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ABSTRACT

The development and verification of nuclear fuel-cladding performance codes require extensive testing
to establish empirical correlations, necessitating more accelerated testing methods that can replace large
validation studies. In the present work a technique was developed and implemented to experimentally
quantify the relationship between temperature, cladding internal pressure, and Zircaloy strain in-situ
during a burst test, with the specific aim of generating data for code validation and model refinement.
Digital image correlation was used to measure hoop, axial, and radial strain, and infrared thermography
to quantify axial temperature gradients. Several key experimental modifications to traditional LOCA burst
testing were necessary, but are shown to effectively have little impact on burst temperatures. The
time/temperature dependent pressure and time/spatially dependent thermal gradient data were used
with BISON to simulate cladding burst and strain rates. Although the measured DIC strains reach
appreciable amounts at slightly lower temperatures than BISON simulated strains, there is good
agreement between the measured and simulated strains in terms of magnitude and rates leading up to
burst. However, in the few seconds prior to and during burst, the BISON simulated strains are significantly
lower than the measured strains, indicating the potential for model improvement. The combined
experiment and simulation technique may be applied to any new cladding concept to accelerate fuel
qualification.

1. INTRODUCTION

Since the Fukushima Daiichi accident in 2011, there has been a renewed interest worldwide to increase
safety margins during off-normal operating incidents. For light water reactors, much of the work has
centered around developing accident tolerant fuel (ATF) cladding materials [1-4] that oxidize slower and
are stronger and may provide additional time to mitigate the incident than the incumbent Zr-based
nuclear grade alloys during loss-of-coolant accident (LOCA) conditions. However, qualifying ATF concepts
for LOCA performance, at a minimum, requires semi-integral data for code validation, and more likely,
expansive data to improve or develop new fundamental material models for fuel performance application.
Historical fuel qualification approaches relied on the generation of large data sets but such methods
proved time intensive and costly, effectively stagnating technological advancements in nuclear fuel
technologies. Therefore, it is exceedingly important to develop experimental techniques capable of
assessing phenomenological behaviors over a wide range of experimental conditions. Ideally such
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methods will yield similar amounts of data but in a reduced test size matrix, providing an avenue for
accelerated fuel qualification.

Zircaloy cladding materials are ideal candidates for developing and demonstrating new techniques to
accelerate fuel cladding qualification, as extensive empirical LOCA databases and material models already
exist. Simulated LOCA burst tests to date have been conducted on non-irradiated cladding systems due to
the sensitive, costly, and arduous nature of exposing irradiated cladding to LOCA conditions in a well-
controlled laboratory setting. These studies rely on pressure transducers, thermocouples, and before-
and-after comparisons to investigate the highly complex burst event. The historical data, generated by
multiple test programs [5], was used to develop a heating rate-dependent, stress-based burst criterion
for Zircaloy type claddings [6] shown in Eq. (1)

20.40 8,510,0000
1+ H 1001+ H) + 27900 (1)

Tr = 3960 —

where Tgis the rupture temperature in degrees Celsius, o is the engineering hoop stress in kpsi, and H is
a ratio of the heating rate defined as Eq. (2)
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where x is the heating rate during the simulated LOCA in °C/s. Although recent studies have found
excellent agreement with the burst criterion model at temperatures > 700°C [7-9], the criterion is
inherently a 1-dimension nodal model. At the burst temperatures and pressures associated with an actual
LOCA event, cladding deformation behavior during ballooning is biaxial with anisotropic behavior. Kim et
al. [10] have recently found simulation methods utilizing isotropic material assumptions cannot accurately
predict cladding deformation, stressing the importance of developing in-situ methods that will intrinsically
capture the effects of anisotropy on deformation.

