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a b s t r a c t

Zirconium alloy cladding tube specimens were irradiated at 380�C up to a fast neutron fluence of
7.5 � 1024 n/m2 in a research reactor to investigate the effect of neutron irradiation on hydride reor-
ientation and mechanical property degradation. Cool-down tests from 400�C to 200�C under 150 MPa
tensile hoop stress were performed. These tests indicate that the irradiated specimens generated a
smaller radial hydride fraction than did the unirradiated specimens and that higher hydrogen content
generated a smaller radial hydride fraction. The irradiated specimens of 500 ppm-H showed smaller
ultimate tensile strength and plastic strain than those characteristics of the 250 ppm-H specimens. This
mechanical property degradation caused by neutron irradiation can be explained by tensile hoop stress-
induced microcrack formation on the hydrides in the irradiation-damaged matrix and subsequent
microcrack propagation along the hydrides and/or through the matrix.
© 2017 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

The loss of zirconium alloy cladding tube ductility during
interim dry storage may be governed by the amount of radial hy-
drides that precipitate during the dry storage cool-down process
[1e5]. To maintain cladding integrity during interim dry storage,
radial hydrides that precipitate are to be minimized during the
cool-down process. Prior to interim dry storage, spent nuclear fuel
rods are heated during the vacuum drying period, the cladding
tubes may experience a rapid temperature increase up to 400�C
under a considerable tensile hoop stress [6]. Circumferential
existing hydrides in the cladding tubes may be dissolved during
this heat-up process. Then, some of these dissolved hydrogen
atoms may be precipitated in the radial direction during the sub-
sequent cool-down process, but only if the tensile hoop stress
acting on the cladding is larger than a certain threshold stress for
radial hydride formation, e.g., 90 MPa [7,8]. The amount of hydride
reorientation during the cool-down process may be governed by
neutron irradiation-induced microstructural changes, the
temperature-dependent solubility of hydrogen, the extent of ten-
sile hoop stresses on the cladding, the cool-down rates, the initial
hydrogen contents and the cladding textures [9e11].

The behavior of radial hydride precipitation in unirradiated
zirconium alloy specimens has been elucidated by Min et al.
[3e5,12]. However, some researchers have reported on the effects
of irradiation on the hydrogen solubility, second particle dissolu-
tion and mechanical property degradation [13e16].

It should be noted that pressurized water reactor (PWR) clad-
ding tubes experience hydrogen pickup with a temperature
gradient across the cladding resulting in three basic regions: a
hydride rim at the outer cladding surface just under the oxide layer,
a transition region with modest hydrogen content, and an inner
region with low hydrogen content. Such hydride distributions
across the cladding wall will have a significant effect on the me-
chanical performance of the cladding in the as-irradiated condition,
as well as following the simulated drying-transfer-storage. How-
ever, rather than attempt to generate data for direct application to
dry storage, the objective of this study is to determine qualitatively
the effects of irradiation and hydrogen contents on the amount of
hydride reorientation and radial hydride- and irradiation-
dependent mechanical property degradation under very limited
conditions of one tensile hoop stress state of 150 MPa, one cooling
rate of 2.0�C/min and two uniform hydrogen contents of 250 and
500 ppm in the cladding tubes. The results obtained for the two
uniform hydrogen contents used in this study can be applied to the
respective regions of the commercial PWR fuel cladding tube
having the corresponding hydrogen contents. For example, if the
PWR cladding tube contains 250 ppm hydrogen content at the
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inner region and 500 ppm hydrogen content at outer region, the
results obtained in this study for the 250 and 500 ppm hydrogen
contents may be used for hydride reorientation and mechanical
property degradation predictions in the inner and outer regions,
respectively, of the commercial PWR fuel cladding tubes.

