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Abstract

Coated nuclear fuel claddings offer a promising, near-term solution to address the demand for
next-generation, accident-tolerant fuel systems and possess superior mechanical properties and
greater oxidation resistance compared to current cladding technology, allowing for improved
performance during beyond design-basis accident conditions. Here, we unveil the room
temperature (23 °C) and high temperature (315 °C) failure mechanisms of chromium-coated
zirconium alloys using a novel mechanical test rig coupled with in-situ three-dimensional digital
image correlation and acoustic emissions sensing to monitor spatial strain and crack initiation /
propagation during cladding expansion. EX-situ scanning electron microscopy was used to
characterize crack propagation at various levels of strain and temperature. Axial cracking along
the full circumference of the room temperature samples was observed, while angled cracks along
the surface were observed in the high temperature samples. Through-thickness cracking was
observed in both room temperature and high temperature samples. The differing fracture
mechanisms observed between room temperature and high temperature samples will carry

significant implications for their use in reactor environments.
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Chapter 1: Introduction

The Fukushima Daiichi nuclear disaster in Japan on March 11, 2011 was the most severe
nuclear accident since the 1986 Chernobyl disaster in Ukraine. The 9.0 magnitude earthquake off
the eastern coast of Japan triggered powerful tsunamis throughout the region, and all four nuclear
power plants in Japan were shut down, as a result [1]. Although it is standard procedure to shut
down a nuclear plant following any signs of seismic activity, heat is still generated by the
radioactive decay of fission products [2,3]. In order to prevent a nuclear meltdown and the release
of radiation into the immediate environment, the nuclear reactor needs to be continuously cooled
for at least a day [1,4]. Backup diesel generators located underground powered the cooling of the
nuclear reactor immediately after the earthquake hit, but the high waves from the tsunami soon
flooded the plant and rendered the generators inoperable [1,4]. With no electricity to transmit
coolant to the reactors, the elevated temperatures not only caused nuclear fuel to melt and escape
into the surrounding environment, but also caused oxidation of the zirconium fuel cladding [1,5,6].
This oxidation led to the production of hydrogen, which soon leaked into adjacent buildings and
caused explosions, severely damaging major equipment and the piping systems of the nuclear plant
and releasing further radiation to the immediate area [5,6].

The devastating impacts of the earthquake and tsunami are still felt today. Almost 20,000
people lost their lives, while more than 400,000 people were forced to evacuate at the time [1,7].
More than 130,000 buildings were destroyed, and over $360 billion in economic losses were
incurred, making the earthquake one of the most expensive disasters in history [1,7]. Although no
deaths were directly attributed to the nuclear disaster, the Japanese government drew sharp
criticism for its handling of and response to the nuclear meltdown [7]. Prior to this disaster, a

number of countries, such as Germany and Italy, planned on scaling up their nuclear energy



operations, in order to offset their dependence on fossil fuels and reduce carbon dioxide emissions
[8,9]. The Fukushima nuclear disaster quickly altered public opinion on nuclear energy, and some
countries, including Germany and Italy, subsequently announced plans to stop all nuclear
operations [8,9].

Nine years after the disaster, nuclear energy has started to make a resurgence in a number
of countries, despite lingering negative public opinion. In the years immediately following
Fukushima, many of Japan’s nuclear plants were shut down, and Japan’s reliance on nuclear
energy plummeted from 30% to 5% [10]. In order to comply with its energy demands, Japan
expanded its use of fossil fuels, and in 2018 fossil fuels comprised 85% of Japan’s entire energy
production [11]. Due to the global need of curbing carbon emissions, the Japanese government
decided to restart its nuclear energy program in 2015, seeking to have nuclear energy make up
20% of its energy supply by 2030 [12]. Despite taking a major hit in production after Fukushima,
the global nuclear energy industry recovered and reached pre-Fukushima levels in 2018, with
nuclear energy supplying almost 10% of the energy demand worldwide [13,14]. In 2018 the United
States had 96 operating nuclear reactors, and more than 50 nuclear reactors were under
construction worldwide [15].

In 2017, fossil fuels generated 64.5% of all electricity worldwide, while nuclear energy
met only 10% of the global energy demand [16,17]. The United States Energy Information
Administration projects global energy consumption to grow by nearly 50% between 2018 and
2050 [18]. In order to address the growing global energy demand and the immediate issue of
climate change today, carbon neutral energy sources, including nuclear energy, need to comprise
a larger share of the electric grid worldwide. Although nuclear disasters, such as Fukushima, have

increased negative public opinion surrounding nuclear reactors, nuclear energy is a proven
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technology, that must be a component of the comprehensive global response to climate change
alongside renewable energy technology.