To broaden the 1-D burst criteria, licensed fuel performance codes can simulate the behavior of the fuel-
cladding system during operational and off-normal conditions like a LOCA. These codes use spatial
simplifications to assess fuel conditions across a single axial plane or a series of axial planes [11-13].
Provided deformation is uniform or can be distilled into 1-D components, and cladding temperature is
well understood, validating the performance codes is straightforward. However, Erbacher et al. [6,14—16]
have found that azimuthal temperature gradients can impact cladding burst temperatures and stresses,
and recent evaluations have confirmed that severe axial temperature gradients can also be present during
burst [17-19]. Recent experimental data observe a ~50°C gradient over only a ~5 cm span [8], with the
exact nature of the gradient unknown. Thus, a more informed and accurate temperature profile must be
available for a code to perform burst analysis with adequate fidelity.

Fuel performance codes like BISON [20—22] can model cladding deformation in the hoop, axial, and radial
directions during a LOCA event. BISON burst and balloon strain predictions have been validated to
experimental data[23], and while the burst behavior compares favorably, the strain predictions are much
lower than experimental observations. The discrepancy could be attributed to unknown experimental
conditions like axial temperature gradients and/or un-axial high temperature creep models. Therefore,
improving predictions may be contingent upon better understanding the experimental conditions (i.e.,
boundary conditions) through utilization of in-situ methods. Recently, researchers at the Korean Atomic
Energy Research Institute (KAERI) have assiduously began developing validation studies on fuel
performance codes [24] and multi-physics nuclear fuel analysis platforms [10] by utilizing digital image



correlation (DIC) techniques to quantify strain during burst experiments [25,26]. DIC provides more spatial
information compared to other approaches to measure strains, like mechanical extensometers [27]. In a
similar vein, the present work seeks to quantify strain and axial thermal gradients during an
experimentally simulated (albeit heavily modified) LOCA burst test. DIC was used to calculate hoop, axial,
and radial cladding strains, and, additionally, infrared (IR) thermography to quantify axial thermal
gradients down the cladding length where deformation occurs. Then, by applying the time/temperature
dependent pressure and spatially dependent temperature profile, comparisons between BISON simulated
strains and experimentally measured strains are made.

2. EXPERIMENTAL METHOD
2.1 Tube burst experimental setup

A photograph of a Zry-4 cladding train assembly situated inside the 8-kW IR furnace is shown in Figure
1(a). The nominal pre-transient geometry of the Zry-4 segment was 9.5 mm outer diameter, 0.575 mm
wall thickness, and 76 mm length (the shortened length will be discussed below).

2.2. Advanced instrumentation

Images recorded during the test allow to evaluate the change in geometry of the object of interest, and
thus, quantity strains [28]. To simultaneously collect light optical and IR thermography images during
testing, several key modifications to traditional LOCA burst testing [8,9,29—32] were necessary.

First, to observe cladding deformation a ~38 mm ID through-hole was bored through the side of the
furnace body. A direct line-of-sight photograph of the cladding through the viewing chamber is shown in
Figure 1(b). Second, in order to ensure cladding deformation was visible, a shortened ~ 76 mm length of
cladding had to be used, with thick-walled 316SS extension tubing to center the cladding directly in front
of the viewing chamber. Third, the test had to be conducted in air rather than steam due to the quartz
reaction tube itself beginning to emit IR radiation upon reaching higher temperatures, rendering the
cladding no longer visible in the IR.

