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a b s t r a c t

The effects of hydride amount (20e850 wppm), orientation (circumferential and radial), and tempera-
ture (room temperature, 100 �C, 200 �C) on the axial mechanical properties of Zircaloy-4 cladding were
comprehensively examined. The fraction of radial hydride fraction in the cladding was quantified using
PROPHET, an in-house radial hydride fraction analysis code. Uniaxial tensile tests (UTTs) were conducted
at various temperatures to obtain the axial mechanical properties. Hydride orientation has a limited
effect on the axial mechanical behavior of hydrided Zircaloy-4 cladding. Ultimate tensile stress (UTS) and
associated uniform elongation demonstrated limited sensitivity to hydride content under UTT. Statistical
uncertainty of UTS was found small, supporting the deterministic approach for the load-failure analysis
of hydrided Zircaloy-4 cladding. These properties notably decrease with increasing temperature in the
tested range. The dependence of yield strength on hydrogen content differed from temperature to
temperature. The ductility-related parameters, such as total elongation, strain energy density (SED), and
offset strain decrease with increasing hydride contents. The abrupt loss of ductility in UTT was found at
~700 wppm. Demonstrating a strong correlation between total elongation and offset strain, SED can be
used as a comprehensive measure of ductility of hydrided zirconium alloy.
© 2021 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

UO2 pellets, a common nuclear fuel of Light Water Reactor
(LWR), are cladded by a metal tube to prevent the release of
radioactive fission products into the coolant. The integrity of this
primary barrier for nuclear fuel has been of major interest in the
nuclear safety research. Zirconium-based alloys have been themost
popular cladding material for their low neutron absorption cross
section, remarkable corrosion resistance in steady-state, and sig-
nificant strength and ductility at high temperatures [1,2]. Despite
its exceptional resistance to corrosion, cladding is inevitably
oxidized in the extreme environments found in nuclear reactor
cores.

Corrosion degrades the thermal and mechanical properties of
cladding. In addition to the formation of a zirconium oxide layer,
by Elsevier Korea LLC. This is an
the resultant hydrogen is picked up by the cladding while excess
hydrogen precipitates as hydride [1,3,4]. Hydrides are known to
significantly embrittle or reduce the ductility of cladding, making it
vulnerable to mechanical loads [5e7]. Hydride-induced embrit-
tlement becomes severe with increasing fuel burn-up as hydrogen
is continuously picked up from oxidation occurring throughout the
power plant operation. Thus, hydride-induced embrittlement of
fuel cladding is an important phenomenon in the context of
extending nuclear fuel burn-up and its safe management [8]. This
has therefore motivated extensive research into the degradation
mechanism of H-charged zirconium alloys.

The hydride reorientation is known to be a major factor that
could drastically change the mechanical integrity of cladding dur-
ing dry-storage. Dissolved hydrogen precipitates as hydrides during
the cooldown of nuclear fuel (e.g., in dry storage). Normally, hy-
drides form in the circumferential direction in tubing but also,
reportedly, in the radial direction under sufficiently high applied
hoop stress [9]. This radial hydride is known to have a more
detrimental effect on fuel cladding ductility than circumferential
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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hydride [10e12]. Cladding specimens containing radial hydrides
are known to be more vulnerable to fracture than those with the
same hydrogen concentration in the form of circumferential hy-
dride, particularly under hoop stress [13]. Hence, in the dry storage
regulation, radial hydride formation is supposed to be prevented by
limiting the cladding peak temperature and the hoop stress [10,14].

This study comprehensively examines the effects of hydride
contents and their orientation on the axial mechanical properties of
Zircaloy-4 cladding tubes at various temperatures. Zircaloy-4
cladding specimens underwent hydrogen charging followed by
internal pressurization that led to radial hydride formation. The
fraction of radial hydride was quantified by image processing of an
optical micrograph with an in-house radial hydride fraction anal-
ysis code, PROPHET [15]. Using the experimentally obtained load-
displacement curves, the axial mechanical properties of Zircaloy-
4 were evaluated. The effects of hydrogen contents and radial hy-
dride fraction on the axial mechanical properties of Zircaloy-4 were
evaluated and their ramifications on nuclear fuel structural integ-
rity and fuel modeling were discussed.

