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ABSTRACT. The present study focuses on the evaluation of the mechanical properties degradation of
Cr-coated Zr-alloy fuel cladding. The main objective of the work is to find a suitable methodology
to evaluate the mechanical properties degradation of coated cladding by performing several separate
effects experiments.

Apart from the many positive effects of protective coatings on the overall cladding properties,
coatings’ general disadvantage is their reduced ability to tolerate plastic strain. Therefore, coating
cracks might occur in the first stage of the hypothetical Loss of Coolant Accident (LOCA). The study
is unique because of the consideration of coating cracks. Prior to the high-temperature (HT) oxidation,
samples were subjected to either a scratch test or burst test, resulting in the creation of coating defects.
The subsequent evaluation of the obtained data consisted of wavelength dispersion spectroscopy (WDS)
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and optical microscopy analysis and hydrogen content measurements.
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1. INTRODUCTION

Following the events at the Fukushima Daiichi (2011)
power plant, substantial effort has been made study-
ing the idea of Accident Tolerant Fuel (ATF), which
would significantly enhance nuclear safety. In the
past decade, a large variety of ATF concepts has been
proposed and tested worldwide [IH9]. However, the
most manageable and short-term approach to enhance
the cladding performance is surface modification by
specific technologies and various coatings.

In particular, metallic Cr has attracted many re-
searchers due to its high melting point, superior cor-
rosion resistance, good HT oxidation resistance, and
similar thermal expansion coefficient of 6.2-1076 K~1
compared to Zr (i.e. 6-1076 K~!) [I0]. Cr-based
coatings’ good performance under both normal and
accident conditions is based on the successful growth
of a protective CryOg scale. Cr coatings might signifi-
cantly increase the fuel coping time by prolonging the
oxidation time, which would lead to severe cladding
embrittlement or even failure. It was confirmed as a
promising ATF concept mitigating the main limita-
tions of Zr cladding, such as fast degradation and an
accelerated exothermic reaction with steam at high
temperatures associated with hydrogen generation.

However, the HT oxidation experiments performed
so far have focused mainly on the performance of the
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ideal coating without defects [ITHI4]. According to
existing studies, the HT steam oxidation process of
Cr-coated Zr-based alloys can be divided into three
groups. Based on the duration and temperature of
HT oxidation, the coating is protective, transition
or no longer protective [I5]. The protective coating
features nearly parabolic oxidation kinetics with the
growth of the outer protective CryOgs layer. The
loss of protectiveness is characterized by the slow
acceleration of oxidation kinetics, which is due to Zr
diffusing outward along the Cr grain boundaries and
in the opposite direction the Cr diffusing deeper into
the §-Zr phase. Following the formation of the ZrOq
layer along the Cr grain boundaries on the residual Cr
scale, the inward diffusion of oxygen through the Zr
network is induced. In the end, the coating loses its
protective ability and the oxidation kinetics rapidly
accelerates.

This work aims to evaluate the behavior of the
coating in case of cracks present in the protective
coating. Cracks in the coating may be formed, for
instance, during fabrication, transportation, storing,
normal operation (mostly grid-to-rod fretting, axial
offset anomalies, etc.), or during a LOCA. In the
event of LOCA in a pressurized water reactor, depres-
surization of the primary circuit may cause the fuel
cladding to balloon as a result of internal pressure in
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FIGURE 1. The schematic overview of LB-LOCA
accident.

the fuel rods. The limited ability of the coating to
tolerate plastic deformation leads to the formation of
coating cracks. Details of the ballooning and burst
phenomena were studied for various coatings [16].

Regarding accident conditions, massive hydrogen
uptake should also be considered as a possible cause of
cladding failure [I7H20]. The secondary hydriding phe-
nomenon might occur in HT transients (e.g., LOCA)
due to the possible formation of burst openings after
the ballooning phase (see Figure . The water steam
flows through the burst area into the cladding. Since
the flow is impeded by nuclear fuel pellets, there is
steam starvation inside the cladding. As long as the
steam flow remains sufficient, the inner oxidation is
present, and the oxide layer forms a barrier against hy-
drogen ingress. Further from the burst opening, steam
starvation might result in massive hydrogen uptake.
Hydrogen concentrates in [-Zr phase (S-stabiliser)
and can lead to cladding embrittlement due to the
oxygen solubility increasing in S-Zr phase [21] [22].