Fourth, the most important change was adding a shell, machined from Hexoloy SA SiC to prevent direct
reflection of the IR lamps off the cladding surface. This is schematically illustrated in Figure 1(c). Due to
Zry-4 being a “graybody” rather than a perfect “blackbody”, a certain fraction of incident IR is reflected
off the surface. When observing the Zry-4 cladding during burst test without the SiC “C” shell, the Zry-4
surface temperature cannot be accurately calculated due to the direct IR reflection from the IR lamps. The
SiC shell, being much closer to a blackbody, absorbs most incident IR and in turn acted as a heating
element in proximity with the cladding. There will be heat transferred from the upper and lower portions
of the cladding train assembly that were still directly irradiated by the furnace. To control and monitor
temperature during testing, two thermocouples were placed on the cladding train assembly, shown in
Figure 1(a): a control thermocouple (Teontro)) @and a sample thermocouple (Tgmpe). The heating profile
(which will be shown in the results section) was controlled via Teoniro. When Teonirol Was placed inside the
shell, the indirect heating was insufficient to maintain a controlled heating profile. Thus, Teonwo Was
situated immediately outside the SiC shell, visible to direct IR heating. Tsampe Was situated immediately
below the top compression fitting and bent in a manner to maintain surface contact during burst. The
entire cladding train assembly is fixed at both ends of the furnace.

2.3. Specialized DIC pattern




Ideally, the DIC pattern should survive the experimental conditions without losing its contrast, visibility,
and mechanical integrity (e.g., adherence to the surface in the case of a paint layer). For the present work
conditions, the DIC pattern should survive transient temperatures, up to and above 1000°C, high level of
strains at elevated temperatures, and — in the future — should not prevent from using a LOCA-relevant
environment (i.e., high temperature steam). Therefore, the fifth and final modification was the application
method of the DIC pattern. After several trials, high-temperature paints were excluded, as well as
specialized coatings. Laser engraving was selected as a pattern application approach. The pattern
consisted of squares drawn with a commercial, industrial-level BOQX laser-engraver; the same tool and
pattern has been used previously for both in-situ [33] and before/after [31] burst strains measurements.
An image taken at a time t; during heating but prior the burst, where deformation begins to be visible is
shown in Figure 2(a), and another later at t, immediately prior to burst is shown in Figure 2(b). A higher
magnification image at t, showing the DIC pattern is reported in Figure 2(c). Structured light scans with a
Keyence 3100 determined these squares to be ~ 14 um in depth, and approximately 400 x 400 um. The
individual DIC objects collectively served as the back drop for node identification and tracking during DIC
calculation.

DIC calculations were performed using in-house developed 2D DIC algorithms. Fields with nodes of 105
pixel x 105 pixel point objects (spanning a 3 x 3 square pattern) with a grid step size of 10 pixels were
selected for analysis. To account for pattern changes as the temperature ramped, a “steadfast” tracking
method was used, which increased the number of iterations and allowed the system to update the subset.
Eventually, the software would lose tracking of the object, and a new analysis was started using the latest
image before the pattern was lost as a new reference image. Since updating the reference image manually
assumes zero strain in the new reference image, Hencky, or logarithmic, strains were output because they
can be added to the strain data from the analysis prior to updating the reference image. No modification
to images or strain data was performed to account for specimen temperature variation, specimen
curvature, or curvature change due to non-uniform ballooning. As the DIC technique was a one-sided
perspective analysis, radial strain (g,) was calculated assuming conservation of volume based off hoop (&)
and axial (g,) strains as
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This equation assumes that shear strains are negligible. Calculated shear strains were under 1% for the
duration of testing, increasing up to ~4% in the few seconds prior to burst. This translated to the sheer
strain remaining under 6% of the magnitude of hoop strain for the large majority of the test, increasing to
8.5% of hoop strain in the seconds prior to burst.

An Allied Vision GT6600 optic camera was used to collect DIC images and a FLIR E95 camera was used to
collect IR images during burst test. To mitigate parallax error, by analogy with Pan et al. [34], a TC16M120
telecentric lens was attached to the digital camera with a resolution of 25 pum/pixel. Note this is imposes
some limitations regarding DIC-assisted strain measurements: since only one projection is being tracked
and recorded, and the specimen has a cylindrical shape, the valid strains may be measured only along the
specimen center line. This is sufficient for the present work purposes, and more advanced, stereo- or
multi-camera imaging [35] may be employed in the future.