In this study, the effects of neutron irradiation and hydrogen
content on the radial hydride precipitation and subsequent me-
chanical property degradationwere investigated using as-received,
250 ppm hydrogen-charged (250 ppm-H) and 500 ppm-H Zry-4
cladding tubes. To evaluate the effect of the irradiation on the
radial hydride precipitation and mechanical property degradation,
half of the ring specimens were irradiated at the Korea Atomic
Energy Research Institute HANARO research reactor, while the
other half of the ring specimens were unirradiated. According to
the current license requirements for PWR fuel in-reactor opera-
tions, the hydrogen content in the cladding is limited to below
600 ppm [17] and the fuel rod internal pressure is limited to below
the reactor coolant system pressure (15.5 MPa), resulting in a
compressive hoop stress on the cladding during reactor operation,
as shown in Fig. 1A. As described above, the 250 ppm-H and
500 ppm-H ring specimens, which are below the design limit of
600 ppm hydrogen content, were tested under tensile hoop stress
of 150 MPa during the cool-down process from 400 to 200�C. The
tensile hoop stress of 150 MPa was calculated using the maximum
allowable rod internal pressure of 15.5 MPa and the atmospheric
pressure on the cladding outer surface [18], as shown in Fig. 1B; this
condition simulates interim dry storage conditions. It should be
noted that the peak heat-up temperature used in this study (400�C)
prior to cool-down is the temperature limit that has been specified
by US Nuclear Regulatory Commission for normal and short-term
transient conditions during interim dry storage [6]. Only one
cooling rate of 2.0�C/min was employed in this study. The reason
that the cooling rate of 2.0�C/minwas used is that the furnace in the
Korea Atomic Energy Research Institute hot-cell test facility
employed in our study for the HANARO-irradiated specimens
allowed us a slowest cooling rate of 2.0�C/min.

2. Experimental section

Overall experimental steps employed in this study are depicted
in Fig. 2. This figure shows the hydrogen-charging process, the
HANARO irradiation process and the heat-up and cool-down test
process. Table 1 summarizes chemical compositions, texture and
dimensions of the Zry-4 cladding tubes used in this study. These
cladding tubes were manufactured via a three-step pilger process,
the same process that is used tomanufacture typical stress-relieved
Zr alloy cladding tubes. Three kinds of specimens of as-received,
250 ppm-H and 500 ppm-H Zry-4 cladding tubes were selected.
Prior to hydrogen charging into the cladding tubes, the cladding
tubes were cut into several pieces having lengths of 100 mm each;
then, the cladding tube surfaces were cleaned with acetic acid. As
shown in Fig. 2A, the two pieces of tube were charged with
hydrogen for a certain period (e.g., 24 h for the 250 ppm-H tubes) in
the vacuum furnace at 400�C that contained a mixture gas of
hydrogen (0.020 MPa) and helium (0.026 MPa) so as to generate a
uniform distribution of hydrogen atoms through the tubes [19]. The
hydrogen contents of the test specimens were analyzed using a
LECO hydrogen analyzer RH600 (LECO Corporation, Saint Joseph,
MI, U.S.A.). The two levels of hydrogen content were measured and
found to be in a range of 250 ± 25 ppm and 500 ± 25 ppm.

The cladding tubes used in this study were cut transversely to
make 5-mmwidth ring specimens. Fig. 3 shows a schematic of the
ring specimenand the twohalf-cylinder loadingpins that areused to
strain the ring test specimen. The detailed HANARO design features
and irradiation conditions are summarized in Table 2; the HANARO
irradiation-hole configurations are shown in Fig. 4. As can be seen in
Fig. 2B, one set of the ring specimenswas irradiated in the capsule at
theHANAROCenTralHole (CT)hole for 1,392hat380�C, generatinga
neutron fluence of 7.5 � 1024 n/m2. After completing the neutron
irradiation atHANARO, to evaluate the effects of neutron irradiation,
hydrogen content and temperature on the mechanical property
degradation, the respective unirradiated and irradiated ring speci-
mens were heated with the heating rate of 2.0�C/min to the two

Fig. 1. Schematic diagram of stress conditions of cladding tubes. (A) In-reactor operation. (B) Interim dry storage.
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respective heat-up temperatures of 200�C and 400�C, as shown in
Fig. 2C. By contrast, cool-down tests from 400�C to 200�C with a
cooling rate of 2.0�C/minwere initiated after holding the specimens
at 400�C for 2 h,which causes the heat-up specimens to be solution-
annealed. The cool-down tests were designed to evaluate the effect
of irradiation and hydrogen content on the amount of radial and

circumferential hydrides precipitated during the cool-downprocess
and the subsequent mechanical property degradation. It should be
noted that to freeze the hydride distributions and morphologies at
the heat-up and terminal cool-down temperatures the ring speci-
mens were water-quenched immediately when they reached the
terminal heat-up or cool-down temperatures.

