HR) is applied during precipitation [4e6]. In this case, the radial
hydride embedded Zr alloy cladding can lose its ductility drasti-
cally, even with small hydrogen concentrations [6e9]. The hydride
embrittlement and the ductile to brittle transition temperature
(DBTT) of the Zr alloys are heavily dependent on the hydrogen
concentration and the orientations of the hydrides. Thus, the
hydrogen TSS of Zr alloys and hydride reorientation (HR) [5,7,10] as
well as delayed hydride cracking (DHC) [11,12] are of principal in-
terest in integrity assessments of spent nuclear fuel (SNF) under
long-term dry storage operation [13e15].

Due to the specific volume mismatch [16] between the hydrides
and the Zrmatrix, hydride precipitation induces tensile stress in the
Zr matrix and compressive stress in the hydrides, which leads to
solubility hysteresis during heating and cooling, referred to as TSS
for dissolution (TSSD) and precipitation (TSSP) [16e18]. TSSD is
rather independent of thermal history, whereas TSSP is heavily
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Fig. 1. Typical DSC curve of the phase transition during the heat-up and cool-down of
Zirlo™
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dependent on the thermal history such as maximum temperature,
holding time, and cooling rates [19]. Among these variables, the
maximum temperature, i.e., the pre-heating temperature before
the beginning of precipitation, has the strongest effect on TSSP. In
fact, it has been revealed that there are two types of hydride pre-
cipitation solvus lines, TSSP1 and TSSP2 [17,20]. TSSP1 represents
the hydride nucleation (hereafter, TSSP1 is referred to as TSSP to
avoid confusion) whereas TSSP2 denotes the hydride growth. In
other words, TSSP solvi is the points that hydrides begin to pre-
cipitate from the state that all the hydrides are dissolved, and TSSP2
solvi is the points that hydrides begin to precipitate from the state
that hydride and hydrogen in the Zr matrix have an equilibrium.
Interestingly, HR occurs only during cool-down, i.e., when the
hydrogen solid solution precipitates in the Zr matrix. Therefore, HR
is closely related with TSSPs. Similarly, the DHC arrest and initiation
temperatures [21,22] are also closely related with the TSS of
hydrogen, though debates over its driving force and mechanisms
continue [23e28].

Owing to the hydride degradation mechanisms mentioned
above, the TSS of hydrogen has been studied for early developed Zr
alloys such as Zircaloy-2, Zircaloy-4, and Zr-2.5Nb using differential
scanning calorimetry (DSC) [29e32], dilatometry [18,33], internal
friction [17,34], and synchrotron X-ray diffraction (XRD) [35e37];
however, there are few available data [38,39] on advanced Zr alloys
containing Nb such as Zirlo®, M5, MDA, and Hana. Thus, in this
study, the TSS of hydrogen for Zirlo™ was experimentally investi-
gated using DSC and its effects on the formation of radial hydrides
under dry storage conditions were discussed.

2. Experimental

2.1. Materials

In the present TSSmeasurements, partially recrystallized Zirlo™
(Zr-1.0Nb-0.7sn-0.1Fe) was used. As-received specimens were
cleaned and charged with hydrogen at 400 �C by a modified Sie-
verts apparatus [29]. After hydrogen charging, heat treatment was
performed at the same temperature for 10 h to ensure uniform
hydride distribution, and then the specimens were slowly cooled
down to room temperature at a cooling rate of 0.5e1 �C/min.

2.2. Measurement

Hydrogen TSS of Zirlo™ was measured using a heat flux DSC
(Netzsch 200 F3) in a purified N2 flowing environment with the rate
of 50 cm3/min. To dissolve all hydrides in the Zr matrix, specimens
were heated to 580 �C and then cooled down to 50 �C. In the DSC
measurement, the heat-up and cool-down rates of 20 �C/min were
employed. Detailed procedure for DSCmeasurement is described in
detail in the previous work [29]. The maximum slope temperature
(MST) in the DSC curve was taken as the final temperature for hy-
dride dissolution (TSSD) and the onset temperature of hydride
precipitation (TSSP) at a given hydrogen concentration. At least four
thermal cycles were repeated to determine the TSSD and TSSP
temperatures of the specimens. In order to measure the TSSP2, and
additional thermal cycles were followed after the determination of
dissolution temperature of hydrides in each specimen, and the peak
temperature prior to cooling is adjusted to the temperature slightly
higher than TSSD temperature because TSSD solvi is the border line
between a-Zr and a-Zrþd-hydrides. The difference between the
peak temperature for TSSP2measurement and TSSD temperature is
less than 5 �C. After the DSC measurement, all specimens were
cleaned with acetone in an ultrasonic bath and hydrogen concen-
tration measurement was carried out using a LECO RH-404
hydrogen analyzer with an uncertainty of less than 5 wppm. They
were found to be in the range of 53e457 wppm.
3. Results and discussion