Unlike fossil fuels, nuclear reactors do not directly produce carbon dioxide and have a
much higher fuel to power output ratio than other energy sources, including fossil fuels [14,15].
Although upfront costs to build a nuclear plant can range between $5 and $10 billion, the electricity
generated from nuclear reactors is cheaper than fossil fuel plants [15,19]. Despite common public
opinion, nuclear energy is considered a safer energy source than fossil fuels [20]. According to a
2016 study, both nuclear and renewable energy sources have death rates hundreds of times lower
than fossil fuel sources per terawatt-hour of energy production [20]. Part of the work that needs to
be done in the immediate future is reducing the stigma surrounding nuclear energy. One way to do
that is improving the reliability and durability of different components in a nuclear reactor,
especially during loss-of-coolant accident conditions, such as Fukushima. This thesis specifically
presents a testing methodology to characterize and understand the key damage mechanisms of
coated nuclear fuel claddings at room temperature and operating temperature for a light water
nuclear reactor.
1.1 Background on Nuclear Reactors

Nuclear reactors are the site of nuclear fission, a process that releases a tremendous amount
of energy (heat) when the nucleus of an atom splits into two or more smaller nuclei, known as
fission products [21,22]. Uranium is used to power the fission process, and it is processed down to
manufacture ceramic nuclear fuel pellets [21,23]. As Figure 1.1 illustrates, these pellets are
typically only 1 cm in diameter, and they are stacked inside 4 m metal tubes called fuel cladding
[21,24,25]. These tubes are sealed on both ends to form a fuel rod [24]. In a typical fuel assembly

between 100 and 300 fuel rods are bundled together in a square pattern before being installed in

11



the reactor core [24,25]. Most nuclear reactors today have several hundred fuel assemblies

immersed in water, each containing thousands of nuclear fuel pellets to power nuclear fission [26].

Manufacture of a fuel assembly
] =] 3] a

A group of structurally independent rods in

Uranium pellet Cladding Rod Fuel assembly rigid units. The reactor core in a 1,000
MWe plant is composed of approximately
A~ 150 fuel assemblies.
— .
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ceramic UO2, where the chain re- Built with zircaloy (Zr alloy). It encapsulates
action fission is produced. the pellets and ensures their hermeticism.
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j =

Figure 1.1: Overview of a Nuclear Fuel Assembly. [25]

In the United States all commercial nuclear reactors are light-water reactors (LWRs) [21].
The two types of LWRs include boiling water reactors and pressurized water reactors (PWRS),
both of which use water as a coolant and neutron moderator to control nuclear fission [21]. PWRS
are the main type of LWR used, and these reactors pump water into the reactor core, which operates
at temperatures above 300°C [21,27,28]. The intense pressure in a PWR prevents the water from
boiling at 100°C when running through the reactor core [21]. The heated water then is run through
tubes inside a heat exchanger, where an external water source is then heated to create steam [21].

Similar to coal powered plants, the steam is used to drive turbines to produce electricity [21,26].
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Generally, nuclear plants are capable of running for several months and even years without
interruption, thus supplying constant power when in use [26].
1.2 Background on Zirconium Alloys

The recent emphasis on accident tolerant fuel (ATF) in the nuclear energy industry has
manifested itself into the development of improved reactor components with a major focus on fuel
claddings [29,30]. Fuel claddings for light water reactors (LWRs) have traditionally been
comprised of zirconium alloys (Zr-alloys), which perform excellently under nominal operating
conditions due to their low neutron absorption, corrosion resistance, and ability to operate at high
temperatures [31]. However, a desire to improve the fuel cladding oxidation resistance in high
temperature water and steam during accident conditions has directed research towards beyond
design-basis accident (BDBA) solutions [32-34]. Particularly, sustained operation at elevated
temperatures, especially above 1200 °C, has come under focus, since such an extreme environment
can lead to rapid oxidation of the zirconium cladding, mechanical degradation, and catastrophic
failure [35,36].

Several types of coatings, ranging from iron chromium aluminum alloy [37-40] to titanium
nitride [41-43] to chromium coatings [39,40,44-28], are being investigated to enhance the
mechanical performance of existing Zr-alloy fuel claddings. Since the application of a thin coating
has relatively minor implications on the current manufacturing process, this particular solution has
emerged as one of leading alternatives for next-generation claddings. In this study, chromium-
coated claddings are considered due to their superlative high temperature mechanical properties
[44,49,50] and corrosion resistance [51-53]. Before coated Zr-alloy claddings are reliability
integrated into nuclear reactors, it is first necessary to investigate the underlying mechanisms that

lead to coating failure, such as cracking, in order to improve the performance of the claddings.
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The author notes that the majority of Section 1.2 is adapted from the author’s peer reviewed
journal article titled “Unveiling Damage Mechanisms of Chromium-Coated Zirconium-Based
Fuel Claddings by Coupling Digital Image Correlation and Acoustic Emission” published in
Materials Science and Engineering: A [54].