It is important to note that the thin oxide layer
formed inside the cladding during normal operation
is not sufficient to prevent the cladding from hydro-
gen uptake [20]. At high temperatures, the oxygen
diffusion inward to the Zr substrate can be assumed
because of the high oxygen diffusion coefficients. In
other words, the dissolution of the preexisting oxide
layer is expected [23].

The preparation of the specimens and experimental
procedures was carried out at UJP PRAHA in collabo-
ration with CTU in Prague and Research Centre Rez.
The main goal of this study is to verify additional
mechanical properties degradation phenomena that
might occur under accident conditions and can lead
to sever cladding embrittlement.

2. MATERIALS AND METHODS

2.1. PREPARATION OF SPECIMENS

All experiments were performed using standard Zr-
based alloy as a reference material. The as-received
fully recrystallized cladding rods had an outer di-
ameter of 9.1 mm and a wall thickness of 0.57 mm.

FIGURE 2. The chamber of the Hauzer Flexicoat 850
coating machine.

The non-irradiated segments used for the burst tests
were 90 mm long, whereas the specimens used for
the scratch tests were 45 mm long. All specimens
were deburred and ultrasonically cleaned according to
the standard procedure (3 x 10 minutes in acetone,
ethanol and distilled water, respectively). Moreover,
the surface of the specimens was cleaned in the first
stage of the deposition process by ion etching in an
argon plasma to remove all impurities and thin oxide
layers.

2.2. COATING DEPOSITION

Pure chromium coatings were deposited on the outer
surfaces of tubular samples. The deposition was car-
ried out using an industrial Flexicoat 850 (Hauzer)
system, see Figure[2] The facility may utilize different
deposition techniques, such as sputtering, HIPIMS,
PACVD, and others. However, the unbalanced mag-
netron sputtering was used to obtain a thin and fully
dense microstructure free of defects. The deposition
process was carried out using a target of 99,6 % Cr
which was sputtered in the Ar atmosphere at 250 °C.
The temperature of the process was lower than the
temperature during normal operating conditions in the
core, therefore thermal modification of specimens was
avoided. The thicknesses of the as-deposited coatings
were estimated using a Calotest (CSM Instruments),
see Figure The resulting coating thickness was
approx. 20 pm depending on the particular batch.

2.3. EXPERIMENTAL METHODS

In studying the effect of scratches on cladding degra-
dation, two different surface damage techniques were
used. The first method consisted of creating artificial
defects, that is, scratches through the protective scale,
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FIGURE 3. Calotest.

on a scratch test device. This test allowed the creation
of individual defects, which set optimal conditions
for the detailed study of diffusion processes through
the damaged coating during subsequent HT oxidation.
The second batch of specimens was damaged naturally
by the ballooning process due to internal pressure.

Afterward, each specimen was subjected to HT oxi-
dation in Ar + steam to simulate the LOCA scenario.
The subsequent analyses focused on the diffusive pro-
cess of Cr into the Zr substrate and the secondary
hydriding phenomenon.

2.3.1. SCRATCH TEST

The first batch of Cr-coated specimens was artificially
pre-damaged to simulate cracking of the coating layer
during the HT transient. Using the Revetest Xpress
device (CSM Instruments) with a standard Rockwell
diamond indenter, several scratches through the coat-
ing layer were made. Scratches 40 mm in length were
made at the speed of 20 mm-min~"! using the constant
load of 50 N. The scratch test process is shown in Fig-
ure[d] The resulting U-shaped scratches were 200 pm
wide.