3.1. Measured hydrogen terminal solid solubility of Zirlo™

As mentioned in the introduction, there are three types of TSS of
hydrogen in Zr alloys: one for hydride dissolution (TSSD) and two
for hydride precipitation (TSSP and TSSP2). Fig. 1 shows the raw
data of the typical DSC curves measured in this study during the
heat-up and cool-down of the specimens. Fig. 2 shows the Arrhe-
nius plots of the all measured hydrogen TSS data of Zirlo™ in this
study, demonstrating single TSSD and two distinct TSSPs. The best-
fitting expressions for the hydrogen TSS data of the alloy in the
figure can be expressed as follows:

CTSSD ¼7:8029� 104exp
�
�32;620=RT

�
;

CTSSP ¼2:0663� 104exp
�
�21;937=RT

�
;

CTSSP2 ¼1:3256� 105exp
�
�32;824=RT

�
;

where C is the hydrogen concentration in wppm, R is the gas con-
stant (8.314 J/mol), and T is the absolute temperature.



Fig. 2. Measured TSS of the hydrogen of Zirlo™
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Fig. 3 shows the hydrogen TSSs of various Zr alloys. Fig. 3a)
shows the activation energy of hydride dissolution in Zirlo™,
demonstrating that it is in good agreement with other TSSD data
ranging in between 30 kJ/mol and 39 kJ/mol taking into consider-
ation that hydrogen TSS depends on measurement techniques [30],
data analysis method [20,40], and thermal history [17,29,41,42].
TSSD is close to a thermo-dynamic equilibrium value, and thus the
value has little discrepancy.

TSS for the precipitation is close to kinetic value. Fig. 3b) and 3c)
reveal that the activation energies of two hydrogen precipitations,
i.e., TSSP for hydride nucleation and TSSP2 for hydride growth, are
21.97 kJ/mol and 32.824 kJ/mol, respectively, which seem to be in
reasonable agreement given that the TSSP temperature is heavily
dependent on the thermal history such as the prior maximum
temperature [17], and dwell time at the maximum temperature
[19,42]. All the data presented in Fig. 3 are given in Table 1. It is
noticeable that the trend of hydrogen TSSP2 of Zirlo™ is quite
different from that of Zircaloy-4 [29]. Fig. 4 clearly demonstrates
the difference in the hysteresis gap of the hydrogen TSS in both
alloys, Zircaloy-4 and Zirlo™. The comparison shows that there is a
fairly large gap between TSSD and TSSP2 of hydrogen in Zircaloy-4;
in contrast, the gap decreases with decreasing temperature and so
the TSSP2 of hydrogen becomes closer to TSSD in Zirlo™. Fig. 5
shows the temperature hysteresis gap between the TSSD and
TSSPs (DTTSSD-TSSPs) with regard to the hydride dissolution tem-
perature. The precipitation temperature is dependent on the con-
dition where hydride exists in the Zr matrix when it precipitates.
When there is no hydride previously in the Zr matrix, it may be
difficult for hydrides to precipitate because specific volume change
causes plastic deformation and compressive stress in the sur-
rounding Zr matrix. On the other hand, if there are hydrides already
in the Zr matrix, it is easy for hydrides to precipitate or re-
precipitate following the former hydrides traces, although elastic
strain is inevitably induced during the hydride growth. It has also
been reported that precipitation of hydrides in the Zr alloys is
closely related to the memory effect [43], that is, dissolved
hydrogen tends to re-precipitate at the previous hydride sites. It is
quite understood because hydride precipitation possibly accom-
panies dislocation generation due to the misfit strain [44,45] and
the generated dislocation tangles may provide preferential sites for
hydride re-precipitation [46,47].
In this respect, DTTSSD-TSSP2 is always smaller than the DTTSSD-
TSSP, and all of the data in Fig. 5 demonstrate this trend. However, it
is noticeable that the DTTSSD-TSSP2 of Zirlo™ increases with
increasing TSSD temperature, and the DTTSSD-TSSP of Zirlo™ is
higher than other Zr alloys. This finding implies that hydride
nucleation in the alloy may be more difficult than that in other Zr
alloys, while hydrogen could precipitate easily on previous hy-
drides sites, i.e., hydride growth may be easy when Zirlo™ is sub-
jected to low peak temperature during heat-up. It might be due to
the effects of cold-work, alloying elements, grain size or b-Nb dis-
tribution although there is no clear evidence yet [1,19,41,48,49].
Another experiment is needed for the identification of the relation
between hydride growth, and microstructure of Zr alloys.