1.3 Prior Work on Chromium-coated Zirconium-based Fuel Claddings

The fuel cladding is the separator between nuclear fuel and coolant in nuclear reactors [55].
The fuel cladding is the first part to break during loss-of-coolant accident conditions, and therefore,
it is fundamentally important to fully understand the fracture mechanisms of coated claddings [55].
This thesis specifically addresses the fracture mechanisms of chromium-coated zirconium-based
fuel claddings.

In 2015 a research group in the Republic of Korea published a study on the adhesion and
high temperature oxidation behavior of chromium-coated Zircaloy-4 cladding tubes [56]. Ring
tensile tests up to 2, 4, and 6 % strain were conducted, and cross-sectional images of representative
samples from each test are illustrated in Figure 1.2 [56]. No through-thickness cracking was
observed in samples loaded to 2 and 4 % strain, thus indicating that the onset of cracking can be
correlated to strains between 4 and 6 % [56]. It should be noted that the chromium coating in these
samples was applied using a 3D laser coating process [56], which differs from the cold-spray
process used to apply the coating in the samples examined in this thesis. This work thus offers a
point of comparison to determine if the cracking behavior of coated fuel claddings differs due to
loading mode and the coating application process used at room temperature. The steam oxidation
studies conducted by this group at 1200 °C showed that the chromium coating helped to greatly
slow down the formation of an oxide layer, showcasing the effectiveness of chromium coatings to

prevent oxidation of the zirconium-based fuel cladding [56]. Although high temperature oxidation
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of fuel claddings is not considered in this thesis specifically, oxidation of the underlying
zirconium-based fuel cladding is of upmost concern to the nuclear energy community, because
oxidation of the cladding in a loss-of-coolant accident can lead to a hydrogen explosion [56]. In
the pursuit to assess the effectiveness of coated claddings against oxidation, the failure
mechanisms below 1200 C (beyond design-basis accident conditions) need to be also considered,
in order to determine when oxidation of the fuel cladding compromises the integrity of the entire

system.

Figure 1.2: Cross-sectional SEM Observation of Cr-coated Zircaloy-4 Cladding Tubes After
Ring Tensile Tests at 2, 4, and 6 % Strain. [56]

Although, it is evident from examining the literature that a number of important studies
have been conducted examining corrosion, fretting, and oxidation resistance of chromium-coated
fuel claddings [57-59], the author finds that there is a lack of studies examining the cracking
behavior of these coated claddings at room temperature and at elevated temperatures, besides

1200 °C [60]. Even though studies, such as [56], correlate strain ranges to cracking behavior,
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critical strain thresholds have not been correlated to key cracking behaviors, such as the onset of
cracking. As described in this work, DIC and AE techniques are coupled to correlate spatial
measurements to key coating cracking events, allowing for evaluation of the coating’s integrity
during deformation. The unprecedented work described here not only examines the cracking
behavior of coated cladding material at room temperature, but also examines that same behavior
at the operating temperature of a nuclear reactor (315 °C). The work presented here provides a
unique testing methodology to gain a fundamental understanding of the key mechanisms behind
coating cracking. This methodology can be used to evaluate the integrity of other coated
claddings to further investigate the role different parameters, such as coating application process,
coating thickness, and temperature, play in terms of integrity of the coating. Although not all
these parameters are considered in this work, the insights presented here provide a good start to
filling the knowledge gap of linking deformation to cracking behavior in coated nuclear fuel
rods.
1.4 Scope of Thesis

In this work, the fracture mechanisms of chromium-coated Zr-alloy claddings via digital
image correlation and acoustic emissions mechanical testing at room temperature (23°C) and at
315°C, the typical operating temperature for a nuclear reactor, are investigated. These in situ
measurement techniques are paired with mechanical testing to correlate deformation with key
cracking behavior. Primary attention was given to the expanding plug methodology to evaluate
cracking under cladding expansion, which poses the greatest threat to fuel claddings. This thesis
contains six chapters. Chapter 2 provides a brief overview on the digital image correlation (DIC)
and acoustic emission (AE) techniques, in addition to expanding plug and four-point bending

mechanical testing. Chapter 3 presents the testing methodology for fuel cladding testing at room
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temperature and at nuclear reactor operating temperature. Chapter 4 presents the results and a
discussion of the room temperature experiments, and Chapter 5 presents the results and initial
observations made for the operating temperature experiments. Lastly, Chapter 6 provides a brief

synopsis of all the key findings of this thesis and provides recommendations for future testing.
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Chapter 2: Overview of Digital Image Correlation, Acoustic
Emission, Expanding Plug Testing, and 4-point Bending Testing

