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Effects of Zr-hydride distribution of irradiated Zircaloy-2 cladding in
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a b s t r a c t

A series of simulated reactivity-initiated accident (RIA) tests on irradiated fully recrystallized boiling
water reactor Zircaloy-2 cladding has been performed by means of the expansion-due-to-compression
(EDC) test method. The EDC method reproduces fuel pelleteclad mechanical interaction (PCMI) condi-
tions for the cladding during RIA transients with respect to temperature and loading rates by out-of-pile
mechanical testing. The tested materials had a large variation in burnup and hydrogen content (up to
907 wppm). The results of the EDC tests showed variation in the PCMI resistance of claddings with
similar burnup and hydrogen content, making it difficult to clearly identify ductile-to-brittle transition
temperatures. The EDC-tested samples of the present and previous work were investigated by light
optical and scanning electron microscopy to study the influence of factors such as azimuthal variation of
the Zr-hydrides and the presence of hydride rims and radially oriented hydrides. Two main character-
istics were identified in samples with low ductility with respect to hydrogen content and test temper-
ature: hydride rims and radial hydrides at the cladding outer surface. Crack propagation and failure
modes were also studied, showing two general modes of crack propagation depending on distribution
and amount of radially oriented hydrides. It was concluded that the PCMI resistance of irradiated
cladding under normal conditions with homogenously distributed circumferential hydrides is high, with
good margin to the RIA failure limits. To further improve safety, focus should be on conditions causing
nonfavorable hydride distribution, such as hydride reorientation and formation of hydride blisters at the
cladding outer surface.
© 2018 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

A reactivity-initiated accident (RIA) is a postulated accident that
may occur in light water reactors (LWRs) due to events such as rod
ejection accidents in pressurized water reactors or rod drop

accidents in boiling water reactors (BWRs). During such an event,
the fuel pellet is heated rapidly with increasing outer surface
temperatures. The rapid heating causes the fuel to expand and
press on the cladding inner wall. The pelletecladding mechanical
interaction (PCMI) causes cladding stress and deformation andmay
lead to crack formation, propagation, and fuel failure. To study the
fuel rod integrity under such conditions, experimental programs
have been performed in specialized test reactors [1e6]; a review
summary of test reactor results may be found in the study by
Vitanza [7]. Reactor tests on fuel rods with recrystallized (RXA) Zry-
2 cladding have predominantly been performed at the Nuclear
Safety Research Reactor (NSRR) in Japan [3e6]. To further study fuel
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rod survivability under RIA conditions, out-of-pile mechanical
testing on irradiated cladding has been performed with several
different test methods, such as ring tensile tests [8], burst tests [8],
modified burst tests [9], and expansion-due-to-compression (EDC)
tests [10]. The different test methods offer different advantages and
disadvantages in simulating RIA cladding conditions such as tem-
perature, loading rate and stress state. The EDC method is based on
placing a polymer (or in some cases metal) mandrel inside a
segment of cladding tube. By rapidly compressing the mandrel
axially, it expands in the radial direction, similar to an expanding
fuel pellet in the RIA scenario. The EDC method allows for testing of
irradiated cladding tubes at representative temperatures and
loading rates expected in RIA events in light water power reactors.

Cladding ductility and failure resistance are known to decrease
with increasing hydrogen content. It is also generally considered
that the distribution and orientation of hydrides can influence the
failure properties. In particular, the presences of radial hydrides and
thick outer hydride rims are believed to be detrimental. An EDC
study on nonirradiated Zircaloy-4 showed a decrease in strain to
failure due to hydride blisters [11]. Test reactor results on irradiated
pressurized water reactor fuel show an important effect of radial
and circumferential localization and hydride clusters or rims
[12,13]. The present work analyzes the RIA resistance of a large data
set of EDC tested RXA Zry-2 cladding tubes irradiated in power
reactors.