3.2. Effects of the TSS of hydrogen on hydride reorientation in
Zirlo™ cladding under dry storage conditions

As mentioned earlier, most of observed hydrides in Zr alloy
cladding of spent nuclear fuel rods are circumferential because all
cladding tubes are treated with a longitudinal cold-rolling process,
so-called pilgering process, to control their textures during
manufacturing. Interestingly, however, the circumferential hy-
drides can change their precipitation direction when excessive
hoop stress is applied to the cladding during vacuum drying and
cooling-down process prior to loading of the spent nuclear fuels to
the long-term dry storage cask, which is referred to as HR [6].
Considering hydrogen concentration of spent nuclear cladding and
temperature history during dry storage condition, both Zircaloy-4
and Zirlo™ cladding follows the TSSP2 solvi because hydrides
will exist when the fuel rod is cooled. Thus the temperature gap
between TSSD and TSSP2 is important for understanding HR. Fig. 5
reveals that DTTSSD-TSSP2 of Zirlo™ is smaller than that of Zircaloy-4,
which implies that even with identical stress conditions, HR can
take place more significantly in Zirlo™ than in Zircaloy-4 with as-
sumptions that all of the variables affecting HR such as texture,
residual stress, threshold stress of Zirlo™ and Ziraloy-4 are iden-
tical except TSS of Hydrogen. Recent ductility tests of irradiated Zr
alloy cladding support that the issue may be more serious in the
former than in the latter alloy [8,9]. It was shown that under similar
hoop stress and temperature histories, the radial hydride conti-
nuity factor (RHCF) of the Zirlo® was larger than that of Zircaloy-4.
This difference means that Zirlo® may be more brittle than
Zircaloy-4, and consequently the DBTT of the former alloy may be
higher than that of the latter [8]. In fact, the ductility of the irra-
diated Zr cladding can be influenced by many factors such as the
irradiation damages, oxide thickness, hydride distribution [50],
annealing temperature [9], and alloy texture of Zr. However, it is
well-known that the HR is the most critical factor affecting the
ductility deterioration of irradiated Zr alloy cladding [8].

In order to minimize the HR in Zr alloy cladding, the U.S. NRC
limited the number of thermal cycles to less than 10, and the
temperature variation during the repeated thermal cycling to less
than 65 �C [51], in addition to the requirement that maximum
allowable cladding temperature is 400 �C during long-term dry
storage. This guideline is based on the test results of Kammenzind
et al. [52] that hydrides rarely precipitate during the temperature
gap between the TSSD and TSSP temperatures, i.e., hydride reor-
ientation cannot occur during the temperature hysteresis [5].
However, there are a few recent reports that the temperature
hysteresis gap between TSSD and TSSP can be reduced by repeated
thermal cycling [53,54], and, furthermore, recent experimental
results [29,35] revealed that the hydrogen TSS follows TSSP2, not
TSSP, during the hydride precipitation. This means that DTTSSD-TSSP2
is more important than DTTSSD-TSSP because the peak cladding
temperature during dry storage is not high enough to dissolve all



Fig. 3. (a) Comparison of TSSD, (b) TSSP, and (c) TSSP2 of Zirlo™ with those of Zircaloy-4, and other Nb containing Zr alloys
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Table 1
Terminal solid solubility of hydrogen in Zr alloys.