2.3.2. BALLOONING AND BURST TEST

The ballooning was performed in a burst test facility
consisting of a resistance furnace, temperature con-
troller, and Argon containing reservoir to pressurize
the specimen. The specimens were sealed using end-
plugs and connected to the Argon-containing reser-
voir. Each specimen was equipped with a pair of
K-thermocouples — one attached next to the speci-
men’s surface and the second welded directly to the
specimen.

Various methods may be chosen to perform the
burst test. A RAMP test, the course of which is visu-
alized in Figure [5, was selected. First, the specimen
was preheated at 360 °C and pressurized to an inner
pressure of 4 MPa. Then, the pressurized specimen
was heated at a heating rate of 7 °C-s~! until its fail-
ure (899 °C). A constant flow of Argon was induced to
the retort throughout the experiment to prevent HT
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FIGURE 4. Scratch Test Revetest Xpress.
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FIGURE 5. Time course of the burst test.

oxidation. After the test, the specimens were visually
analyzed and photographed. Subsequently, the time
to burst, the deformation, and the creep rate were
evaluated.

2.3.3. HIGH-TEMPERATURE OXIDATION

The experiment of HT oxidation was performed in the
electric resistant furnace in the Ar + steam mixture
according to the scheme shown in Figure[6] The steam
atmosphere is typical for DBAs such as LOCA. In
addition to that, steam oxidation might be followed by
secondary hydriding, a phenomenon that might occur
in the cladding after burst due to inner oxidation and
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FIGURE 6. Schematic of the facility for the HT oxida-
tion experiment.

steam starvation.

The experiment was conducted at the temperature
of 1200 °C, which is considered the highest temper-
ature of design basis accidents. The temperature
was measured by the thermocouple placed inside the
cladding tube in case there were no end caps on the
specimen (i.e., specimens after scratch test, Figure [4)).
Specimens predamaged by the burst test were tested
for oxidation and secondary hydriding, thus they were
filled with ZrO, pellets and sealed with end plugs
to impede the steam flow inside the cladding. The
schematic overview is shown in Figure[7] The tem-
perature in these experiments was measured by the
thermocouple placed next to the outer cladding sur-
face.

Experiments were performed following this proce-
dure. First, the atmospheric gases were removed from
the preheated furnace by a constant flow of Ar for
5 minutes. Then, the flow of Ar + steam stabilized
the homogeneous conditions inside the quartz tube
for 5 minutes. Finally, the specimen was inserted
into the furnace within the predefined temperature
zone (£3 °C). The duration of HT oxidation ranged
from 90 seconds to 9 minutes. Each experiment was
terminated by iced water quenching. The reason be-
hind this is that quenching directly from the oxidation
temperature to 0 °C is a less conservative approach,
more demanding on the mechanical properties.

2.3.4. MATERIAL CHARACTERIZATION

Before and after each experiment, the specimen was
weighed with Mettler Toledo XS105 semi-micro bal-

constant steam flow 210, pellets

end plug -

re(iuced stear[n flow
steam starvation inside the cladding

FIGURE 7. Schematic overview of the secondary hy-
driding after burst test experiment.
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FIGURE 8. Ring segments cut for microscopy analysis.

ance with the readability of 0,01 mg. Furthermore,
the longitudinal dimensions were measured using an
electronic caliper with an accuracy of 0,02 mm. The di-
ameter was measured with a micrometer with an accu-
racy of 0,002 mm. After evaluation in the whole state,
the specimens were cut into smaller pieces (rings) to
perform additional analyzes.

Specimens with single cracks made on the scratch
test device were observed using the scanning elec-
tron microscope (SEM) with a Field Emission Gun
operated at an accelerating voltage of 15 kV. The
test aimed to observe and evaluate diffusive processes
through the damaged coating and the distribution of
chemical composition in the affected area. The distri-
bution profiles of Zr, Cr, O, N, and Fe were obtained
from wavelength dispersion spectroscopy (WDS) anal-
ysis. The spectra were automatically processed by
IncaWave software. The WDS chemical composition
profiles were measured in two directions — perpendic-
ular to the coating surface in the area not directly
affected by the defect and parallel to the coating sur-
face at the distance of 25 pm.