2. Materials and methods

2.1. EDC test method

The Studsvik EDC method is based on the axial compression of a
soft mandrel inside a segment of cladding tube, resulting in radial
expansion of the mandrel and consequent hoop strain in the
cladding tube segment. The loading is performed in a
displacement-controlled mode, i.e., the displacement of the ma-
chine cross-head that compresses the polymer and the time in-
terval for that displacement are defined before the test. Tests are
typically performed in times of 25e145ms and produce strain rates
in the order of 50e500% per second, corresponding well to esti-
mations of strain rates of power reactor RIA events [14]. Between
the machine cross-head plunger and the cladding wall, there is a
small gap to ensure there is no contact between plunger and
cladding while at the same time minimizing pellet extrusion into
the gap. For each cladding tube inner diameter, a corresponding set
of plungers is used. The specimen diameter is measured during the
test by means of a laser scan micrometer; instantaneous values of
the specimen diameter are recorded every millisecond. The tests
are performed in an air atmosphere with a furnace placed inside a
hot cell. Using high temperature polymers such as semi-crystalline
polyetheretherketones, it is possible to perform EDC testing at
temperatures well above 300�C. At lower temperatures,
polytetrafluorethylene polymers are used. A schematic represen-
tation of the test setup is given in Fig. 1.

2.2. Material and sample preparation

The reported EDC tests were performed on irradiated com-
mercial RXA Zry-2 cladding alloys. In total, combining the tests of
the present work and the work of Grigoriev et al. [10], RXA Zry-2
materials from 12 different fuel rods irradiated in five different
power reactors have been tested. The tests have been performed
over a long period, the earliest test performed in 2001 and the latest
in 2015. Fuel burnup of the tested materials varied from 40 MWd/
kgU to 79 MWd/kgU (rod average), and hydrogen content was from
78 wppm to 907 wppm. The EDC specimens were cut from the fuel

rods in 20-mmelong segments at different axial positions. Before
testing, the fuel was removed from the cladding tubes. The fuel
removal was performed first by mechanical drilling and then by
dissolution with nitric acid of any remaining fuel.

2.3. Microscopy and hydrogen content measurements

Hydrogen content measurements were performed by hot
vacuum extraction on 1-mm rings cut from the fuel rods adjacent
to the EDC samples or in some cases, in rings cut from the actual
posttest EDC samples. In some cases, several EDC samples were
cut adjacent to each other; in this case, a single hydrogen content
measurement performed at the same value was used for all the
adjacent samples. Light optical microscopy (LOM) investigations
of cladding oxidation, hydride morphology, and distribution were
available close to the EDC samples for several rods. In some cases,
LOM was performed on the tested samples. Cross sections for
investigation were cut perpendicular to the rod or sample axis.
The pieces were cast into an epoxy plastic and polished with SiC
paper and diamond plates and chemically etched for hydride
distribution.

Scanning electronmicroscopy (SEM) was used to study the cross
sections and to determine local hydrogen concentration of selected
samples. This allows for the study of how cladding failure depends
on the local hydrogen content and distribution at the crack location.
The SEM used during these analyses was a JEOL tungsten filament
SEM (3-1-2 Musashina, Akishima, Tokyo 196-8558, Japan) operated
at 20 kV acceleration voltage. Images were acquired using a four-
quadrant standard backscattered electron detector in the clad-
ding-polished condition. This produces images with contrast
arising mainly from differences in average atomic number in the
sample. In this case, the hydrides will appear dark and the metal
bright in the resulting images. The hydrogen content is determined
by image analysis software. First, the hydride area fraction is
determined. Other precipitates than hydrides are excluded by
means of an automatic function that discriminates round features
from elongated ones. The automatic selection of hydrides has been
calibrated by a large number of image analyses and comparison
with macroscopic hydrogen content measurements. The selection
is also visually checked and manually corrected. The hydrogen
content is then calculated based on the following assumptions: the
area fraction of hydrides is the same as the volume fraction, the
amount of hydrogen in solid solution is negligible (<20 ppm at
room temperature), and the hydrides are in d-phase, ZrH1.62 (this
phase contains 62 at% hydrogen).

Fig. 1. Schematic representation of the EDC-test setup. The specimen and the plungers
are placed inside a furnace. EDC, expansion-due-to-compression.

P. Magnusson et al. / Nuclear Engineering and Technology 50 (2018) 246e252 247



3. Results

The EDC tests were performed with different conditions of test
temperature and pulse width. The test temperatures varied from
25�C to 300�C. All tests were performed at constant temperature
maintained for at least 1 hour before the test. The pulse widths, i.e.,
the time of the polymer compression, varied from 25 ms to 100 ms.
The strain rates were not constant during the tests but increased
when the sample started to deform plastically. Tests performed
with the same pulse widths may therefore have very different
strain rates depending on test temperature and cladding material
conditions. The test average strain rates varied from 13%/s�1 to
358%/s�1; most of the tests had strain rates between 50%/s�1 and
200%/s�1. Fig. 2 shows an example of the data recorded during a
test, the specimen diameter, the cross-head displacement, and the
compressive load. The point of failure can be determined from the
rapid increase in specimen diameter and the loss of compressive
loadmeasured by themachine cross-head. Failure occurs quickly, in
1e2 ms, with the crack propagating axially in straight lines along
the entire specimen; see Fig. 2. In Fig. 3, the test results are mapped
against test temperature and sample average hydrogen content
together with the results from the study by Grigoriev et al. [10]. The
results are separated into two categories, failed and nonfailed. Two
general regions of failure and nonfailure can be observed, as
separated by the dashed line in Fig. 3. There are several outliers,
especially samples that have survived in the expected failure
region.