2. Experimental setup

Uniaxial tensile tests (UTTs) were conducted on H-charged
Zircaloy-4 cladding at various temperatures (Fig. 1). The cladding
was hydrided via gaseous charging. Hydride was reoriented by a
single thermal cycle of an internally pressurized cladding tube. A
hydride-reoriented cladding tube was fabricated by electrical
discharge machining (EDM) for UTTs. Optical microscopy (OM) was
conducted for the post-metallographic analysis. The details of the
experiments are as follows:

2.1. Hydrogen charging

A cold-worked stress-relieved (CWSR) Zircaloy-4 cladding tube
(outer diameter ¼ 9.5 mm, thickness ¼ 0.57 mm) was used.
Hydrogen was charged into the cladding tube through the gaseous
charging method to mimic the hydrogen uptake in spent nuclear
fuel. A 15 cm cladding tube was placed in a solution of HF: HNO3:
H2O ¼ 3 : 47: 50 for 1e2 min to remove the surface oxide of the
cladding. Then, the cladding tube was placed in the reaction tube of
a Sieverts apparatus. The reaction tube was vacuumed to a base
pressure of 10�5 Torr and heated to 400 �C. After temperature
stabilization, hydrogen gas was injected into the reaction tube until
the pressure reached 300 Torr. Upon achieving the desired pressure
Fig. 1. Overall experim
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drop, the reaction tube was vacuumed and heat-treated to ho-
mogenize the hydrogen distribution in the cladding. The hydrogen
content of the gauge section was measured after UTT by the inert
gas fusion-thermal conductivity detection (IGF-TCD) method using
ONH-2000, ELTRA.

2.2. Hydride reorientation

H-charged Zircaloy-4 cladding underwent hydride reorientation
to simulate undesirable radial hydride formation of spent nuclear
fuels during dry storage. A hydrided Zircaloy-4 cladding tube was
connected to the pressurization equipment via high-pressure
fitting. After heating up to 400 �C and temperature stabilization,
it started to cool down and constant hoop stresses of 90 MPa and
150 MPa were applied to the cladding tube by filling the cladding
tube with Ar gas to the target internal pressure. Hoop stress was
calculated with the hoop stress equation for a thick-walled cylinder
in accordancewith ASME B31.8 [16]. A 90MPa stress corresponds to
the NRC's regulatory limit on the hoop stress of spent nuclear fuels,
which was set to avoid radial hydride formation [14].

2.3. Uniaxial tensile test

UTTs were conducted with DR-102 (customized universal
testing machine) at various temperatures to evaluate the axial
mechanical properties of the H-charged Zircaloy-4 cladding. UTT
specimens were prepared by fabricating hydrided cladding with
EDM, as shown in Fig. 2. This geometry has been widely used for
UTTs on Zircaloy-4 cladding [17]. Specially customized grips were
manufactured to prevent slipping during the tests. The strain rate
was set to 0.002 mm/s at room temperature (RT), 100 �C, and
200 �C. Digital Image Correlation (DIC) was employed to measure
the gauge strain of specimen (gauge length l0¼ 11mm) (Fig. 3). The
speckle pattern on the surface was tracked and GOM Correlate
software was used to calculate the strain fields. For hydride
orientation analysis, the specimen transverse cross-sections were
examined by OM with an etchant HF:HNO3:H2O ¼ 10:75:15.

3. Hydride reorientation fraction analysis

PROPHET [15], an in-house code developed by Seoul National
Univeristy, was employed to calculate the radial hydride fraction by
image processing optical micrographs of hydrided specimens. As
shown in Fig. 4, PROPHET classifies macroscopic hydride
ental procedure.



Fig. 2. Schematic diagram of the UTT specimen: (a) side view, (b) transverse cross section.

