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ABSTRACT

Cr-coated Zr-alloys are a near-term cladding concept to improve reactor safety during
accident scenarios. Burst and steam oxidation behavior of bare and Cr-coated Zirlo claddings were
examined under simulated loss-of-coolant accident conditions. The 4.4 um coating had no
substantial effect on ballooning or opening geometry but did increase burst temperatures at higher
pressures. The coating reduced steam oxidation of the cladding compared to bare specimens, but
in regions of high strain, the coating developed through-cracks allowing rapid underlying zirconia
formation.

INTRODUCTION

Zr claddings, historically used because of an exceptionally low thermal neutron scattering
cross-section [1-3], rapidly oxidize in high temperature steam environments like those associated
with station black-outs (SBO) or design basis loss-of-coolant accidents (LOCA) [4-9]. Excess
oxidation heat and hydrogen gas production can exacerbate the severity of an accident, which
occurred during the Fukushima Daiichi SBO. The events of 2011 accelerated the development of
accident tolerant fuel (ATF) systems that aim to increase coping time in accident scenarios
[2,3,10,11]. Chief among the requirements for any replacement of bare Zr claddings is reduced
steam oxidation kinetics, with the aim of lowering kinetics by >100x [12]. Candidate cladding
materials should also have similar or improved mechanical response in terms of strength, ductility,
and post-failure fuel and fission product retention.

There are two possible alternatives to bare Zr claddings: (1) replacing Zr based alloys with
stronger, more oxidation resistant materials like FeCrAl [2,3,13—16] or SiC-based ceramic matrix
composites [17-21], or (2) application of a cladding coating to mitigate ZrO> formation during
accident scenarios. The former is a longer-term solution, while the application of coatings is
expected to be a shorter-term implementation. Thus, in recent years the community has focused
its attention on Cr-coatings. Originally designed for reduction of grid-to-rod fretting [3,22],
metallic Cr-coatings are resistant to high temperature steam oxidation [23—-33] and hydrothermal
corrosion [34—36], as well as stable under neutron irradiation [37-39].

Both transient burst testing [23,25,26,40—42] and isothermal creep burst testing [26,40] have been
conducted on Cr-coated claddings with varying thicknesses and deposition methods, and generally
indicate improved mechanical performance. Extensive steam oxidation testing by Brachet et al.
[29,35] demonstrated the protective qualities of thinner < 10 um Cr-coatings. However, no
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transient burst testing has been reported detailing the impact of < 10 um coatings on cladding
behavior in LOCA conditions. In this study, the effects of a 4.4 um Cr-coating deposited with
pulsed direct current (DC) magnetron sputtering on the burst behavior of Zirlo [43,44] in simulated
large-break LOCA conditions was investigated. Burst strength, ballooning, and rupture geometry
are presented alongside oxide analysis to assess coating performance.

EXPERIMENTAL

Details regarding simulated LOCA burst testing are reported elsewhere [15,16,45,46], but
is briefly described here. Approximately 30 cm cladding segments of bare and Cr-coated Zirlo
were subjected to simulated LOCA transients in a steam environment using the Severe Accident
Test Station (SATS) at Oak Ridge National Laboratory (ORNL). The Cr-coatings were deposited
via pulsed DC magnetron sputtering at the Advanced Materials and Surface Engineering Research
Centre at Manchester Metropolitan University. Tested material was subjected to large-break
LOCA conditions corresponding to limits prescribed by the U.S. Nuclear Regulatory Commission
regulation 10CFR§50.46 for emergency core cooling systems. Cladding segments with alumina
filler rods were internally pressurized using Ar gas and ramped from 300 to 1200 °C at a rate of 5
°C/s. The resulting burst always occurred during this ramp. After a 300 s hold at 1200 °C, the
assembly was allowed to air cool to 600 °C where it was quenched in room temperature distilled
water. The specimen was heated to 300°C and then steam was introduced flowing at a rate of ~30
cm/s through the quartz reaction tube, which houses the cladding train assembly. Burst pressure
and temperature were recorded, and engineering hoop stress was calculated using the thin-walled
approximation for hoop stress,

oy =— Eq. 1

where oy is the burst hoop stress (MPa), P is the burst internal overpressure (MPa), R is the pre-
transient mean radius (mm), and h is the initial thickness of the cladding wall (mm). Cladding
geometry was measured with digital calipers and is reported in Table 1. To account for uncertainty
in burst temperatures, half of the difference between the two thermocouple readings that were
closest to the rupture was used as error bars.