This chapter provides a brief overview of four key techniques used in this thesis: digital
image correlation (DIC), acoustic emission (AE), expanding plug mechanical testing, and 4-point
bending mechanical testing. The author notes that the majority of this chapter is taken from and
adapted from an internal report produced by the author and his lab mates [1].

2.1 Digital Image Correlation Overview

Three-dimensional digital image correlation (3D-DIC) is an optical technique that uses
stereoscopic images to capture spatial measurements for surface strain and displacement analysis.
3D-DIC is typically used to collect in-situ deformation measurements during mechanical loading
(Figure 2.1), and it is the only technique used in this work to quantify deformation and strain of
the coated fuel claddings under investigation [2]. Additionally, this technique is capable of
measuring out-of-plane displacements with exceptional accuracy, with height measurements being
shown to be accurate to 1/20,000" of the camera-sample distance [3,4]. The key elements of
accurate DIC measurements include: a high-contrast surface pattern, a pair of high-resolution
digital cameras, accurate calibration to geometrically relate images from the two cameras, and a
robust DIC algorithm to compute 3D position.

+

« Specimen with
surface pattern

Stereo cameras
and lighting

Figure 2.1: Schematic of a Typical 3D-DIC Setup. [2]
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In order to quantify and track deformation of a material with 3D-DIC, the specimen being
tested must have some type of random, high contrast surface pattern. This pattern can be inherent
to the material itself, such as the natural grain of the material, or the pattern can be applied with
paint, such as a black speckle pattern on a white background. Since the images captured with DIC
are distance invariant, DIC can be applied across multiple length scales, including at the nanoscale
level with high resolution transmission electron microscopy imaging [5], at the microscale level
with scanning electron microscopy (SEM) [6] or optical microscopy imaging [7], and at the
macroscale level with digital imaging [8]. DIC typically requires uniform illumination and a non-
reflective surface pattern across these three length scales, since glare and shadows can reduce
contrast and cause undersaturation or oversaturation in some regions within the field of view of
the cameras. In order to reduce the error in DIC measurements, the surface pattern should produce
the widest contrast range possible, such that the full range of grayscale values are used when the
grayscale images are digitized.

For 3D-DIC two high-resolution digital cameras are positioned in front of the sample, such
that both cameras are angled inwards towards the specimen, producing overlapping fields of view.
Each camera’s lens must be brought into focus on the outer surface of the specimen, and the
apertures must be adjusted to maximize the apparent contrast of the pattern on the specimen.
Generally, higher resolution cameras allow for finer speckle patterns, allowing for more accurate
deformation data. During mechanical loading the digital cameras simultaneously capture the
deformation of the specimen, and that information is digitized into grayscale values that are used
to extract displacement and strain measurements from each image using the 3D-DIC software.

In order to calculate displacement in 3D space, the spatial relationship between the cameras

needs to be determined first. This is achieved through calibration of the cameras with the 3D-DIC
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software prior to every test. Calibration typically involves using the cameras to capture
stereoscopic images of a calibration panel with a known, high contrast, uniform grid pattern that
is supplied by the software company. Each grid contains special markers that allows the software
to correlate the grid pattern in the images (pixels) to physical dimensions. Calibration images are
taken when the calibration panel is in the focal plane of both cameras, and while the panel is
slightly translated in-plane and out-of-plane. These images are transferred to the 3D-DIC software,
where the spatial location of overlapping regions of the cameras are located with respect to the 2D
coordinate system of each camera. These locations are compared, and common locations are
triangulated to produce a complete 3D spatial map. It is important to note the 2D images alone
cannot be used to quantify deformation in 3D space. The spatial relationship between the cameras
found through calibration allows for out-of-plane measurements with DIC.