Fig. 3. DIC result of local strain for uniaxial tensile test of as-received Zircaloy-4 specimen at RT.
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orientation as circumferential (green), mixed (cyan) or radial (red)
hydride based on the angle between the hydride and the circum-
ferential line (the long magenta line drawn tangentially to the
cladding inner surface in Fig. 4). Hydride with an angle greater than
65� is classified as radial, between 40� and 65� as mixed, and
smaller than 40� as circumferential. The program calculates the
hydride length, which is relatively insensitive to the observation
technique (i.e., the etching method), compared to the area-based
quantification of hydrides. The radial hydride fraction is defined
as follows [18e20]:

RHF ¼
P

iLifiP
iLi

� 100 ð%Þ (1)

where Li is the length of the ith hydride, and fi is the weighted
orientation angle of the ith hydride. fi is which is given as [18e20]:

fi ¼
8<
:

0
0:5
1

:
:
:

0� � q<40�
40� � q<65�
65� � q � 90�

:
:
:

circumferential
mixed
radial

(2)

Fig. 5 shows the radial hydride fraction of Zircaloy-4 specimens
with varying hydrogen content under different applied hoop
stresses during hydride reorientation. For specimens of similar
hydrogen content, the proportion of radial hydride increased with
increasing hoop stress, as can be observed in Fig. 5. There was a
noticeable drop in the radial hydride fraction in the relatively low
hydrogen contents (80e245 wppm for 150 MPa of hoop stress, and
260e330 wppm for 90 MPa of hoop stress). Except for this region,
the hydrogen content is observed to have a limited effect on the
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portion of radial hydride under the same hoop stress during hy-
dride reorientation. It should be notified that the increase of radial
hydride fraction with an extent of ~10% was found even with the
U.S. NRC-limiting hoop stress (90 MPa) for dry storage
management.

Meanwhile, the radial hydride fractions for all tested specimens
were lower than the solubility limit, which is drawn based on the
assumption that all dissolved hydrogen at 400 �C precipitates as
radial hydride. Thus, the result is consistent with the understanding
that stress reorientation takes place only on the dissolved hydride.
If the specimens experience multiple thermal cycles (as in
Ref. [10]), the radial hydride fraction may exceed the limit.
4. Uniaxial tensile test analysis

The ultimate tensile strength (UTS), uniform elongation, total
elongation, offset strain, and strain energy density (SED) were ob-
tained from the UTTs on the H-charged Zircaloy-4 cladding speci-
mens. A schematic UTT stress-strain curve is illustrated in Fig. 6. The
UTS and uniform elongation correspond to the stress and strain at
themaximum engineering stress of the specimen, respectively. Yield
strength was determined from 0.2% offset method. The total elon-
gation is the strain at the point of failure of the specimen, charac-
terized by a sharp drop in the load. The offset strain, which denotes
plastic deformation at fracture, is obtained from the x-intercept of
the line passing through the point of failure with a slope equal to the
Young'smodulus [21,22]. The SED, the energy stored per unit volume
of deformed specimen, is obtained by integrating the stress-strain
curve from strain ¼ 0 to the total elongation.



Fig. 4. Metallographs and PROPHET analysis results for hydrided Zircaloy-4 specimens. The hydrogen content, hoop stress during hydride reorientation, and radial hydride fraction
were, respectively, (a) 323 wppm, 0 Mpa, 0.0%; (b) 411 wppm, 90 Mpa, 2.6%; (c) 391 wppm, 150 Mpa, 25.3%.

Fig. 5. Radial hydride fraction vs. hydrogen content for different applied hoop stresses.
The theoretical limit is based on the assumption that all dissolved hydrogen at 400 �C
precipitates as radial hydride.

Fig. 6. Schematic determination of the mechanical properties from a stress-strain
curve.
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Fig. 7. Stress-strain curves obtained from UTTs performed at (a) RT (b) 100 �C, (c)
200 �C (hydride-reoriented specimens included).