2.4. Infra-red (IR) camera setup and calibration




Infra-red camera may provide information on the temperature distribution and profiles [36]. IR imaging
is more convenient, compared to employing numerous thermocouples. In an earlier report [30] a series
of IR/visible mirrors and lens were used to split the visible and IR light coming from the viewing chamber,
but due to significant IR resolution loss, this experimental set up was discarded. Instead, a visible light
mirror was placed at a 45°C angle in front of the viewing chamber, with an additional IR mirror (Edmund
Optics, Part # 64470) placed in front of the telecentric lens to reduce light intensity (visible transmission
coefficient ~ 85%). A photograph of the experimental set up is shown in Figure 1(d).

The IR camera was placed at ~ 1 m from the cladding specimen at a slight angle, allowing a direct line-of-
sight view past the visible light mirror. With the elimination of IR reflection off the cladding surface, it was
possible to experimentally determine the emissivity of Zry-4 as a function of temperature. The IR camera
was set up directly in front of the viewing chamber and a fresh unpressurized Zry-4 cladding was heated
from 300° to ~725°C in air at 1°C/s. The T.ample temperature during the ramp is reported (black line) in
Figure 3(a). The IR signal in the vicinity of the thermocouple was analyzed utilizing varied emissivity, and
the resultant IR temperature readings are reported as a series of gradated colored lines in Figure 3(a). The
IR temperature reading was greatly dependent on emissivity, and furthermore, no single emissivity value
reproduces the thermocouple temperature during the temperature ramp. Another fresh unpressurized
Zry-4 cladding was then taken through a series of isothermal holds in air from 100° up to 850°C. At each
temperature, 10 min passed to allow thermal equilibrium prior to IR measurement. Then, emissivity on
the IR camera was adjusted so that the IR reading in the vicinity of T,,mpe Was in relatively good agreement
(within 3°C) with the thermocouple measurement. The difference between the thermocouple and IR
camera temperature is shown on the left axis of Figure 3(b), and required emissivity is plotted on the
right axis. At 100°C, an emissivity of ~0.94 was necessary to match the temperature readings, decreasing
to 0.88 at 850°C. These emissivity values agree with Nagy et al. [37] but are not in agreement with
generally accepted emissivity values of metals prior to oxidation. According to literature reports,
emissivity of smooth, unoxidized Zr4 cladding should be closer to ~0.2-0.3 at 100°C [38,39]. However,
oxides as thin as 2 um can significantly change emissivity [40], and it’s generally accepted that as zirconium
based alloys oxidize, emissivity rises to ~0.9 [41]. It may be that the cladding is either sufficiently oxidized
in the as-received condition, or that at 100°C a macroscopically invisible oxide of sufficient thickness forms
and raises cladding emissivity from the ~0.2- 0.3 range to ~0.9.

2.5. BISON calculations

Lastly, the data generated during the test was used as an initial validation study of BISON, a high-fidelity
multidimensional fuel performance code. A 2-D R-Z tube model geometry based on the burst DIC test
design was developed in BISON. The measured rod internal pressure was uniformly applied to the tube
inner surface, while the measured time and spatially depend axial temperature profiles were applied to
the tube outer surface.

RESULTS
3.1. Tube burst test results

The temperature and internal cladding pressure during a DIC burst test is reported in Figure 4(a). Initial
internal cladding pressure was set at room temperature and then the cladding train assembly was rapidly
heated to 100°C, followed by a 1°C/s ramp to 300°C and then a 600 s hold. Pressure was closely monitored
during this time to ensure proper pressurization, and accordingly internal pressure increased with



temperature. A 30-60°C difference in temperature from Teoniror and Teampre (Which sit outside and inside,
the SiC shell, respectively) developed during the 600 s hold and persisted for the remainder of the test.
After 600 s, the assembly was then heated at 1°C/s until burst, during which the cladding internal pressure
increases. After burst, the IR furnace was immediately turned off, and the entire assembly air cooled. The
temperature and pressure profile in the burst vicinity is shown in Figure 4(b). In the 20 s leading up to
burst, the internal pressure noticeably decreased as the cladding ballooning increased and the tube finally
ruptured. The pressure immediately prior to the rapid depressurization, 10.07 MPa, is the burst pressure,
corresponding to a burst hoop stress of approximately 78 MPa utilizing a thin-walled approximation for
stress. Tsample, Which reads the cladding surface temperature inside the SiC shell, is the burst temperature
at this same point in time, 702°C.