Axial sections of the ring specimens before and after the heat-up
or cool-down tests were examined by optical microscopy to reveal
the hydride distributions and morphologies. The etchant used for
the metallographic examinations was composed of HF, HNO3 and
H2O at a volume ratio of 10:45:45. The diameter of the half-cylinder
loading pinwas 8.35 mm and the gage length of the test specimens
was 2 mm. Special grips were designed and fabricated to fix the
loading pins and apply a certain load on the ring test specimen.

Fig. 2. Overall experimental steps used in this study. (A) Hydrogen charging process. (B) HANARO irradiation process. (C) Heat-up and cool-down process.

Table 1
Key data of Zry-4 cladding tubes employed in this work.

Chemical composition (w/o) Texture (Kearns number) Tube dimension (mm)

Zr-1.20Sn-0.21Fe-010Cr fr (radial) ¼ 0.62
ft (tangential) ¼ 0.26
fa (axial) ¼ 0.12

Outer dia. ¼ 9.50
Thickness ¼ 0.57

Fig. 3. Configurations of a ring specimen and jigs/fixtures used in this work.
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Using the Instronmodel 3366mechanical testing machine (Instron,
Norwood, MA, U.S.A.) at a nominal strain rate of 0.001/s (0.12 mm/
min), the tensile tests were carried out with the ring specimens at
the relevant heat-up and cool-down terminal temperatures,
generating ultimate tensile strengths and plastic strains. The
method of plastic strain calculation is described by Min et al. [3]. In
addition, the fracture surfaces of the tensile-tested specimens were
examined using a JEOL-6400 scanning electron microscope (JEOL,
USA Inc., Peabody, MA, U.S.A.).

3. Results and discussion

3.1. Heat-up tests

3.1.1. Hydride distributions
The unirradiated and irradiated specimens were heated from

room temperature to the respective heat-up temperatures of 200�C
and 400�C (see Fig. 2C). Fig. 5 shows optical micrographs of hydride
distributions at the heat-up temperature of 200�C for the unirra-
diated and irradiated specimens. In this figure, it can be seen that
the unirradiated specimens generated nearly circumferential hy-
drides, regardless of the hydrogen contents, whereas the irradiated
specimens generated some fractions of radial hydrides. This may be
because the irradiated specimens underwent onemore heating and

cooling cycle under neutron irradiation condition, as shown in
Figs. 2B and 6A.

For the heat-up process of the irradiated specimens (see line
aeb in Fig. 6A), the ring specimens loaded in the HANARO CT hole
remained at 380�C for 1,392 h, and then some of the circumferential
hydrides in the specimens were dissolved, according to line aeb of
the terminal solid solubility graph for dissolution shown in Fig. 6A.
However, it is noteworthy that the hydrogen charging process
shown in Fig. 2A generated nearly circumferential hydrides for the
hydrogen-charged specimens even though hydrogen atoms were
charged at 400�C. Therefore, one can say that the neutron irradia-
tion caused microstructural changes during the HANARO irradia-
tion at 380�C so that the activation energy of the radial hydride
precipitation under no stress condition becomes comparable to
that of the circumferential hydride precipitation. For the unirradi-
ated zirconium alloy cladding tubes, it should be noted that the
activation energy of the radial hydride precipitation under no stress
condition is slightly larger than that for the circumferential hydride
precipitation [20], which makes it possible to generate nearly all
the circumferential hydrides through the hydrogen charging pro-
cess under zero stress, as shown in Fig. 2A. However, when the
irradiated specimens were taken out of the HANARO after irradia-
tion, a significant amount of dissolved hydrogen atoms precipitated
due to the terminal solid solubility difference during the cool-down
process from 380�C to room temperature (see line becea in
Fig. 6A). Then, some fractions of the radial hydrides might be
formed in proportion to the Kearns numbers given in Table 1
because the activation energy of the radial hydride precipitation
under no stress condition may become comparable to that of the
circumferential hydride precipitation. When the unirradiated and
irradiated specimens were heated again from room temperature to
200�C (see line dee in Fig. 6B), however, the difference in the ter-
minal solid solubility between room temperature and 200�C is not
sufficient to cause the difference in the hydride distributions in the
unirradiated and irradiated specimens at 200�C and room
temperature.