Fig. 8. UTS vs. hydrogen content at various temperatures. Symbols indicate the applied
hoop stress during hydride reorientation.
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Stress-strain curves derived from UTTs (Fig. 7) show that the
mechanical behavior of the cladding tubes under uniaxial loading
exhibit limited effect of hydrogen content before it reaches UTS and
uniform elongation. However, the properties defined beyond he
UTS and uniform elongation, such as offset strain, total elongation,
and SED are shown to be affected by the hydrogen contents. For
example, the magnitudes of total elongation were classified into
three groups based on the hydrogen content levels, as shown in
Fig. 7. In summary, the presented stress-strain curves in Fig. 7 show
that the hydrogen content of Zircaloy-4 cladding had only limited
effect on the UTS, yield strength, and uniform elongation, while
total elongation, offset strain, and SED were strongly affected. The
axial mechanical properties of H-charged Zircaloy-4 cladding are
discussed below in further detail.
4.1. Ultimate tensile strength

Fig. 8 plots the UTSs of the hydrided Zircaloy-4 specimens as
1583
functions of the hydrogen content and temperature. The hydrogen
content in the experimental range had a limited effect on the UTS in
the axial direction. The precipitated hydride is known to harden the
material by lowering dislocation mobility, while the hydride-
induced residual stress weakens the material [23,24]. The balance
of these two effects is believed to result in a hydrogen-content-
insensitive UTS under the axial loading.

The hydride orientation in the Zircaloy-4 cladding which can be
inferred from the applied hoop stress during hydride reorientation
had only a limited effect on the UTS at all temperatures. This follows
from the fact that both the circumferential and radial hydride
platelets are parallel to the applied stress (axial direction). These
trends agree well with other studies [10]. The UTS decreased with
increasing UTT environment temperature. Temperature had a more
dominant effect on the axial UTS of the Zircaloy-4 cladding than the
amount or orientation of hydride.

With the limited effect of hydrogen content on the UTS of
Zircaloy-4 cladding, the spread of UTS obtained at the same tem-
perature can be treated as a constant property with a statistical
distribution. The Weibull distribution is widely employed to ex-
press the distribution of strengths in brittle materials [25]. The
failure probability of a material under uniform stress s is given by

F ¼1� exp
�
�
�
s

s0

�m�
(3)

The Weibull modulus m determines the spread of the distribu-
tion, with a low value indicating a wide spread of the fracture
stress. The normalized material strength s0 is the stress at which
the failure probability of the material equals 1� expð�1Þz0:63
[25,26].

The maximum likelihood method was used to determine these
parameters [27,28]. By iteratively solving the equation [25]

PN
i¼1s

m
i lnsiPN

i¼1s
m
i

¼ 1
m

þ 1
N

XN
i¼1

lnsi (4)

m was determined for a set of material strengths s1, s2, …, sN , and
s0 was obtained by substituting m into



Fig. 10. Yield strength vs. hydrogen content at various temperatures. Symbols indicate
the applied hoop stress during hydride reorientation.
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sm0 ¼ 1
N

XN
i¼1

smi (5)

The failure probability at stress si can be estimated by [29].

F ¼ i� 0:5
N

(6)

where i is the rank of the specimen in the group in order of
increasing strength. The failure probabilities of the hydrided
Zircaloy-4 cladding, estimated by equations (3) and (6), are plotted
in Fig. 9.

At all temperatures, the m values for the UTS are very high,
indicating a narrow distribution of UTS and a significant ductility of
hydrided Zircaloy-4. It implies that even a small departure from the
mean strength leads the failure probability to either 1 or 0, hence a
deterministic approach to predict load failure may be applied to
hydrided Zircaloy-4.

4.2. Yield strength

The Zircaloy-4 specimens showed distinctly different depen-
dence of yield strength on hydrogen content from temperature to
temperature (Fig. 10). At RT, the yield strength increases with
hydrogen content until 450 wppm and decreases beyond the point.
At 100 �C, the yield strength decreases with increasing hydrogen
content in the specimen. At 200 �C, the yield strength does not
change with varying hydrogen content. The hydride orientation of
the Zircaloy-4 cladding, which can be inferred from the applied
hoop stress, had only a limited effect on the yield strength.