After burst, a Keyence VR-3100 microscope was used to image the full length of the claddings
[16]. Burst opening area and length (from end to end of the rupture) were measured via image
analysis. Diametric strain profiles were generated using caliper measurements along the axial
direction. Metallographic cross-sections were taken from the base of the claddings before testing
to assess the initial coating thickness and microstructure as well as after burst from regions of
approximately largest deformation. Scanning electron microscopy (SEM), including back-scatter
electron (BSE) imaging and energy dispersive X-ray spectroscopy (EDS), was performed using a
Tescan model MIRA3 at an operating voltage of 10 kV. Imagel software was used to measure
wall and oxide thickness along the cladding cross-sections after testing from stitched optical
macrographs. To determine the thickness of the as-received coating and post-testing reaction
layers, the publicly available Size of Oxidation Feature from Image Analysis (SOFIA) software
[47,48] was used on higher magnification SEM micrographs. A micrograph showing a cross-
section from a coated sample prior to testing is presented in Figure 1. The coating was well adhered



with no through-cracking, although limited cracking was observed at the coating-cladding
interface. Coating thickness was found to be 4.40 &+ 0.24 pum.

RESULTS

Burst strength characterization

The relationship between both burst hoop stress and burst pressure with temperature is
reported in Figure 2(a) and (b), respectively, as well as in Table 2. Bare Zirlo is shown in orange
squares and the Cr-coated samples in purple diamonds. Data (green dashed line) from previous
burst testing of C26M FeCrAl [16] and an empirical model [49,50] for Zircaloys with a 5 °C/s
heating rate (grey line) are included as references. At an initial pressure of ~1 MPa, the Cr-coated
sample burst at a temperature 36 °C lower than the respective bare cladding but at ~3.4 MPa and
~5.9 MPa, the Cr-coated Zirlo withstood 32°C and 42 °C greater temperatures, respectively, than
the bare cladding.

Ballooning and deformation

Optical images of claddings that were initially pressurized to ~1 MPa, ~3.4 MPa, and ~5.9
MPa are shown after burst in Figure 3. The bare samples are shown in Figure 3(a), (c), and (e) and
the Cr-coated samples in Figure 3(b), (d), and (f). Visually, there is no clear difference in the
ballooning profiles between the coated and bare samples at the same initial pressure. To
quantitatively assess differences in ballooning, diametric strain profiles for claddings that had
initial pressures of ~1 MPa and ~3.4 MPa are reported in Figure 4(a) and (b), respectively. For the
same initial internal pressures, the strain profiles reached comparable maximum diametric strain
values and displayed similar profile form. Analogous results were found for the diametric strain
of ~5.9 MPa initial pressure samples. In the limited testing presently performed, the 4.4 um Cr-
coating had no apparent impact on decreasing ballooning during LOCA burst testing. The small
drops on either side of the large peaks in Figure 4(a) and (b) are due to constriction from the Pt-
Rh wire securing the thermocouples.

Opening geometry analysis

Figure 5 shows higher magnification optical images of the burst regions for the ~3.4 and
~5.9 MPa initial pressure samples, with the bare claddings shown in Figure 5(a) and (b). The bare
samples exhibited lenticular openings and the Cr-coated claddings, Figure 5(c) and (d), had a
similar opening shape, but with cracking observed near the ends of the ruptures for all samples.
Burst opening area and length versus hoop stress are reported in Figure 6. Generally, the bare and
Cr-coated samples exhibited comparable opening areas and lengths. The ~3.4 MPa initial pressure
Cr-coated sample demonstrated a larger opening area and length than the respective bare sample,
while the ~5.9 MPa Cr-coated cladding exhibited a smaller area and length than the corresponding
bare cladding. The ~1 MPa initial pressure bare Zirlo sample, Figure 3(a), broke during handling
and is not reported.

Oxidation analysis of regions opposite from burst

Cross sections were taken from the ~1 MPa initial pressure bare and Cr-coated Zirlo
claddings from regions of approximately largest deformation. Optical micrographs of the
subsequent entire specimen mounts are shown in Figure 7(a) and (c). The Cr-coated cladding,



Figure 7(c), cracked during post-test handling and mounting. For both bare and coated Zirlo, the
cladding wall thickness decreased significantly at the burst tips, indicating high amounts of strain,
while in the regions positioned ~180° from burst, wall thinning was considerably less. Higher
magnification micrographs centered in the regions ~180° from burst are shown in Figure 7(b) and
(d). For the bare cladding, extensive ZrO, formation occurred on both the inner diameter (ID) and
outer diameter (OD), 57.3 + 6.8 and 37.4 £ 1.4 um thick, respectively. For the coated sample,
Figure 7(d), ZrO, formation was mitigated entirely on the OD in regions ~180° from burst.