Regarding the HT oxidation after the burst ex-
periments, the specimens were cut according to the
following procedure. The first segment was cut in the
middle of the burst, the second segment was located
10 mm from the burst opening and the third segment
was located 20 mm from the burst opening, see Fig-
ure |8} Moreover, the hydrogen content was measured
on a small part of each of these segments using the
G8 Galileo (Bruker) analyzer. The Inert Gas Fusion
(IGF) technique is based on fusing the tested macro-
scopic sample and thus is limited to obtaining only
the peak hydrogen content, not its distribution.

3. RESULTS

In this section, the results are shown and com-
mented. First, WDS profiles of artificially pre-
damaged (scratched) specimens are presented. Then
the results of the HT oxidation after the burst test
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FIGURE 10. WDS profile measured parallel to the coating at a distance of 25 pm, 4,5 min HT oxidation.

are presented; first, the optical microscopy structure
is discussed and then the measured hydrogen content
is shown.

3.1. CHEMICAL ANALYSIS — HT OXIDATION
AFTER SCRATCH TEST

The chemical composition measured perpendicular to
the outer surface (blue line, Figure E[) clearly shows
the diffusion of Cr from the coating inwards the Zr
substrate. After a 4,5-minute exposition at 1200 °C,
the Cr diffused approx. 150 pm in an inward direction.
As long as there was some amount of Cr diffused,
the measured content of oxygen remained stable yet
increased, i.e. approx. at 2-2,5 %. Once the zero
value of Cr is reached, the content of diffused oxygen
drops significantly to 1,5-2 %.

The same, i.e., stable yet increased, oxygen content
(~2-2,5 %) was also measured in a parallel line to the
outer surface (yellow line, Figure . There was no
noticeable gradient of oxygen concentration along the
entire length of the measured g-Zr section.
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3.2. METALLOGRAPHY — SECONDARY
HYDRIDING

The detailed microstructure of all 3 segments is shown
in Figure [[1} Cracking of the coating formed within
the ballooning and burst test is apparent. The number
of coating cracks depended on the size of the defor-
mation. Therefore, the segment 1 with the highest
deformation had the largest number of coating cracks.
Furthermore, part of segment 1 near the burst open-
ing consisted of a noticeably thinned cladding wall
due to deformation in the ballooning phase. Finally,
segment 3 located 20 mm from the burst opening fea-
tured substantially fewer uniformly distributed small
cracks.

In the microstructure of segment 1, a massive
growth of the a-Zr(O) can be seen. The Cr scale
is massively cracked and there are no -Zr sections
directly under the coating. On the other hand, seg-
ments 2 and 3 contained significantly fewer coating
cracks, which contributed to the formation of 8-Zr seg-
ments in between. The growth of a-Zr(O) grains from
defects was apparent in the inward direction. Due
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FIGURE 11. Results of secondary hydriding experiments.

to the Cr stabilizing the 8-Zr phase, no growth of a-
Zr(O) grains was observed in the tangential direction,
in other words, there was no a-Zr(O) grains growth
under the Cr scale. The Cr enriched -Zr phase itself
can be slightly seen, however, the true evidence of the
Cr diffusion inwards the substrate remains the WDS
analysis.

Regarding the internal oxidation, the decreasing
thickness of the oxide layer further from the burst
opening was evident. Furthermore, the growth of
a-Zr(0) grains + a-Zr(O) grain incursions inwards
was less evident further from the burst area, and
additionally, in segment 3 was not observed at all.

3.3. HYDROGEN CONTENT — SECONDARY
HYDRIDING

Following the expected consequences of the secondary
hydriding phenomenon, the hydrogen content grew
with increasing distance from the burst opening (see
Figure . While a very low hydrogen content
(122 wppm) was measured at the area of the burst (i.e.
segment 1), it considerably increased in segments 2
and 3. Particularly, the hydrogen content measured at
a distance of 20 mm from the burst opening reached

almost 2000 wppm.

4. DISCUSSION

While the positive effect of undamaged Cr coating
on oxidation performance has been widely presented
and indeed remains undeniable, additional phenomena
must be taken into account when evaluating coated
cladding embrittlement.