It is noteworthy that the hydride distributions of the irradiated
250 ppm-H specimens at 400�C are nearly the same as those of the
unirradiated 250 ppm-H specimens at 400�C because nearly all the
hydrides are dissolved at 400�C for the 250 ppm-H specimens. The
hydride distributions of the irradiated 500 ppm-H specimens at
400�C are not the same as those of the unirradiated 500 ppm-H
specimens at 400�C because the undissolved hydrides of the

Table 2
HANARO design features and irradiation data of ring specimens used in this study.

Parameters Values

HANARO design features Reactor type Open tank in pool
(see Fig. 4)

Thermal power 30 MW
Coolant Light water
Reflector Heavy water
Fuel U3Si

Irradiation data in HANARO Irradiation configuration Capsule
Irradiation hole CT (see Fig. 4)
Capsule atmosphere Helium
Capsule pressure < 0.1 MPa
Specimen temperature 380 ± 20�C
Irradiation period 58 d
Fast neutron flux 1.5 � 1018 n/m2-s
Fast neutron fluence 7.5 � 1024 n/m2

CT, CenTral hole; MW, Mega Watt.

Fig. 4. HANARO research reactor configurations. CT, CenTral hole; IR, Irradiation Hole; HTS, Hydraulic Transfer System; LH, Large Hole; OR, Out-of-Reactor hole; NTD, Neutron
Transmutation Doping; PTS, Pneumatic Transfer System.
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unirradiated 500 ppm-H specimens at 400�C are circumferential
hydrides but those of the irradiated 500 ppm-H specimens at 400�C
are random hydrides mixed with circumferential and radial hy-
drides, as shown in Fig. 5.

3.1.2. Mechanical property degradation for the heat-up specimens
Fig. 7 shows the tensile hoop stressestrain curves for the as-

received ring specimens at the respective heat-up temperatures.
It should be noted that two specimens were used for duplication at
various temperatures for the unirradiated specimens, while just

one specimen at various temperatures was used for the irradiated
specimens. As can be seen in this figure, the total plastic strain of
the unirradiated specimen at room temperature was obtained by
subtracting the straight line➀ generating the elastic strain from the
straight line ➁ generating the total strain. The ultimate tensile
strengths and plastic strains obtained from the curves given in this
figure are depicted in Fig. 8. This figure shows that the ultimate
tensile strengths decreased but the total plastic strains increased
with the heat-up temperature, irrespective of neutron irradiation,
as expected.

Fig. 5. Optical micrographs at the heat-up temperature of 200�C.

Fig. 6. Terminal solid solubility of hydrogen in Zircaloy claddings [26]. (A) Irradiation at HANARO. (B) Heat-up & cool-down tests.
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For the unirradiated specimens, however, the ultimate tensile
strengths increased but the plastic strains decreased with the in-
crease in the hydrogen content. This may be caused by the impact
of the circumferential hydrides on the dislocation movement hin-
drance. Dislocation pile-ups at the circumferential hydrides are
believed to play an important role in work hardening and in frac-
ture [21]. Therefore, the 500 ppm-H specimens, having more
circumferential hydrides generated a slightly larger ultimate tensile
strength than did the 250 ppm-H specimens.

By contrast, the hydride platelets in the cladding may start to
act as microcrack nucleation sites when the tensile stress ap-
proaches a certain critical stress. The microcracks formed on the
hydride platelets may grow to a certain size of cracks; then, the
increase in the tensile hoop stress may cause these cracks to
propagate along the hydride platelets and into the zirconium

alloy matrix. In general, the crack propagation along the hydrides
takes place in brittle facture mode, while that into the matrix is
ductile fracture mode. Therefore, the 500 ppm-H specimens
generated less plastic strain than did the 250 ppm-H specimens
(see Fig. 8). However, it should be noted that the relative dif-
ferences in the ultimate tensile strengths and plastic strains be-
tween the 250 ppm-H and 500 ppm-H specimens became
smaller with the increase in temperature. This may be explained
by the difference in the amounts of remaining hydrides in the
250 ppm-H and 500 ppm-H specimens with increase in
temperature.