A higher magnification BSE micrograph of the ~ 1 MPa initial pressure Cr-coated sample (Figure
7) is shown in Figure 8(a). A Cr,0s layer is present on the ambient surface of the cladding, with a
residual Cr layer underneath. Between the residual Cr-coating and the Zr substrate, a Zr-Cr
interdiffusion zone (IDZ) formed. An EDS line scan through all three reaction layers is reported
in Figure 8 (b). Figure 9(a) and (b) report more detailed statistics using box and whisker plots of
the formed reaction layers for the coated and bare samples, respectively. The Cr,03, residual Cr,
and Zr-Cr IDZ layers had thicknesses of 0.94 £ 0.15 um, 2.90 = 0.18 pum, and 0.81 = 0.20 pm,
respectively.

Oxidation analysis of regions of high strain

Oxidation behavior of the Cr-coated cladding in regions of high strain closer to the burst
opening differed from regions ~180° from the burst. Figure 10(a) presents a stitched optical
macrograph of the burst tip for a Cr-coated sample (~1 MPa initial pressure), showing that in
regions of higher strain, the Cr-coating did not mitigate ZrO> formation. Large amounts of ZrO;
were present towards the opening, ~50-60 um thick on both the OD and ID near the burst tips. OD
ZrO; formation tapered off as distance away from the burst tip increases, until eventually none
was formed and the structure in Figure 8 is found.

To quantify the association of oxide formation with strain, residual wall and ZrO: layer thickness

measurements were made along the Cr-coated cross-section in Figure 7. “Wall-strain” was then

calculated using the equation,

h—hyg
ho

Ewall = Eq.2
where ewan 1s wall-strain, h is the unconsumed metallic wall-thickness after testing, and hy is the
pre-transient wall-thickness. As most of the ZrO> formation occurred during the 300 s hold at 1200
°C after burst, metal consumption was corrected for using OD and ID oxide thicknesses and the
Pilling-Bedworth ratio [51]. Metal consumption was then added to measurements of the
unconsumed wall-thickness, as this corrected value is more representative of wall-thickness along
the cross-section immediately after burst. The unconsumed wall-strain (blue triangles), the
corrected wall-strain (purple diamonds), and the OD oxide thickness (grey squares) along the Cr-
coated cross-section (Figure 7) are reported in Figure 10(b).

The burst tips are represented as 0 and 1 fractional distance in Figure 10(b). Opposite the burst
opening, |ewan| reached a minimum and no ZrO; was detected on the coated OD. ZrO» formation
began on either side of this minimum, starting where |ewan| reached ~15%. Moving towards the
burst region, both the |ewan| and OD ZrO» thickness increased to maximum values near the opening,
demonstrating a relationship between the two.



To investigate coating behavior near the burst region, higher magnification BSE micrographs
along with EDS elemental maps of Cr, Zr, and O were generated, Figure 11. Figure 11(a) reveals
two distinct structures in areas near the burst: (1) regions of partially consumed coating and (2)
regions of fully consumed coating. In areas of fully consumed Cr, large through-cracking formed
in the Cr20O3 layer, coinciding with a thicker underlying ZrO> scale. Figure 11(b) shows a higher
magnification micrograph centered on a region of partially consumed Cr. A crack through the
residual Cr-coating connecting the Cr.O3 and underlying ZrO> formation can clearly be seen. EDS
maps shown in Figure 11(c), (d), and (e) reveal the presence of O and Zr in the through-crack,
while Cr is absent. In regions of intermediate wall-strain, between the area ~180° from the rupture
and the burst tips, areas of accelerated localized corrosion were found on the OD, seen in Figure
12, indicating the coating failed but to a lesser degree.

DISCUSSION
Burst behavior

Due to material constraints, the necessary replicate testing was not performed to definitively assess
observed differences in behavior. Considering this, a range of initial pressures were selected to
preliminarily compare burst behavior. At higher burst pressures/stresses, a 4.4 um Cr-coating
increased burst temperatures compared to bare Zirlo, Figure 2. However, the lower initial pressure
coated sample, ~1 MPa, exhibited a lower burst temperature. These findings are reasonably
consistent with preliminary results from Brachet et al.’s [26] ramp testing of M5 claddings with
10-15 pm coatings, where comparable or slightly higher burst temperatures were observed.