3.2. Optic observation results

A light optical image of the cladding at 1196s is shown in Figure 5(a), followed by a series of images spaced
2s apart beginning at 1220s leading up to burst at 1244s, Figure 5(b). The visible extents of deformation
in Figure 5 align well with the measured decreases in internal pressures leading up to burst. Although
already deformed to a minor extent at 1220s, beginning at 1230s the increase in cladding deformation is
visibly apparent. Accordingly, the internal pressure decreases, and then rapidly decreases in the final 4 s.

To investigate (1) reproducibility and (2) the potential impact experimental modifications had on burst
temperatures, four additional tests at similar internal pressures as the test in Figure 4 were conducted, as
well as three traditional LOCA burst test experiments (~305 mm length cladding, steam, 5°C/s, no SiC
shell). The burst temperatures and pressures of these tests are shown as blue and red data markers,
respectively, in Figure 6. The Chapman correlations [5] developed by Powers and Meyer [6] at 1°C/s (blue
line) and 5°C/s (red line) are also included. Regarding reproducibility, there was a low spread in the burst
temperatures of the replicate tests. It is important to underline the following. Analyzing Figure 6, one
may see that implementation of the DIC approach did not influence the measured burst temperatures, as
the DIC and traditional LOCA burst temperatures were nearly indistinguishable from each other and the
respective Chapman correlations. However, opening formation sometimes occurred on the backside of
the cladding, not in the view of the optical and IR cameras.

Contrary to burst temperatures, cladding deformation was distinct between the modified DIC and the
traditional LOCA burst tests. Diametrical strain profiles down the axial length of the 76 mm length Zry-4
after DIC burst and a 305 mm length Zry-4 after traditional LOCA burst test are shown in Figure 7(a)
alongside macrographs of both claddings in Figure 7(b) and Figure 7(c), respectively. The 305 mm length
cladding (red squares) burst at a slightly higher temperature because the internal cladding pressure was
marginally lower; burst temperature and burst pressure are inversely related. The shortened cladding
(blue squares) exhibited a significantly higher maximum in diametrical strain. This is attributed to the
reduced heating rate (1°C/s for modified DIC burst test compared to 5°C/s for traditional LOCA test) and
agrees with previous burst studies[42]. The failure mechanism of nuclear grade Zr-based alloys during a
simulated LOCA burst test is creep dominated; a decreased heating rate increases the time for the
cladding to creep prior to burst.

3.3. IR observation results

An IR map of the cladding segment immediately prior to burst is shown in Figure 8(a). Due to changes in
emissivity at the edges of cylindrical objects [37,39] and the IR reflection from the SiC shell, temperature



could only be determined through IR thermography down the cladding axis. Tsampie, Which is physically
visible in the IR map, provided an anchoring point for determining the required emissivity to match the
temperature via IR thermography to the cladding surface temperature. As detailed in the experimental
methods section, the required emissivity generally changed from 0.94 to 0.87 during the temperature
ramp. The thermal gradient down the axial length throughout the burst test is shown in Figure 8(b) and
the gradient at burst is reported in Figure 8(c).