Once the cameras are calibrated, the 3D-DIC software can be used to determine the
deformation along the surface of the tested material, by tracking and quantifying the displacement
of the speckle pattern. As Figure 2.2 shows, the digital images are broken down into groups called
subsets, which are used to track the local deformation of the speckles [9]. Reference subsets are
derived from the first set of images taken during the start of loading. The deformed subsets from
the subsequent images are compared to these reference subsets to form a displacement vector, that
is used to quantify deformation. The specific size of the subset is chosen in accordance with the
average speckle diameter. Smaller subset sizes result in fewer speckles, and thus less unique
information, in every subset. If the subset size is too small, then the subsets could become
indiscernible from other subsets. This can lead to significant gaps in the 3D spatial map or even
result in complete failure of the DIC software to generate spatial data. On the other hand, if the

subset size is too large, then computational time is increased while spatial resolution is decreased.

26



Therefore, choosing an optimal subset size will always be compromise between computational
speed and integrity of the full 3D spatial map. Although DIC has been used in a number of studies
of fuel claddings to provide a full-field strain map during loading [10-12], the strain map itself is
not capable of detecting individual cracks. The strain maps can be used to identify localized strain

concentrations, indicating numerous cracks in that region.

Displacement
F"_'..-f Vector

Figure 2.2: Illustration of 3D-DIC Displacement Vector between Undeformed and Deformed
Subsets. [9]

3D-DIC, like all other measurement systems, intrinsically has errors, and these errors can
be attributed to the image digitization process, the overall camera setup, and the overall calibration.
In an extensive study by Sandia National Laboratories, these errors were separated into image
correlation and calibration errors, as shown in Figure 2.3 [13]. Random noise is added to the DIC
measurements when the surface of a specimen is imaged and when the images are subsequently
digitized into grayscale values. Noise is also added to the DIC measurements when a poor-quality
speckle pattern is used, or when a non-ideal camera setup is used, such as having uneven lighting
leading to glare or having the lenses out of focus. Systematic errors that decrease the accuracy of

the DIC measurements can be introduced with a poor calibration, changes to the testing
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environment, or movement of the cameras. In order to obtain the most accurate and precise spatial
deformation measurements with DIC, the intrinsic errors within the 3D-DIC system need to be

minimized.

Calibration

Parameters Image Correlation

Calibration Parameters(p, o) Image Matching Errors (i, o)

1. Parameter Errors 1. Contrast
2) Cal Target Error 2. Subset size/shape function
b)Image Quality 3. Lighting variation
2. Camera Motion Triangulation 4, Turbulence
3. Calibration Drift 5. Aliasing
- 6. Optical distortions
3D Position (p, o) Estimated 7. Image noise
1. Global Coordinate System Uncertainty of 2. Image blur
2. Camera motion 3D Position 8. System resolution

Other Errors {y, 0)
Strain Errors(p, o) . 1. Camera Sync
1. Displacement noise Calculation 2. Camera Clock
2. Fitting and filtering of Strain 3. Camera model
4. UYI(I\C\,V”, unxnowns

Figure 2.3: 3D-DIC Intrinsic Errors Can Be Categorized into Image Correlation and Calibration
Errors; Listed Are Some Factors That Affect Each Type of Error. [13]

2.2 Acoustic Emissions to Detect Cracks

Acoustic emission (AE) measurements are a nondestructive detection technique (NDT)
that have been shown to be useful for a variety of in-situ mechanical evaluation investigations. For
example, AE techniques have been used to determine the onset and progression of crack damage
between a substrate and coating in studies involving thermal barrier coatings [14-16] and nuclear
fuel cladding [17,18]. Relative to the substrate thickness, coatings tend to be thin and require
acoustic sensors with high sensitivity to detect sudden acoustic events. Upon yield and fracture,
materials have been shown to emit significant acoustic energy events [19]. It can be assumed that
the energy signals released during mechanical testing of a brittle coating on a ductile surface are
indicative of coating crack initiation and crack propagation.

Acoustic events, generated from deformation or fracture, can be defined as a short pulse
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above a threshold voltage as recorded by the AE sensor [20]. Many commercial AE packages,
including the one used in this work, automatically record and process these AE event waveforms
in real-time into a number of parameters that define the characteristics of an event signal. These
parameters include peak amplitude, rise time, counts, duration and energy, and they are presented
in Figure 2.4. Peak amplitude is typically measured in decibels and corresponds to how strong or
loud an event is [20]. Rise time is the length of time that passed for the signal to pass a lower
threshold and reach an upper threshold, typically ten percent and ninety percent of the signal
strength [20]. Counts is defined as the number of times a signal crosses a threshold value, and
duration is the total length of time a signal remains above a threshold value [20]. Acoustic energy
is defined as the area under the waveform shape; because the magnitude of energy is related to
both the peak amplitude and duration, this is often one of the best single parameters to define an
event [20]. Acoustic energy is the primary acoustic parameter used in this work to evaluate the

onset and propagation of coating cracking.