In the out-of-pile mechanical testing, the samples can be
deformed to very high strains by compressing the polymer. In
actual RIA events in a reactor (test or power), there are limits to the
fuel expansion and cladding strain that can be achieved. The
highest hoop strain reported in the NSRR in-reactor tests on BWR
material is 1.5% (test FK-3) [3e6]. Fuel expansion in an RIA event
has been estimated to reach roughly 2% [15]. The corresponding
expected cladding strain is hence small, not exceeding 2%. An EDC
sample that failed at high strainwould have survived the strain and
load expected in a test reactor RIA experiment. In Fig. 3, the samples
marked A, B, and C failed at strains of 20.0%, 20.5%, and 14.4%,
respectively; clearly, they would have survived any reactor RIA
event. To perform a more relevant evaluation of the cladding PCMI
resistance, Fig. 4 maps the test results as brittle or ductile
depending on the sample failure strains. In Fig. 4A, all the samples
that failed at strains below 2% are mapped as brittle, and in Fig. 4B,

all the samples that failed at strains below 4% are mapped as brittle.
Nonfailed samples and samples that failed at strains higher than 2%
(Fig. 4A) or 4% (Fig. 4B) are mapped as ductile. The given strain
values are the diameter strains measured at failure, and hence the
total strain, plastic and elastic. When deformation is uniform, the
hoop strain is directly correlated to the diameter strain. There are
no brittle samples below hydrogen contents of 200 ppm, regardless
of the test temperature; there are several samples that sustained
plastic deformation at room temperature even with high hydrogen
content. A general trend of decreasing ductility with increasing
hydrogen content can still be observed. However, the results
exhibit variation in PCMI resistance of cladding with similar
hydrogen content and test temperatures, making it difficult to
identify clear ductile-to-brittle transition temperatures (DBT).

The hydride distribution and morphology were examined by
microscopy on samples with similar hydrogen content to analyze
the measured differences in ductility and PCMI resistance. Two
main factors were observed in the samples that were more brittle,
the presences of hydride rims and radially oriented hydrides at the
cladding outer surface. To illustrate this, images of microscopy in-
vestigations of the three samples tested at 300�C are shown in
Figs. 5e7. The three samples are marked in Fig. 4 as D, E, and F. SEM
images of sample D, which had a ring average hydrogen content of
510 ppm and failed at 1% total strain, are shown in Fig. 5. The failure
crack occurred at a location of the cladding where a thick outer
hydride rim was present. At different angles of the same cross
section, no hydride rimwas present, and the local hydrogen content
was much lower. The failure crack initiated at the circumferential
location of the cladding that had the most detrimental hydride
distribution. A similar behavior, with the failure crack occurring at a
region of the cladding with locally detrimental conditions, can be
observed for sample E; see Fig. 6. This sample had a ring average
hydrogen content of 620 ppm and failed at a strain of 1.6%. The
failure crack occurred in a region with locally higher hydrogen
content and more hydrides at the cladding outer surface, both
radially and circumferentially oriented. The local hydrogen content
was determined by SEM image analysis to be 789 ppm in the crack
area. The higher hydrogen content at the failure location was
confirmed by SEM image analysis at different circumferential po-
sitions of the cladding.