Fig. 8 shows that both the ultimate tensile strengths and the
plastic strains for the irradiated specimens decreased with the in-
crease in the hydrogen content, and that the ultimate strengths for
the irradiated specimens are lower than those for the unirradiated
specimens. In addition, higher hydrogen content generated lower
ultimate strength and plastic strain for the irradiated specimens. It
should be noted that higher hydrogen content generated higher ul-
timate strength and plastic strains for the unirradiated specimens.
This indicates that the effect of hydrogen on the ultimate tensile
strengths for the irradiated specimens is opposite to that of the un-
irradiated specimens. The specimens having larger hydrogen content
generated lower ultimate strength for the irradiated specimens but
higher ultimate strength for the unirradiated specimens. The irradi-
ated andunirradiated specimens showed the sameeffect of hydrogen
content on the plastic strain because larger hydrogen content
generated lower plastic strain. These mechanical property degrada-
tions for the irradiated specimens may be explained by tensile hoop
stress-induced microcrack nucleation on the radial and circumfer-
ential hydrides, as well as in the irradiation-damaged matrix, and
then microcrack propagation along the hydrides and/or through the
irradiation-damaged matrix. This may explain why the irradiated
specimens generated smaller ultimate tensile strength and plastic
strain than did the unirradiated specimens, aswell as explainingwhy
higher hydrogen content generated smaller ultimate tensile strength
and plastic strain for the irradiated specimens.

Fig. 7. Hoop stressestrain curves of irradiated and unirradiated as-received specimens
at respective heat-up temperatures. RT, Room Temperature.

Fig. 8. Ultimate tensile strengths and plastic strains of irradiated and unirradiated specimens at respective heat-up temperatures. (A) Ultimate tensile strengths vs. temperature.
(B) Plastic strains vs. temperature.
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It is noteworthy that the irradiated 250 and 500 ppm-H speci-
mens did not exhibit ultimate tensile strength at room tempera-
ture, showing only elastic maximum tensile strength and zero
plastic strain; further, the 500 ppm-H specimens generated lower
tensile elastic strength than did the 250 ppm-H specimens, as
shown in Fig. 9. It should be noted that the ultimate tensile strength
at room temperature for the irradiated hydrogen-charged speci-
mens represents the elastic maximum tensile strength rather than
the ultimate tensile strength.

From Fig. 8, it can be seen that the differences in the ultimate
tensile strengths and plastic strains at the respective temperatures
between the unirradiated and irradiated specimens are about
300 MPa and 45% at most for the 500 ppm-H specimens and about
130 MPa and 40% at least for the as-received specimens. For the un-
irradiated specimens, the temperature increase from room temper-
ature to400�Cgeneratedadecrease in theultimate tensile strengthof
300MPa atmost for the as-received specimens and an increase in the
total plastic strain of 48% at most for the 500 ppm-H specimens. For
the irradiated specimens, the temperature increase from room tem-
perature to 400�C generated a decrease in the ultimate tensile
strength of 410 MPa at most for the as-received specimens and of
250MPa at least for the 500 ppm-H specimens but an increase in the
plastic strainby28%atmost for the250ppm-Hspecimens andby20%
at least for the as-received specimens were recorded.

It was reported [13] that when Zry-4 claddings were irradiated
to 2� 1025 n/m2 in PWR conditions, the ultimate tensile strength at
145�C increased linearly by about 200 MPa, but the total plastic
strain at 145�C decreased by about 3%. In addition, when the
hydrogen content was increased from 0 to 500 ppm, the ultimate
tensile strength and the plastic strain at 145�C decreased by
130 MPa and 5%, respectively. Furthermore, a decrease in the ulti-
mate tensile strength and an increase in the total plastic strainwere
reported to be about 400 MPa and 7%, respectively, when the
temperature was increased from room temperature to 400�C
[13,14]. By contrast, the reductions of area were 50%, 63%, and 70%
at room temperature, 200�C, and 300�C, respectively, when the as-

received Zry-4 claddings were irradiated to 4 � 1023 n/m2 in PWR
conditions, whereas those values were 0%, 50%, and 70% at room
temperature, 200�C, and 300�C, respectively, when 200 ppm-H
Zry-4 claddings were irradiated to 4.3 � 1023 n/m2 in the PWR
conditions [14].