3.3. Local strain analysis

The DIC calculated Hencky hoop and axial strains in the vicinity of Ts,mpe as a function of temperature and
internal cladding pressure during the DIC burst test of Figure 4, Figure 5, and Figure 8 are shown in Figure
9. Strain was only calculated from 450°C up to burst because inconsistent surface cladding illumination
resulted in large amounts of DIC node loss at the lower temperatures, presumably due to the thermal
convection of air and changing indices of refraction [43]. As radial strain cannot be directly measured with
one-side perspective DIC, radial strain was calculated from the hoop and axial strains assuming
conservation of volume. Similar to the visual increases in deformation aligning with measured decreases
in internal cladding pressure (Figure 5), the calculated strains were in excellent agreement with measured
changes in internal cladding pressure. From ~450° to ~600°C, internal pressure steadily increased with
temperature with low to negligible amounts of measured strain arising from thermal expansion and elastic
deformation. Then, appreciable hoop strain began in the absence of axial strain, indicating a threshold for
plastic deformation (cladding wall thinning). After, the rate of internal pressure increase (due to increasing
temperature) decreased as ballooning increased volume, signaled by the increased rates of hoop strain.
The measured axial strain remained negligible until ~650°C. At approximately 675°C, internal pressure
began to decline as hoop, axial, and radial strain began increasing exponentially due to outward expansion
and wall-thinning dramatically increasing stress. The evolution of these strain rates agrees well with Kim
et al. [25] and Choi et al. [26], who also utilized DIC to evaluate Zircaloy strain during burst testing.

DIC calculated hoop, axial, and radial strains are compared to BISON simulated strains in Figure 10(a)-
Figure 10(c), respectively. There was good agreement between the general behavior of measured and
simulated strain although the measured strains reached appreciable rates at lower temperatures than the
simulated strains. For instance, measured hoop strain and simulated hoop strain, Figure 10(a), are
identical up to ~610°C, but then the measured strain increased dramatically over the next 10 s, and
afterwards the BISON strain diverged from the measured strain at a seemingly constant rate. By the
conclusion of burst, both measured and simulated axial strain, Figure 10(b), are an order of magnitude
lower than hoop strain, with BISON also indicating a small, negative axial strain. The BISON predicted hoop
and radial strains are nearly identical in terms of rate and magnitude, a by-product of the uniaxial creep
model being implemented. The BISON simulated radial strain behavior (in terms of rate and magnitude
prior to burst) was similar to the measured behavior, Figure 10(c), indicating the assumption of
conservation of volume for radial strain calculation may be adequate in the absence of a more quantitative
method. For all three strains, there was a pronounced departure of measured and simulated rates in the
last moments prior to burst, presumably due to Zry-4 entering into a superplasticity regime of
deformation. These departures indicate BISON may not be able to reliably predict total cladding
deformation, as the measured DIC strains indicate the majority of deformation to occur within this regime.



A Savitzky-Golay filter was used to smooth the DIC strain data to eliminate point-to-point noise and then
strain rates (s!) were calculated. DIC and BISON simulated hoop, axial, and radial strain rates are
compared in Figure 10(e)- Figure 10(f), respectively, where the DIC axial and radial rates were truncated
up to 630° and 576°C, also respectively, due to low signal-to-noise ratio of the DIC data. The sudden
increase in measured hoop strain at *610°C is immediately apparent in the plotted hoop strain rate, Figure
10(e), and aside from the localized perturbation at ~680°C, the remainder of the hoop strain rate evolves
smoothly, indicating the jump in measured hoop strain at ~610°C may be associated with the DIC
calculation method. Regardless, the measured hoop and axial strain rates are consistently higher than the
simulated rates.