\ Rise
Volts] Time

N
~H 1]

Y
I
Threshold |
Crossing

.................

Duration

Figure 2.4: Definitions of Acoustic Event Parameters. [19]
2.3 Expanding Plug Mechanical Testing
The expanding plug mechanical test was refined by Oak Ridge National Laboratory to
determine circumferential mechanical properties of tubular materials, such as fuel rod cladding
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[21]. During an expanding plug test, an axial compressive load is applied to a cylindrical plug that
is fitted inside a short ring of test material [21]. The axial load compresses the plug and causes the
test material to expand radially. The load and radial expansion data collected during an expanding
plug test can then be used to determine key mechanical properties of the test material, such as the
Young’s modulus and yield strength [21]. A schematic of a typical expanding plug test is shown
in Figure 2.5 below. The expanding plug loading mode is of particular importance to nuclear fuel
claddings, because it replicates the expansion the cladding material experiences when the nuclear
fuel pellets swell during a nuclear meltdown. For this reason, the expanding plug loading mode is

the primary mechanical loading mode investigated in this work.
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Figure 2.5: Expanding Plug Test Setup. [21]
Hoop stress in an expanding plug specimen is calculated with Equation 2.1, where P is
the pressure, a is the inner radius of the tube, and b is the outer radius of the tube [22]. Pressure is
the applied compressive load on the plug divided by the cross-sectional area of the plug. In this

work, hoop strain is measured using the DIC software.

2 2
Onoop = P * bzilaz (2.1)
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Proper alignment of the loading plungers and specimen is a key limitation of the expanding
plug methodology; misalignment of the metal plungers can direct the expanding plug to one side
or alter the position of the specimen relative to the plug, imparting a hon-uniform cHoop profile
onto the specimen. Deformation of the exterior surface was spatially mapped using 3D-DIC to
quantify strain. Alignment of the specimen with the plungers was confirmed via DIC-based
displacement measurements.

2.4 Four-point Bending Mechanical Testing

During a four-point bending test, a test material is placed on two supporting pins, which
are at a set distance from the center of the specimen. Two loading pins, which are also a set
distance from the center of the specimen, apply load, causing the material to bend. Deformation
of a bending specimen can be used to determine key material properties, such as flexural stress
[23]. A schematic of a typical four-point bending test setup is shown in Figure 2.6 below [23].
Four-point bending testing was conducted to study cracking in the tensile region and to examine
whether different cracking behaviors were observed across different loading modes.

Force Force

o Loading pins
¢« »

Specimen

|

Supporting pins

Figure 2.6: Four-point Bending Test Setup. [23]
Hoop stress in a bending specimen is calculated with Equation 2.2, where M is the

bending moment, ¢ is the radius of the test material’s outer surface, and I is the moment of
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inertia. The bending moment is found by multiplying the applied load by the distance between

the outer and inner loading points. In this work, hoop strain is measured using the DIC software.

M
Ogoop = TC (2.2)

2.5 Summary

This chapter provided a brief overview of four key techniques used. As discussed, digital
image correlation is a non-contact, optical technique used to quantify deformation to generate
full-field spatial strain maps. AE techniques can be used to detect key cracking events, such as
cracking onset and crack propagation, during mechanical loading. Coupling DIC and AE
techniques allows spatial strain data to be correlated to key cracking events, allowing for the
association of specific strain thresholds to key cracking behavior. Lastly, a brief overview on
expanding plug and four-point bend mechanical testing was provided. Swelling of the nuclear
fuel rod is prevalent in beyond design-basis accident conditions, and therefore, the expanding

plug methodology is given the most attention in this work.
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Chapter 3: Overview of Room Temperature (23 °C) and High
Temperature (315 °C) Testing Methodologies

This chapter provides a brief overview of the room temperature (23 °C) and high
temperature (315 °C) testing methodologies used in this work. Specifics on material preparation,
key mechanical testing parameters, crack characterization techniques, data processing of the
acoustic emissions and DIC data, and image averaging for high temperature DIC data processing
are provided. The majority of this chapter is taken from and adapted from the author’s peer
reviewed journal article titled “Unveiling Damage Mechanisms of Chromium-Coated Zirconium-
Based Fuel Claddings by Coupling Digital Image Correlation and Acoustic Emission” published
in Materials Science and Engineering: A [1].