It was observed that the Cr content led to increased
oxygen solubility in the substrate (Figure @ Since
the oxygen content was at the same level through-
out the measured 3-Zr section (Figure 7 it can be
concluded that loss of protectiveness of the coating
and therefore diffusion of oxygen through the coating
would not be the only mechanism of degradation of
the coating. Apart from the inward growth of a-Zr(O)
grains from the coating defect, which can be evalu-
ated using optical microscopy methods and seem to be
very local (as discussed, e.g. in Brachet’s study [24]),
the considerable amount of oxygen rapidly diffused
into the Cr-enriched substrate. The reason behind
this is Cr stabilizing the -Zr phase. The diffusion
coeflicient of oxygen in $-Zr is much higher compared
to a-Zr(O) phase [25], 26] resulting in the accelerated
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oxygen dissolution in the Cr-stabilized S-Zr phase.
Therefore, the impact of the coating defects cannot
be excluded as the oxygen rapidly diffuses along the
whole Cr scale.

On the basis of the results presented, it can be as-
sumed that the impact of oxygen diffusion through
the coated cladding upon accidents such as LOCA
cannot be described only by looking at the protec-
tiveness of the coating itself. The methodology must
take into account the coating cracks that occur in the
ballooning phase. They will lead to an accelerated
diffusion of oxygen over the HT transient. The §-Zr
phase will be affected. As a result, the load-bearing
ability can be significantly reduced even under condi-
tions (temperature, time) so far believed not to result
in the loss of coating protectiveness.

The separate-effects-combining study confirmed the
secondary hydriding phenomenon occurring in Cr-
coated Zr-based cladding exposed to the ballooning
and burst experiment first and then HT oxidized in Ar
+ steam. The hydrogen content measured in segment
2 and especially in segment 3 was high enough to
increase the solubility of oxygen. Especially in the
load-bearing prior 8-Zr phase, such hydrogen uptake
can result in cladding failure and must be taken into
account.

5. CONCLUSION

To summarize the observations, using the Cr-coated
standard Zr cladding alloy, separate effects experi-
ments were performed. Specifically, ballooning and
burst, HT Ar + steam oxidation, and secondary hy-
driding (HT oxidation after burst). The study was
unique considering the cracking of the coating that
occurred in the first stage of the hypothetical acci-
dent. The WDS analysis proved the Cr diffusion into
the B-Zr substrate leading to accelerated diffusion of
oxygen and its increased concentration even under
the coated (thus so far believed to be protected) ar-
eas. Accelerated diffusion of oxygen, as well as its
increased solubility, can affect mechanical properties.
In particular, the ductility of the residual prior -Zr
phase, which is essential to maintain the integrity of
the cladding, can be reduced. Therefore, it is nec-
essary to consider the cracking of the coating when
evaluating the degradation processes of the coated
cladding.

The secondary hydriding phenomenon was observed
when HT oxidation was performed using the specimens
after ballooning and burst test. Massive H uptake
(2000 wppm) occurred at a distance of 20 mm from
the burst opening. The larger the deformation, the
more cracks occurred in the Cr scale. Additionally,
significant clad thinning was observed near the burst
opening area. The hydrogen content measurement
has been limited to macroscopic samples. Its detailed
distribution across the cladding wall remains a mat-
ter of concern, since absorbed hydrogen can increase
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the oxygen solubility in -Zr and have a huge im-
pact on mechanical properties, i.e., on the cladding
embrittlement.

While uncoated Zr-based claddings and their post-
accident properties can be evaluated using standard
methodology, such testing is not suitable for Cr-coated
claddings due to more phenomena that must be taken
into account. As the coating cannot withstand high
plastic strain, various cracks in the Cr scale are likely
to occur during heat-up. Moreover, in the case of a
burst, local massive hydrogen uptake must be consid-
ered. It can be concluded that evaluating Cr-coated Zr
cladding embrittlement requires complex testing that
includes all of the LOCA phenomena, respectively.
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