In terms of deformation, both maximum diametric strain as well as the ballooning shape of the
profiles, Figure 4, were similar between the bare and Cr-coated samples. Opening geometry,
Figure 6, was also not affected by the coating. The lack of reduction to diametric strain and similar
opening geometry does not align with previous ramp testing [23,25,26,41] of thicker coatings,
where significant reduction in ballooning and rupture size was observed. For Zirlo, there may be
a thickness threshold above 4.4 um where Cr-coatings provide a benefit of reduced deformation
and opening size.

For the coated samples, cracking was observed near the ends of the burst openings, Figure 5. There
may be a distinct shift from a regime of ductile fracture near the center of the openings to brittle
fracture at the ends. It is possible that these cracks formed during the quench at 600 °C, long after
burst, due to thermally induced stresses. While the standard LOCA test is used to evaluate coating
performance, the 1200°C hold and quench greatly complicate analysis of the coating when burst
occurred. It might be more useful to stop the test immediately after burst and cool the specimen.

Reaction product formation in regions of complete mitigation

Previous studies [28-31] on Cr-coated Zr systems in 1200 °C steam environments and
considerations of the Zr-Cr phase diagram [52] suggest the IDZ most likely consists of a ZrCr
intermetallic. Pores were observed at the Zr-IDZ interface as well as the Cr-Cr2Os interface, Figure
8(a). Hu et al. [28] found large voids in the Zr substrate at the Zr-IDZ interface that were related
to Cr and Sn segregation. Brachet et al. [29] suggested that the pores are Kirkendall voids, with
the cavities at the Cr-Cr203 interface resulting from outward cationic diffusion [53], while cavities
at the Zr-IDZ boundary result from vacancy flux due to differences in solubility and diffusivity
between the Cr-coating and Zirlo substrate.



Oxidation near and away from the burst region

As expected, the Cr-coating reduced ZrO, formation compared to bare cladding, with complete
mitigation in regions away from the burst during the simulated LOCA, Figure 7(d) and Figure
10(b). However, the presence of ZrO; indicates coating failure along much of the OD, where for
~1/2 of the cladding cross-section ZrO» formation was >10 um. The coating integrity was
compromised in regions of higher strain, demonstrated by the development of cracks and extensive
ZrO, formation, Figure 11(b), which were not present in regions ~180° from opening, Figure 8.
As through-coating cracking was not observed in the as-received condition, Figure 1, ballooning
and burst likely caused these developments. It is possible that these newly formed cracks provided
a short-circuit pathway for oxidants to the underlying Zr cladding evidenced by EDS maps, Figure
11, leading to increased ZrO> formation and potential consumption of the Cr-coat from both
interfaces.

The observed relationship between OD ZrO; thickness and wall-strain, Figure 10(b), indicates that
where |ewan| > ~15 %, the Cr-coating failed under these conditions. Observation of the oxide in
intermediate wall-strain regions, Figure 12, revealed localized formation of ZrO». The structure of
these localized corrosion areas resembles the “nodular ZrO» spots” reported by Brachet et al. [35]
during steam oxidation testing of coated Zircaloy-4 samples with pre-cracking. It is possible that
regions of higher strain formed more cracks. With more short-circuit pathways, local oxidation
rates would be higher. This could explain the association of wall-strain and ZrO» thickness. The
“wall-strain” presented in this study is not a typical measurement associated with the stress state
in thin-walled tube geometry and is intended as a proxy for other more rigorous valuations such
as axial, radial, or hoop strain during deformation. As such, the correlation of strain with coating
failure where |ewan| > ~15 % is only for wall-strain, and the possible effects of strain-rate are not
represented. Also, the wall-strain along the circumference was non-uniform, evidenced by the
asymmetric deformation shown on either side of the minimum in Figure 10(b). Non-uniform
strain/strain rate could influence coating failure.

While there was only partial protection in regions of high wall-strain, the coating still reduced or
prevented Zr oxidation for the entirety of the cladding. Therefore a 4.4 pm Cr-coating
demonstrated improvements in reducing steam oxidation relative to bare claddings during
simulated LOCA conditions. However, a more complete study of the critical Cr-coating thickness
is needed to determine statistically significant improvements in burst behavior, such that the
optimum coating thickness can be evaluated based on a cost-benefit analysis of both normal
operating and accident condition performance.