3.1 Material Preparation

Mechanical testing was performed on both coated and uncoated Zr-alloy cladding
specimens, which were provided by Westinghouse Electric Company. Expanding plug and four-
point bending tests were conducted on all room temperature samples, while only expanding plug
tests were conducted on all high temperature samples. For the coated specimens, a thin chromium
coating was deposited on full length Zr-alloy claddings via a cold spraying process optimized for
nuclear claddings [2-4]. The same polishing technique was applied on both coated and uncoated
specimens to ensure a comparable surface. A laser micrometer was used to measure coating
thickness of the room temperature specimens; average coating thickness for those room
temperature specimens are listed in Tables 4.1 and 4.2 in Chapter 4. Scanning electron microscopy
(SEM) imaging was used to measure the coating thickness of the high temperature samples;
average coating thickness for the high temperature samples are listed in Table 5.1 in Chapter 5.
Specimens were then cut down to lengths appropriate for their respective test types by a water-

cooled diamond saw.
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3.2 Data Capturing

In situ three-dimensional digital image correlation (3D-DIC) and acoustic emission (AE)
were used concurrently with mechanical testing to measure strain field development and crack
initiation and propagation during loading [5]. As stated previously, the key elements needed to
acquire accurate 3D-DIC measurements include: a high-contrast surface pattern, high-resolution
digital cameras, accurate calibration to geometrically relate the stereoscopic images, and a robust
numerical algorithm to compute deformation measurements in 3D-space [7,8]. To achieve a high-
contrast cladding surface, a random, black and white speckle pattern using conventional, matte-
finish spray paints was applied to every room temperature sample. A similar speckle pattern was
applied to the high temperature samples using aerospace industry grade, matte-finish spray paints.
Two 5-megapixel charge-coupled device (CCD) cameras (FLIR Grasshopper) equipped with 50
mm compact lenses (Schneider Kreuznach) were used to capture stereoscopic images of the
specimens during testing. Extension tubes were used during the high temperature experiments to
increase the magnification of the images, in order to counteract focus issues encountered with the
physical location of the cameras with the high temperature setup. All the collected images were
then processed with Correlated Solutions’ numerical algorithm, VIC-3D 8. As determined from
DIC images taken from the samples prior to loading, DIC strain error in the room temperature tests
was typically ~0.02 %, while the thermal distortion error in the high temperature samples was
~0.05 %.

Like 3D-DIC, AE is an in situ, nondestructive technique that has been integrated into a
number of mechanical studies to determine the onset and propagation of crack damage between a
substrate and coating [9-14]. Uncoated samples were tested to significant plastic deformation using

both room and high temperature setups to provide an acoustic baseline comparison for the coated
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samples. Any acoustic activity detected above this baseline during loading of a coated specimen
is considered to be solely indicative of coating crack initiation and propagation and not indicative
of damage to the substrate. An AE sensor (Mistras 1283 AE Node) was used to capture acoustic
energy events of the cladding specimens during testing. For each specimen, acoustic data was
normalized against the maximum AE reading for that specific specimen; normalization of the data
allowed meaningful comparisons to be drawn across all the tested samples with regards to
determining the onset of crack initiation. It should be noted that due to the sensitivity of the AE
data from test to test, the AE technique is not able to quantify the extent of cracking. Only qualitive
observations based on the trends in the acoustic data (i.e. crack onset and crack propagation) can
be drawn.
3.3 Room Temperature Mechanical Testing

Room temperature mechanical tests consisted of expanding plug and four-point bending
experiments. These tests were conducted at room temperature (23 °C) using an Admet eXpert 2611
table-top, universal testing machine with an 8.9 kN load cell (Admet 1210AJ-2K-B). Samples were
tested to different loads, so that the degradation of the coating could be correlated to different
magnitudes of strain. After mechanical testing, damage to the chromium coating was assessed via
SEM.
3.3.1 Expanding Plug

Expanding plug experiments [15-17] were conducted using a set of custom mechanical
plungers that compressed a 95A Shore hardness rubber plug insert to apply a uniform cneop ON the
specimens (Figure 3.1a). Two uncoated specimens (‘UE’ ID designation) and eleven coated
specimens were tested. Each specimen had a length of 12.7 mm (0.5 in) with the rubber plug insert

having a length of 6.35 mm (0.25 in). As previously stated, two sets of coated specimens were
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tested with the second set having a finer surface finish (‘ES’ ID designation) than the first (‘E’ ID
designation). A linear loading rate of 1.0 mm/min was used for each test. The 3D-DIC cameras
were placed directly in front of each specimen (Figure 3.1a).
3.3.2 Four-Point Bending