DISCUSSION
Traditional LOCA burst test heating profile

Although exhibiting similar burst temperatures (Figure 6) the DIC burst test is a different test than the
traditional LOCA burst test. The most consequential difference is the heating profile. For a traditional burst
test that utilizes direct IR irradiation for cladding heating, the thermal profile is complex and presents
intrinsic difficulties for simulation. The physical construction of IR furnaces result in uneven IR irradiation
of the cladding because the four IR lamps are focused down to incident beams. The heating profile will
not be uniform in the azimuthal direction (nor in the axial direction as the lamps are not vertically infinite).
Adding to this, material emissivity (which dictates the amount of absorbed radiation and the amount of
reflected radiation) is dependent on incident angle for a cylindrical surface [39]. Thus, the amount of IR
irradiation absorbed will not be uniform across each beam front. In an earlier study on simulated cyclic
dryout, it was found that maximum heating rates during thermal cycling of claddings was material specific
[44]. This is presumed to be due to differences in material emissivity, a potential demonstration of the
impact small emissivity differences can have.

DIC burst test heating profile

Compared to the above discussed traditional LOCA heating profile, the SiC “C” shell (Figure 1)
fundamentally changes the profile. The shell prevents direct irradiation of the cladding while
simultaneously acting as a close-proximity heating element. The temperature of the SiC shell was not
monitored during testing and any IR emitted by the shell will, in principle, also be reflected off the cladding
surface. However, it’s assumed that the shell IR emittance is not being reflected off the center line of the
axial segment due to the shell geometry, and the only reflected contribution down the axial center is the
background radiation at room temperature. Due to the viewing chamber, the front side of the cladding is
potentially at a lower temperature than the other axial surface planes, but the IR thermography (Figure
8) does provide an approximation of the gradient for BISON. As such, the DIC calculations were limited to
the front axial plane of the cladding.

Mechanical implications of modified test

Due to the burst occurring in the vicinity of the compression fitting, seen in Figure 5(b) and Figure 7(b),
the compression fitting may have some impact on deformation. Slight alterations of SiC shell positioning
and compression fitting orientations were performed to instigate burst further down the axial length.
However, due to the combination of the SiC shell and the viewing chamber, the compression fitting vicinity
was always hottest, meaning these regions of the cladding begin to plastically deform first. Thus, the



compression fittings do impact the location of deformation and rupture, but it’s presently unclear if the
fittings have a pronounced influence on deformation rates.

While the DIC pattern doesn’t noticeably influence burst temperatures, the laser-engraved DIC pattern
clearly has a role in opening formation and propagation. Openings were always observed to propagate
down the axial length along the laser-engraved squares. As the engraved pattern was uniform across the
cladding surface, any material weakening may be uniform rather than localized. During the replicate
testing, sometimes the burst opening would form on the back-side of the cladding rather than the front
side. This would indicate a more localized than uniform weakening, however, variability in the heating
profile due to shell proximity may also be the cause. Regardless of burst location, ballooning is still visible
and quantified from the front-side of the cladding where the temperature gradient is measured and where
Tsample Measures temperature directly.

Illumination

As cladding temperature increased, image illumination also increased, meaning at lower temperatures
there may be an error with the DIC calculated strains due to improper illumination. Based on the simulated
strain rates effectively being negligible below 550°C, this error is deemed inconsequential. At
approximately 525°C, the cladding will begin to emit visible radiation, which may register as small amounts
of positive hoop and axial strain at higher temperatures. However, such contribution is likely also
negligible, as negative axial strains and large hoop strains were measured. Future experimentation will
identify the contribution of cladding illumination on the DIC calculated strains.

Experiment and initial BISON validation

Neither the DIC burst test technique or the BISON fuel-code can be singularly validated for accuracy from
a single test. Kim et al. [25] report similar evolutions in DIC hoop strain rates during 6 MPa constant
pressure burst testing, indicating the present DIC and BISON simulation (in the context of the heavily
modified DIC burst test) are, at the very least, precise. Regarding axial strain, there are some key
differences from Kim et al.’s observations, who reported positive and lower magnitude axial strains in the
burst vicinity through experiment [25] and modeling [10]. As both the present study and Kim et al.’s study
fixed both ends of the cladding train assembly, the difference in axial strain behavior remains to be
investigated. Interestingly, both simulations predict appreciable plastic deformation to begin prior to
experimentally observed initiation.