Comparison of this study's results to those of other studies [13,14]
indicates that there is a slight difference in the ultimate tensile
strength decrease due to irradiation, while there is quite a large dif-
ference in the plastic strain due to irradiation. In addition, the effects
of the hydrogen content on the ultimate tensile strength and plastic
strain degradation appear to follow similar trend. That is to say, the
ultimate tensile strength and the plastic strain for the irradiated
specimens decreased with the increase in the hydrogen content.

The fracture surfaces of the tensile-tested specimens were
examined using a JEOL-6400 scanning electron microscope (SEM).
SEMmicrographs of the fractured surfaces, obtained from the heat-
up tests, are shown in Fig. 10. These optical micrographs indicate
that the unirradiated specimens generated more ductile fracture
modes than did the irradiated specimens. The ductile fracture
modes for the unirradiated specimens are characterized by dimple
shapes and crack propagation along the circumferential hydrides,
whereas the brittle fracture modes for the irradiated specimens are
characterized by cleavages that are much more evident for the
hydrogen-charged specimens, showing no crack propagations
along the circumferential hydrides. It should be noted that the as-
received irradiated specimen generated a plastic strain of about
15%, but the hydrogen-charged specimens showed no plastic strain.

3.2. Cool-down tests

3.2.1. Hydride distribution and radial hydride fraction
The 250 ppm-H and 500 ppm-H ring specimens were cooled

down under the average tensile hoop stress of 150 MPa at a cooling
rate of 2.0�C/min from the peak heat-up temperatures of 400�C to
200�C, as shown in Fig. 2C. It should be noted that the tensile hoop
stress varies along the radial direction of the cladding tube; the
highest generated hoop stress of about 160 MPa occurs at the inner
cladding surface and the lowest generated hoop stress of about
140 MPa occurs at the outer cladding surface. This qualitative stress
variation along the cladding radial direction was calculated based
on the thick wall cladding assumption. However, detailed quanti-
tative stress variation can be calculated using the finite element
method, as given in [22,23]. Microstructures of the cool-down
specimens were examined using optical microscopy to reveal the
hydride distribution and radial hydride fraction at 200�C. The op-
tical micrographs for the unirradiated and irradiated hydrogen-
charged specimens are shown in Fig. 11. Based on these optical
micrographs, the total amounts of the hydrides at 200�C and 400�C
were measured to estimate the amount of hydrogen atoms
precipitated during cool-down. The total hydride length is defined
as the sum of the lengths of the radial hydrides and the circum-
ferential hydrides. Using an image analysis program, each hydride
length was determined with the use of 100 magnified optical mi-
crographs. The total hydride lengths are depicted in Fig. 12. From
this figure, it can be seen that the total hydride length decreased
with the irradiation and that the amount of the decrement is larger
for the 500 ppm-H specimens. This may be simply explained by the
fact that the hydrogen solubility for precipitation increases with the
irradiation [15]. In detail, the hydrogen precipitation temperature
for the irradiated Zry-4 cladding tubes was reported to have
increased by 40�C on average (i.e., the increase in the hydrogen
solubility at relevant temperatures); however, the tendency was
strongly dependent on the hydrogen content from 15�C in the low
hydrogen side of the interval (60e80 ppm) up to 55�C in the high
hydrogen side (150e200 ppm).