In contrast to samples D and E, shown in Figs. 5 and 6, samples F
and G illustrate themicrostructure of samples that sustained a large
amount of plastic deformationwithout failure. Sample F was tested

Fig. 2. Data recording of typical EDC tests and posttest appearance with failure crack. EDC, expansion-due-to-compression.
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at 300�C and had a ring average hydrogen content of 702 ppm. It
failed at a strain of 7%; an LOM image is shown in Fig. 7. The cross
section shows a mixture of radial and circumferentially oriented
hydrides. However, at the cladding outer surface, there is in general
a lower density of hydrides and no radially oriented hydrides.
Sample G is an example of the samples that were tested at a low
temperature and high hydrogen content without failure. Sample G
was tested at 25�C with a ring average hydrogen content of
516 ppm. The sample reached a strain of 8.5% without failure. Fig. 8
shows an LOM image providing an overview of its microstructure
from a segment cut close to the EDC sample. It has the general
characteristics of material with good RIA PCMI resistance: a limited
amount of hydrides at the cladding outer surface and no radial
hydrides. Interestingly, radial hydrides in the inner part of the

cladding wall do not appear to have a large effect on the cladding
PCMI resistance. These results indicate that the hydride
morphology influences not only the crack initiation but also the
crack propagation. Two different crack propagation modes were
observed in the tested material. For all samples, cracks appear to
have initiated at the cladding outer surface. Incipient cracks that
did not propagate were observed at the cladding outer wall but not
at the cladding surface inner wall. The fractography results re-
ported in the study by Grigoriev et al. [10] also support crack
propagation from the cladding outer surface inward through the
cladding. The cracks propagated from the outside to the inside in
the radial direction through the cladding. If there were radial hy-
drides present at the inner part of cladding wall, the cracks tended
to continue with a straight propagation until failure; Fig. 7 provides

Fig. 3. EDC tests results of the present work and the work of Grigoriev et al. [10] mapped as failed or nonfailed. EDC, expansion-due-to-compression; RIA, reactivity-initiated
accident; RXA, recrystallized.

Fig. 4. EDC tests results of the present work and the work of Grigoriev et al. [10] mapped as brittle or ductile. (A) 2% strain limit. (B) 4% strain limit. EDC, expansion-due-to-
compression.
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an example. However, if there were no radial hydrides at the
cladding inner part, behavior of cracks propagating radially from
the cladding outer surface until a final 45� shear failure was
observed. This was usually the case for liner cladding, in which the
liner accumulated a high density of hydrides, and there was a re-
gion with few or no hydrides at the cladding wall outside of the
liner. Fig. 6 is a typical example of this crack mode.

4. Discussion

The EDC test results showed that while there is a general cor-
relation between cladding failure and ductility to test temperature
and cladding hydrogen content, the cladding ductility can vary to a

large extent based on the hydride distribution and morphology.
EDC test series performed on a single rod for which all the samples
had the same material conditions showed clear DBT [10]. However,
if the cladding hydride distribution differed, material with the same
average hydrogen content can show very large differences in failure
strain. The normal microstructure of modern BWR cladding, with
hydrides accumulated in the liner, circumferentially oriented Zr-
hydrides, and a limited amount of radial hydrides, exhibits good
PCMI resistance. The typical characteristics of samples that failed
with low ductility are hydride rims, hydride blisters, and/or a
substantial presence of radial hydrides at the cladding outer sur-
face. Because failure cracks are believed to initiate at the cladding
outer surface and the detrimental effects of radial hydrides are well

Fig. 5. SEM images of Sample D. (A) Failure crack in region with hydride rim. (B) Cladding wall in region without hydride rim. SEM, scanning electron microscopy.

Fig. 6. SEM images of sample E. (A) Cladding wall microstructure at failure crack region with high hydrogen content. (B) Cladding wall in region away from the crack. SEM, scanning
electron microscopy.
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known [16], this would be expected. Nevertheless, the results
illustrate the importance of considering the cladding microstruc-
ture when evaluating PCMI resistance, rather than, in isolation,
factors such as rod average burnup or cladding average hydrogen
content. The ductility and failure strains (as measured by the EDC
tests) of cladding under normal conditions, in the absence of
detrimental hydride distribution, are high when compared with
the expected BWR cladding strains in an RIA event [3e6,15]. At
room temperature, no brittle failures occurred below 200 ppm
hydrogen concentration, and at high temperatures, brittle failure
was not seen for material with normal hydride conditions even for
hydrogen contents of more than 700 ppm (see Fig. 4). In contrast,
with a hydride rim (sample D) or a hydrogen content of 620 ppm