TSS Material A Q (kJ/mol) H content (wppm) Method Reference

TSSD Zircaloy-4 6.6 � 104 32.196 120e450 Diffusion couple (DC) Kammenzind et al. [52]
Zircaloy-4 2.255 � 105 39.101 40e731 DSC Kim et al. [29]
Zr-2.5Nb 8.08 � 104 34.52 7e99 Internal friction (IF) Pan et al. [17]
Zr-2.5Nb 6.11 � 104 31.818 50e463 Dilatometry (DM) Giroldi et al. [33]
Excel 1.09 � 105 32.6 40e120 Dynamic elastic modulus (DEM) Khatamian et al. [30]

5.72 � 104 30.1 60e200 DSC
N18 5.3637 � 104 31.809 20e240 DSC Tang and Yang [38]
M5 8.4956 � 104 34.187 20e240
Hana-3,5 1.5 � 105 37.424 30e400 DSC Bang et al. [39]
Zirlo™ 7.8029 � 104 32.62 53e457 DSC This study

TSSP Zircaloy-4 3.1 � 104 25.279 120e450 Diffusion couple (DC) Kammenzind et al. [52]
Zircaloy-4 4.722 � 104 26.843 40e731 DSC Kim et al. [29]
Zr-2.5Nb 2.473 � 104 25.84 7e99 IF Pan et al. [17]
Zr-2.5Nb 2.22 � 104 24.618 50e463 DM Giroldi et al. [33]
Excel 1.45 � 105 29.9 40e120 DEM Khatamian et al. [30]

1.12 � 104 18.7 60e200 DSC
N18 2.9732 � 104 25.69 20e240 DSC Tang and Yang [38]
M5 3.0368 � 104 26.18 20e240
Hana-3 and -5 3.63 � 104 26.133 40e731 DSC Bang et al. [39]
Zirlo™ 2.0663 � 104 21.973 53e457 DSC This study

TSSP2 Zircaloy-4 8.612 � 104 30.583 40e731 DSC Kim et al. [29]
Excel 1.43 � 105 30.7 40e120 DSC Khatamian et al. [30]
Zr-2.5Nb 3.15 � 104 27.99 7e99 IF Pan et al. [17]
Zirlo™ 1.3256 � 105 32.824 53e457 DSC This study

Fig. 4. TSS of H in (a) Zircaloy-4 [29], and (b) ZIRLO™ The curves are based on the best
fitting equations of TSS of H in Zirlo™ and Zircaloy-4.

Fig. 5. Temperature variation between the TSSD and TSSPs of Zr alloys
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the hydrides in the cladding materials. In this respect, the limited
temperature variation of 65 �C during the vacuum drying and
cooling-down process may be reasonable and effective to minimize
the HR in Zircaloy-4 cladding, given that the maximum allowable
cladding temperature remains at 400 �C under long-term dry
storage. However, as shown in Fig. 5, the DTTSSD-TSSP2 of Zirlo is less
than 65 �C and this probably means that hydride reorientation may
occur in this alloy during the thermal cycles, even if the limitation
rule is obeyed.
4. Conclusions

TSSD, TSSP, and TSSP2 of hydrogen in Zirlo™ were measured by
DSC in the range of 53e457 wppm. Based on the measurement
data, the following best-fitting expressions for the solvus curves of
the TSSs are derived:
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CTSSD ¼7:8029� 104exp
�
�32;620=RT

�
;

CTSSP ¼2:0663� 104exp
�
�21;937=RT

�
;

CTSSP2 ¼1:3256� 105exp
�
�32;824=RT

�
;

where C is the hydrogen concentration in wppm, R is the gas con-
stant (8.314 J/mol), and T is the absolute temperature.

The results showed that the TSSD and TSSP temperatures of
Zirlo™ are similar to those of other zirconium alloys, and the
activation energies for hydride dissolution and precipitation are
also in good agreement with those of other Zr alloys. However, the
solvus line data of the TSSP2 of the alloy differs remarkably from
those of other Zr alloys, particularly Zircaloy-4. The gap in Zirlo™
increases with decreasing temperature, and the TSSP2 solvus line
becomes closer to the TSSD solvus line. Though themeasurement of
TSS of H in this study was not conducted under the stress, this
implies that the 65 �C temperature variation limit during the vac-
uum drying and cooling-down process required for long-term dry
storage may not be enough to prevent triggering of hydride reor-
ientation in the spent nuclear fuel rods using Zirlo™ cladding tubes.
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