CONCLUSIONS

Simulated LOCA burst testing at a heating rate of 5 °C/s was performed on Cr-coated and
bare Zirlo cladding segments. A 4.4 pum thick Cr-coating deposited by pulsed DC magnetron
sputtering provided some improvement in burst temperatures at higher internal stresses, but no
discernable effect on ballooning behavior and opening geometry was observed. For most of the
cladding circumference, the Cr-coated Zirlo reduced underlying oxide formation on the cladding
outer surface. However, in regions of high wall-strain, |ewan| > ~15 %, which accounted for ~1/2



of the cladding cross-section, the coating developed cracks that contributed to ZrO» formation by
providing short-circuit diffusion pathways.
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TABLES

Table 1. Pre-transient geometry of the bare and coated Zirlo claddings.

Cladding Material Inner radius (mm)  Mean radius (mm)  Wall-thickness (mm)
Zirlo 4.135 4.440 0.610
Cr-coated Zirlo (4.4 um) 4.135 4.442 0.614

Table 2. Burst temperature, pressure, and hoop stress for all tests conducted in this study.

Cladding Material Burst temperature (°C)  Burst hoop stress (MPa) Burst pressure (MPa)
Zirlo 747 57.4 7.88
766 49.1 6.74
835 25.4 3.49
977 6.76 0.929
Cr-coated Zirlo 808 48.3 6.69
(4.4 um) 867 28.0 3.87
941 7.54 1.04




FIGURES

Thickness: 4.40 £ 0.24 pym

Zirlo

Figure 1. SEM micrograph of a cross-section from the base of a Cr-coated Zirlo cladding prior to testing.
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Figure 2. Relationship between temperature and (a) hoop stress and (b) burst pressure for bare Zirlo (orange squares) and Cr-
coated Zirlo (purple diamonds). The trendline for C26M FeCrAl [16], green dashed line, and the Chapman et al. correlation line
for Zircaloys [49,50], grey line, are included as references. The Chapman correlation line for hoop stress in (a) was converted to
burst pressure in (b) using the bare Zirlo pre-transient geometry, Table 1.
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Figure 3. Optical macrographs of burst Zirlo and Cr-coated Zirlo at initial pressures of (a,b) 1 MPa, (c,d) 3.4 MPa, and (e,f) 5.9
MPa. The 1 MPa initial pressure bare Zirlo sample has significantly larger opening than the comparable Cr-coated sample. The
large opening in (a) formed during post-test handling due to severe embrittlement of the cladding.
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Figure 4. Post-burst diametrical strain measurements along cladding axial distance for Zirlo (orange squares) and Cr-coated Zirlo
(purple diamonds) at initial pressures of (a) ~1 MPa and (b) ~3.4 MPa. The black arrows indicate the axial location where

constriction from the Pt-Rh wire that secured the thermocouples occurred.
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Figure 5. Higher magnification optical images of the burst regions for claddings that had ~3.4 and ~5.9 MPa initial pressures.
The bare samples are shown in (a) and (b), the Cr-coated samples are shown in (c) and (d).
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Figure 7. Cross-sectional optical macrograph taken from the burst region of Zirlo (1 MPa initial pressure) and (b) higher

magnification micrograph of region opposite burst opening, indicated by dashed box. (c) Similar macrograph taken from burst
region of Cr-coated Zirlo (1 MPa initial pressure) and (d) higher magnification micrograph taken from region opposite burst, also

indicated by dashed box.
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Figure 8. Representative BSE micrograph of the Cr-Zirlo interface taken in a region opposite burst (1 MPa initial pressure). (b)
EDS line scan across the reaction layers.
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Figure 10. (a) Optical macrograph of the burst tip of a Cr-coated Zirlo sample (1 MPa initial pressure) showing the tapering of
zirconia formation away from the burst region. (b) OD oxide thickness and wall-strain versus fractional distance along the cross-
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strain values, blue triangles, were calculated using the residual metal thickness after oxidation/testing. Corrected wall-strain



values, purple diamonds, were calculated by adding the thickness of metal lost due to oxidation to the unconsumed metal
thickness. Metal consumption was determined using the Pilling-Bedworth ratio [51].

Figure 11. (a) BSE micrograph of the oxide scales that form in the burst tip vicinity. (b) Higher magnification BSE micrograph
representative of regions where the Cr-coating was partially consumed, and associated (C) Cr, (d) Zr, and (e) O elemental maps.
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Figure 12. Higher magnification micrograph of a region of intermediate wall-strain, illustrating the areas of localized corrosion.
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