Although there was generally good agreement between measured and simulated strains (Figure 10), the
difference in temperatures at which appreciable strain begins cannot be explained in the absence of more
experimental/modeling comparisons. The comparison does suggest that the high temperature creep
model requires further development to accurately reproduce the experimentally observed strains. In
particular, the large discrepancy in measured and simulated strain magnitudes arising from the vastly
accelerated strain rates in the few seconds prior to burst and the overall slightly accelerated measured
strain rates. From the BISON perspective, these discrepancies may be due to the uniaxial tension data
used to develop the model; ballooning during LOCA burst testing is more similar to a bi-axial tension test
with transient temperatures and pressures. Testing at lower and higher internal pressures alongside
constant pressures (performing the test without the cladding isolated from the pressurizing gas-cylinder)
are necessary, and the subsequent comparisons of measured and simulated creep rates are critical for a
more thorough validation and potential model improvement.



Conclusions

Digital image correlation was utilized to quantify Zry-4 hoop, axial, and radial strain rates during burst.
Several key modifications to traditional LOCA testing were necessary but were not found to impact burst
temperatures. Infrared thermography was used to approximate the axial thermal gradient down the
cladding length, which was then used for a BISON simulated burst test. Although there was a general trend
for measured strains to reach appreciable rates at slightly lower temperatures than BISON simulated
rates, there was generally good agreement between the DIC determined and BISON modeled strain rates
leading up to burst. There was a large discrepancy between strain rates and magnitudes during the few
seconds leading up to and during burst. The presented methodology demonstrates how experiments and
modeling can be used in tandem to identify knowledge gaps while simultaneously generating the absent
information. The discussed technique will be used to fully validate BISON simulated strain during LOCA in
future studies, and may be further used to develop deformation models of ATF cladding concepts.
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Figure 1 (a) Photograph of the shortened cladding train assembly inside the IR furnace with locations of control and sample
thermocouples. (b) Line-of-sight photograph through the viewing chamber bored through the side of the IR furnace. (c)
Graphical illustration of the SiC “C” shell blocking direct IR irradiation of the cladding. (d) Photograph of the experimental set up.
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Figure 2 Images from the DIC camera taken at (a) a time t; when visible deformation begins and (b) later at time t, immediately
prior to burst. (c) Higher magnification image at t, s showing the laser-engraved box pattern utilized for calculating strain rates
as a function of time
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Figure 3 (a) Relationship between emissivity and IR camera temperature during a 1°C/s ramp of unpressurized Zry-4 cladding in
air. Emissivity values adjusted post-ramp. (b) Relationship between required emissivity to match thermocouple temperature
within ~3°C during a series of isothermal holds of fresh Zry-4 cladding in air, where emissivity was adjusted during each
isothermal hold.
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Figure 4 (a) Temperature and cladding internal pressure profile during the DIC burst test. (b) Temperature and pressure profile in
the vicinity of the burst event
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Figure 5 Optical image of cladding during DIC burst test (a) 1196 s when internal cladding pressure ceases to increase
appreciably, followed by a series of optical images starting at ~1220 s spaced 2 s apart showing the relationship between

ballooning and internal pressure decrease leading up to (b) burst at ~1244 s. Axial, hoop, and radial strain directions are
indicated in (b).
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Figure 6 Comparison of burst temperatures and burst pressures for the DIC burst test (blue squares) and traditional LOCA burst

testing (red squares) with the Chapman correlations [5] developed by Powers and Meyer [6] for 1°C/s (blue line) and 5°C/s
heating rates (red line).
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mm length cladding after DIC burst test and (c) 305 mm length cladding after traditional LOCA burst test.
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Figure 8 (a) IR image of the cladding segment during DIC burst test immediately prior to burst. (b) Temperature down the axial
length as a function of time during DIC burst test. (c) Axial thermal gradient immediately prior to burst.
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the immediate vicinity of the sample thermocouple.
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