and mixed hydride orientation (sample E), brittle failure was
observed at high temperatures. It is important to note that even
under detrimental conditions and at high hydrogen contents, there
is never zero cladding ductility; the cladding can still sustain a
small amount of plastic strain, in the order of 0.1e0.2% at low
temperatures. A summary of the NSRR pulse reactor tests per-
formed with BWR material is available in the study by the Nuclear
Energy Agency[17]; results of specific tests have been reported in
the studies by Nakamura et al. and Fuketa et al. [3e6]. All tests were
initiated under cold conditions, except for two tests that started at
80�C and 85�C. The residual strain of nonfailed tests varied from 0%
to 1.5%. All failed tests were performed using high burnup material
and had brittle failures with close to zero strain. Based on the
ductility of the EDC tests, PCMI failures at low temperatures are not
expected below hydrogen content of 200 ppm and at high tem-
peratures only for cladding with detrimental hydride distribution.
The EDC tests results also show that if the hydride distribution is
beneficial, failure is not expected for high hydrogen content ma-
terial even at low temperatures. Therefore, the PCMI resistance of
irradiated Zry-2 cladding under normal conditions with homoge-
nously distributed circumferential hydrides is good. To further
improve fuel survivability and RIA resistance, it is beneficial to have
tangentially orientated hydrides and lower overall hydrogen
content.

The test strain rate is one factor that can influence cladding
ductility. A general relationship between strain rate, temperature,
and cladding ductility was reported for Zircaloy-4 in the study by
Lee et al. [18]. To analyze the effect of test strain rate, it is necessary
to perform tests with cladding of the same material condition at a
constant test temperature. In the present work, there are no such
tests, and any strain rate effect on the ductility is dominated by
factors such as test temperature, cladding hydrogen content, and
hydride distribution. Another factor to consider in the evaluation of
out-of-pile mechanical tests such as the EDC test against in-reactor
RIA tests or calculations of power reactor RIA events is differing
stress and strain states. Depending on friction between pellet and
cladding, cladding axial contraction or restraint of the ratio be-
tween axial stress and hoop stress differs. For in-reactor RIA events
development of cladding, stress and stain will also differ between
low burnup fuel with an open cladding gap and high burnup fuel
with closed claddingepellet gap [19]. When subjected to PCMI
loading during an RIA event, the cladding deforms under a
changing biaxial stress and strain state [20]. In the EDC tests, the
stress and strain state are close to uniaxial hoop tension. However,
the deformation is uniform, which is representative of the reactor
conditions, and there are no gauge sections, such as for tensile tests.
How the differing stress and strain states affect the strain to failure
is still unclear. The influence has been studied by tension tests and
punching tests on hydride nonirradiated Zry-2 [21]. Implementa-
tion and further development of such models to correct for the
strain and stress state in EDC tests have been proposed [22,23] and
would be of high value when available. The fact that the EDC
samples can contract axially can explain the high failure strains
reached in EDC testing. If therewere a restraint in axial contraction,
it is unlikely that failure strains in the order of 10% could be
reached. However, when evaluating cladding PCMI resistance, the
behavior in the low strain region is more important. EDC tests of
material cut from the same rod showed that the general macro-
scopic behavior is consistent between the out-of-pile and in-
reactor tests [10].

5. Conclusions

A series of simulated RIA tests was performed on irradiated RXA
BWR Zircaloy-2 cladding bymeans of the EDC test. The results were

Fig. 7. LOM image of sample F in the etched condition, cladding microstructure of high
hydrogen content sample tested at 300�C with high failure strain. LOM, light optical
microscopy.

Fig. 8. LOM image in the etched condition of material adjacent to sample G, typical
microstructure of material with high hydrogen content and high PCMI resistance. LOM,
light optical microscopy; PCMI, pelleteclad mechanical interaction.
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evaluated with previous data from the literature [10]. Tested ma-
terials had large variations in burnup and hydrogen content. While
a general dependency on test temperature and total hydrogen
content (ring average) was observed, there was a considerable
scatter. Several outliers are present. In particular, there are regions
where the samples remain ductile even though brittle failures are
expected if the ring average hydrogen content is assumed to be the
only factor influencing the DBT. Unexpected failures were charac-
teristically associated with hydride rims and radially orientated
hydrides at the cladding outer surface. Crack propagation and
failure modes were also studied and showed two general modes of
crack propagation depending on distribution and amount of radi-
ally oriented hydrides, i.e., crack propagation from the cladding
outer surface in the radial direction through the entire cladding
wall or until a final 45� shear failure.

It was concluded that the PCMI resistance of irradiated cladding
under normal conditions with homogenously distributed circum-
ferential hydrides is high, with good margin to the RIA PCMI strain
failure limits. While reduction of the overall hydrogen pickup will
improve safety, focus should also be on conditions causing non-
favorable hydride distribution, such as formation of hydride blisters
and radially oriented hydrides at the cladding outer surface.
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