4.3. Uniform elongation

The uniform elongation exhibits a tendency to slightly decrease
with increasing hydrogen content in the specimen (Fig. 11). The
decrease is subtle; the total decrease in uniform elongation in the
experimental range, as predicted by the linear fit, is less than twice
the standard deviation of the uniform elongation at all tempera-
tures. The hydride orientation of the Zircaloy-4 cladding had only a
limited effect on the uniform elongation. Uniform elongation
decreased as the environment temperature increased from RT to
Fig. 9. Failure probability vs. UTS at various temperatures.
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200 �C.
The spread of uniform elongation is greater than that of the UTS.

The relative standard deviations of the uniform elongation at RT,
100 �C, and 200 �C are 0.062, 0.052, and 0.071, respectively, while
those of the UTS are 0.018, 0.018, and 0.025, respectively. The large
spread in the uniform elongation stems from the characteristic of
the stress-strain curves. As shown in Fig. 7, the rate of the stress
change with respect to strain is relatively limited in the plastic
deformation region. As a consequence, a small variation in UTS
amplifies the changes in uniform elongation. Therefore, uniform
elongation has a larger statistical uncertainty for a given variation
in UTS. The relatively larger spread in uniform elongation makes it
cautious to use the property as a design or regulatory parameter.
Nevertheless, uniform elongationwas chosen as a measure of spent
fuel structural integrity during transportation in the past, probably
because axial strain was a directly measurable quantity, and the
measured axial strains during the transportation test were orders
of magnitudes lower than the evaluated uniform elongation [30].
4.4. Total elongation and offset strain

The total elongation and offset strain are two representative
parameters for ductility of a material. For instance, the offset strain
of the oxidized Zircaloy-4 cladding tube specimen obtained from a
ring compression test (RCT) was used to assess the cladding
ductility from post-loss of coolant accident (LOCA) [21]. In contrast
to the UTS or uniform elongation, an apparent decrease in total
elongation was observed as the hydrogen content of the Zircaloy-4
cladding increased (Fig. 12aec). The hydride orientation of the
Zircaloy-4 cladding had only a limited effect on the total elongation.
The presented insensitivity of axial properties to hydride orienta-
tion may be limitedly true for the tested conditions of this study; it
is cautious to say that axial mechanical properties are irrelevant to
hydride orientation for all conditions.

The decrease in total elongation was most pronounced near
[H] ¼ 700 wppm at all temperatures. This abrupt loss of ductility
can be attributed to the formation of interlinked hydrides relevant
to microstructure of Zircaloy-4 and its resultant hydride
morphology. Arsene et al. [12] observed a similar ductile-to-brittle
transition in hydrided Zircaloy-4 dog-bone specimens. They



Fig. 11. Uniform elongation vs. hydrogen content at various temperatures. Symbols
indicate the hoop stress during hydride reorientation.
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showed that the transition was due to the formation of a contin-
uous brittle hydride network beyond the critical hydrogen content.
Such an analysis is considered applicable to the significant loss in
ductility in hydrided cladding tubes as well [31]. The hydride
formed an interlinked network in the specimen with a hydrogen
content higher than the critical level of 500e700 wppm. This re-
quires more cautious approach when evaluating the integrity of
high burn-up spent nuclear fuels. The effect of temperature on the
critical hydrogen content was not observed in the tested range of
temperatures. This may be attributed to the consistently low
Fig. 12. Total elongation vs. hydrogen content at (a) RT, (b) 100 �C, and (c) 200 �C. Sym
elongation. Dashed lines are the linear fit to corresponding data points.
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hydrogen solubility (less than 50 wppm) between RT and 200 �C
[1]. The total elongation, in general, slightly decreased as the UTT
environment temperature was increased from RT to 200 �C. How-
ever, the effect of temperature on the total elongation was insig-
nificant for specimens with a hydrogen content greater than the
critical content (~700 wppm) (see Fig. 12).