Fig. 9. Hoop stressestrain curves of irradiated specimens at room temperature.
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When the unirradiated specimen started to cool from 400�C to
200�C, by contrast, the dissolved hydrogen atoms of the 240-ppm
sample at 400�C did not change until about 350�C because the solu-
bility linemoves along line feg, shown in Fig. 6B. Then, the solubility
decreased along dotted line geh (terminal solid solubility for pre-
cipitation)upto200�C. It shouldbenoted that thehydrogen solubility
for precipitation at 200�C is about 30 ppm for the unirradiated
specimens, according to the dotted line in Fig. 6B. The comparison of
the hydrogen solubility at 400�C to that at 200�C indicates that the
hydrogen atoms dissolved at 400�C are precipitated at the terminal
cool-down temperature of 200�C. Asmentioned above, however, the
irradiated specimens generated higher solubility for precipitation
[15], and thus the total hydride length became smaller with the
irradiation and the amount of the decrement became larger with the
increase in the hydrogen content, as shown in Fig.12. In addition, it is
reported that the higher solubility for precipitation generates a small
fraction of radial hydrides [12], which was confirmed in this study by
examining the radial hydride fractions of the unirradiated and irra-
diated specimens. The radial hydride fraction is defined as the ratio of
the length of the radial hydrides to the total length of hydrides
precipitated only during the cool-downprocess (excluding the length

of the remaining hydrides at 400�C). The detailed procedure for the
radial hydride fraction calculation is given by Min et al. [12]. The
calculated radial hydride fractions are depicted in Fig. 13. This figure
shows that the irradiated hydrogen-charged specimens generated
smaller radial hydride fractions than did the unirradiated ones, as
expected. The radial hydride fractions of the 250 ppm-H and
500 ppm-Hspecimensdecreased by 32% and13%, respectively, due to
the irradiation.

In addition, Fig. 13 shows that the 250 ppm-H specimens
generated larger radial hydride fractions than did the 500 ppm-H
specimens. This phenomenon may be explained by a considerable
amount of circumferential hydrides remaining in the 500 ppm-H
specimens at 400�C, which may play an active role as hydride
nucleation sites during the precipitation of the dissolved hydrogen
atoms and subsequently generate the circumferential hydrides
preferentially, resulting in the smaller radial hydride fraction for
the 500 ppm-H specimens.

3.2.2. Mechanical property degradations for the cooled specimens
Ultimate tensile strength and plastic strain at the terminal cool-

down temperature of 200�C are depicted in Fig. 14. From this figure,

Fig. 10. Scanning electron micrographs of fracture surfaces of irradiated and unirradiated specimens at room temperature prior to cool-down tests.
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it can be seen that the unirradiated specimens generated higher
ultimate tensile strength and plastic strain than did the irradiated
specimens. For the unirradiated specimens, the ultimate tensile
strength and the plastic strain of the 500 ppm-H specimens are
larger than those of the 250 ppm-H specimens, whereas for the
irradiated specimens the ultimate tensile strength of the 500 ppm-
H specimen is smaller than that of the 250 ppm-H specimens but
the plastic strains are nearly the same.

The mechanical property degradation of the unirradiated
specimens may be explained by tensile hoop stress-induced
microcrack formation, which occurred preferentially on the radial
hydrides, and then the propagation of these microcracks. Fig. 13
shows that the 250 ppm-H specimens generated a larger radial
hydride fraction than did the 500 ppm-H specimens. In general, the
radial hydrides may play an important role in generating and
propagating microcracks, resulting in the reduction of the
maximum values of tensile strength and plastic strain. It should be

noted that the tensile hoop stress is perpendicular in the radial
hydrides but it parallels in the circumferential hydrides. Koss et al.
[24,25] indicated that the fractures are basically ductile for speci-
mens having circumferential hydrides under tensile hoop stress
state. Consequently, after reaching a certain critical stress, micro-
cracks are more easily created on the radial hydrides than on the
circumferential hydrides, which may decrease with the increase in
the amount of radial hydrides. However, the circumferential hy-
drides may hinder dislocation movement and cause dislocation
pileup, which may increase the ultimate tensile strength slightly
but may decrease the plastic strain because microcracks are also
created on the circumferential hydrides.

By contrast, the mechanical property degradation of the irradi-
ated specimens may be explained by tensile hoop stress-induced
microcrack formation on both the radial and circumferential hy-
drides and in the irradiation-damaged matrix. Then, the micro-
cracks may propagate along the hydrides and/or through the

Fig. 11. Optical micrographs at 200�C after cooling down from 400�C to 200�C.

Fig. 12. Total hydride lengths of the hydrogen-charged specimens after cool-down
tests from 400�C to 200�C.