At each testing temperature, the variations in the offset strain
and total elongation show a very similar trend with respect to the
hydrogen content, as indicated by the linear relationship between
these parameters (Fig. 12d). Recalling that the offset strain is an
indicator of the pure plastic deformation of a specimen before
failure, this similarity indicates that the amount of elastic defor-
mation is independent of a sample's hydrogen level within the
experimental range [32]. The difference between the results from
UTTs at 200 �C and those from UTTs at other temperature suggests
an appreciable change in the elastic property of Zircaloy-4 between
100 �C and 200 �C.
4.5. Strain energy density

Recently, there has been a growing interest to use SED as an
indicator of ductility [32e34]. SED is considered a comprehensive
parameter for the mechanical behavior of a material especially for
the energy limited event, as it accounts for both the stress and
strain behavior of a specimen. Fig. 13 shows the strain energy
density decreasing with increasing hydrogen content in Zircaloy-4
cladding. The SED also captures the abrupt loss of ductility near
[H]¼ 700 wppm at all temperatures. The hydride orientation of the
Zircaloy-4 cladding has only a limited effect on the SED.

The SED shows a trend similar to the total elongation and offset
strain with respect to hydrogen content. The linear relationship
between the SED, total elongation, and offset strain obtained by the
RCT on oxidized Zircaloy-4 cladding was reported by Hozer et al.
[32]. A linear relationship is also confirmed between the SED, total
bols indicate the hoop stress during hydride reorientation. (d) Offset strain vs. total



Fig. 13. SED vs. hydrogen content at (a) RT, (b) 100 �C, and (c) 200 �C. Symbols indicate
the hoop stress during hydride reorientation.
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elongation, and offset strain obtained by the UTTs on hydrided
Zircaloy-4 cladding in this study (Fig. 14a and b). Hence, this sup-
ports the validity of using SED of UTT as a measure of ductility of
hydrided Zircaloy-4 cladding. Furthermore, it is confirmed from
Fig. 14. (a)Total elongation and (b) offset strain vs. SED. Dash
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Fig. 14a that a specimen at a higher temperature shows higher total
elongation for specimens with same strain energy density. The
offset strain of a specimen with same strain energy density also
slightly increased with increasing temperature, but it was less
sensitive than the total elongation.

5. Conclusions

This study comprehensively examined the effects of hydride
content (20e850 wppm), orientation (circumferential or radial),
and temperature (RT, 100 �C, 200 �C) on the axial mechanical
properties of Zircaloy-4. The hydride orientation in the cladding
was quantified via image analysis of the optical micrograph using
PROPHET. The axial mechanical properties of the Zircaloy-4 clad-
ding tube were obtained from uniaxial tensile tests (UTTs) of the
hydrided specimens at various temperatures.

The key findings of the study are as follows:

∙ The radial hydride fraction increases with the hoop stress during
the hydride reorientation process. Hoop stress of 90 MPa which
is the U.S NRC's limit for dry storage management causes hy-
dride reorientation with an extent of ~10% radial hydride frac-
tion for hydrogen content range of 250e800 wppm. This may
motivate investigation on the effect of the radial hydrides
formed by the threshold hoop stress on the resulting cladding
mechanical properties.

∙ Hydride orientation has a limited effect on the axial mechanical
behavior of hydrided Zircaloy-4 cladding.

∙ The mechanical properties related to design, such as UTS and
associated uniform elongation, exhibit limited sensitivity to
hydride contents under UTT. The dependence of yield strength
on hydrogen content distinctly differed from temperature to
temperature. Statistical uncertainty of UTS is found small, sup-
porting the deterministic approach for the load-failure design of
hydrided Zircaloy-4 cladding in axial direction. These properties
decrease with increasing temperature between RT-200 �C.

∙ The ductility-related parameters, such as total elongation, SED,
and offset strain, which are of particular importance for safety
decrease monotonically with increasing hydride contents. The
abrupt loss of ductility in UTT occurs at ~700 wppm of H. These
properties limitedly decrease with increasing temperature be-
tween RT-200 �C.

∙ Demonstrating a strong correlation with total elongation and
offset strain, SED could be used as a comprehensive (accounting
for both stress and elongation) measure of ductility of hydrided
Zircaloy-4. Also, it is supposed to use these data when verifying
the material property model with various cladding conditions.
ed lines are the linear fit to corresponding data points.
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