Fig. 13. Radial hydride fractions of the hydrogen-charged specimens after cool-down
tests from 400�C to 200�C.
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irradiation-damaged matrix. Fig. 13 shows that the radial hydride
fractions of the irradiated 250 and 500 ppm-H specimens are much
smaller than those of the unirradiated specimens, even though the
250 ppm-H specimens generated a larger radial hydride fraction
than did the 500 ppm-H specimens. In addition, neutron irradiation
generated a significant microstructural change in the matrix and
consequently microcracks may be generated in the irradiation-
damaged matrix. The microcracks may propagate through the

matrix along with the new microcrack creation, and also along the
hydrides. Therefore, the irradiated 500 ppm-H specimens having a
larger amount of hydrides generated a lower ultimate tensile
strength and lower plastic strain than those values of the 250 ppm-
H specimens, even though the latter had a larger radial fraction
than the former.

SEM micrographs of the fractured surfaces for the unirradiated
and irradiated cool-down specimens are shown in Fig. 15. This

Fig. 14. Ultimate tensile strengths and plastic strains of irradiated and unirradiated specimens at 200�C after cool-down tests from 400�C to 200�C. (A) Ultimate tensile strengths vs.
hydrogen content. (B) Plastic strains vs. hydrogen content.

Fig. 15. Scanning electron micrographs of fracture surfaces of irradiated and unirradiated specimens at 200�C after cool-down tests from 400�C to 200�C.
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figure indicates that the unirradiated specimens generated more
ductile fracture modes than did the irradiated specimens and these
ductile fracture modes are characterized by relatively larger dimple
shapes and/or microcrack propagation along the circumferential
hydrides for the unirradiated specimens. It is noteworthy that the
fracture surfaces of the irradiated specimens are characterized by
tiny, uniformly distributed dimples and by no evident microcrack
propagation along the hydrides.

4. Conclusions

Irradiation-induced and hydrogen content-dependent hydride
reorientation and mechanical property degradation in Zry-4 clad-
ding tubes were investigated. Hydride dynamics and property
deterioration of Zry-4 cladding tubes are very different for irradi-
ated and unirradiated materials. Any application of unirradiated
data to model cladding evolution in dry storage is far from
straightforward and, if done, estimates should be put on hold until
it can be demonstrated why they should be considered acceptable.
The principal results obtained for the irradiated specimens may be
summarized as follows:

- The effect of hydrogen on the ultimate tensile strengths for
irradiated specimens is opposite to that for unirradiated speci-
mens. Specimens having larger hydrogen content generated
lower ultimate strength for irradiated specimens but higher
ultimate strength for unirradiated specimens. The irradiated
and unirradiated specimens showed the same effect of
hydrogen content on the plastic strain in that larger hydrogen
content generated lower plastic strain.

- Mechanical property degradations for the irradiated specimens
may be explained by tensile hoop stress-induced microcrack
nucleation on the radial and circumferential hydrides, as well as
that microcrack nucleation in the irradiation-damaged matrix
and its subsequent propagation along the hydrides and/or
through the irradiation-damaged matrix.

- Between the results of this work and those of other works, there
exists a slight difference in the ultimate tensile strength
decrease due to irradiation; there is quite a large difference in
the plastic strain due to irradiation. The effect of the hydrogen
content on the ultimate tensile strength and plastic strain
degradation appears follow the similar trends.

- Cool-down tests from 400�C to 200�C indicate that the
500 ppm-H specimens generated a smaller radial hydride frac-
tion than did the 250 ppm-H specimens, regardless of irradia-
tion. For the unirradiated specimens, the ultimate tensile
strength and plastic strain for the 500 ppm-H specimens are
larger than those for the 250 ppm-H specimens, whereas for the
irradiated specimens the ultimate tensile strength for the
500 ppm-H specimens is smaller than that for the 250 ppm-H
specimens. This phenomenon may be explained by tensile hoop
stress-induced microcrack nucleation on the radial and
circumferential hydrides, as well as that microcrack nucleation
in the irradiation-damaged matrix and its subsequent propa-
gation along the hydrides and/or through the irradiation-
damaged matrix.
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