Four-point bending experiments were conducted using a custom, four-point bending rig
developed for tubular specimens and inspired by a similar test rig developed by Idaho National
Laboratory (Figure 3.1b) [18,19]. This setup was in accordance with ASTM standards for tubular
specimens [20,21]. For all tests, the support span (L in Figure 3.1b) was 84 mm and the load span
(L/2 in Figure 3.1b) was 42 mm. A linear loading rate of 0.5 mm/min was used for all bending
tests. In total, six specimens were tested: three uncoated (‘UB’ ID designation) and three coated
(‘B’ ID designation). An AE sensor was clamped directly on one end of the specimen, away from
any of the loading points, to ensure minimal interference. Unlike the expanding plug tests, in which
the exact location of cracking could not be determined before testing, crack initiation during a
typical four-point bend test was expected to occur on the underside of the specimen as that is the
area that exhibits the highest tensile strain during loading. Therefore, the DIC cameras were placed
in front of and below the specimen and angled upwards to fully capture the underside of the
cladding.
3.4 High Temperature Mechanical Testing

High temperature tests consisted of two uncoated (‘UHT’ ID designation) and five coated
(‘HT’ ID designation) expanding plug tests. These tests were conducted at 315 °C using an
Admet eXpert 2654 universal testing machine with a 100 kN load cell. A custom-made high
temperature box furnace (SentroTech-1600C-666) compatible with the 100kn test frame was

manufactured to replicate the room temperature loading setup at temperature. The furnace has a
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maximum continuous operating temperature of 1600 °C and has two openings (one on top and
one on the bottom), through which two zirconia loading platens could be positioned for loading
(Figure 3.2). The sample would be placed on the loading platens for calibration of the DIC
cameras prior to heating up of the furnace. The temperature inside the furnace was verified with
the furnace’s built-in thermocouples and an infrared camera, which was positioned behind the

cameras and angled towards the sample, prior to loading of each sample.

(a) (b)

AE Sensor
/—‘ ’—\
Specimen
Plungers ?&m
% Specimen R b R
2 | 1

3D-DIC Cameras

Adjustable Base

3D-DIC Cameras

Figure 3.1: Schematic of a Typical (a) Expanding Plug and (b) Four-point Bend Test Setup. [1]
Each specimen had a length of 19.1 mm (0.75 in) with an aluminum plug insert having a
length of 6.35 mm (0.25 in). A different plug material needed to be used in this case, because the
melting point of the rubber plugs is below the testing temperature for these high temperature
experiments. A linear loading rate of 1.0 mm/min was used for each test. The 3D-DIC cameras
were placed directly in front of each specimen (Figure 3.2) to capture as much of the specimen as

possible. The high temperature samples were tested to different magnitudes of strain, in order to
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measure the degradation of the coating. As with the room temperature samples, damage to the

coating of the high temperature samples was assessed via SEM.

Zirconia Loading ‘I
Platens ‘

.

Furnace
Mechanical

Test Frame

DIC Cameras

Figure 3.2: Schematic of a High Temperature Expanding Plug Test Setup.
3.5 Crack Characterization
After mechanical testing, the surface paint was removed using acetone for the room
temperature specimens and using aircraft paint remover for the high temperature specimens. SEM
imaging was performed on the coating surface of select specimens to assess coating damage. Select
expanding plug specimens were chosen for cross-sectional SEM imaging based on their respective

maximum incurred &xo0p. These specimens were cut where expansion was greatest and where
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coating cracking was expected to be most severe, using a water-cooled, circular-bladed diamond
saw. Each specimen’s cross-sectional area was then polished and imaged under SEM in order to
verify and correlate the extent of coating cracking with the measured strain. As explained in
Chapter 5, extensive SEM imaging of the high temperature samples could not be achieved due to
the recent coronavirus pandemic.

3.6 Acoustic Emissions Data Processing

The author notes that the majority of this section is taken from and adapted from an
internal report produced by the author and his lab mates [22].

Acoustic energy data was collected with the AE capture software and then exported to
Python for processing. The start and end times of all the data streams (DIC, AE, and load) were
first synced before any processing occurred. This AE raw data was then analyzed to extract the
acoustic energy measurements for normalization. Normalizing the acoustic energy data made
comparisons from test to test more meaningful and addressed any possible magnitude variation
stemming from differences in AE sensor mounting from test to test. The cumulative total of
acoustic energy events at each time step, A;, was determined with Equation 3.1.

A =Yoq (3.1)
a; is the acoustic energy at time step i out of n total time steps (data points). The normalized

quantity, N;, was determine with Equation 3.2

Aj
Ni:A_
n

3.2)
A, is the total cumulative acoustic energy for the duration of the entire test. At this point, the
acoustic data was fully processed, and specific points of interest could be extracted for

comparisons between tests. It should be noted that this data is not capable of resolving the exact

locations of coating cracking. In addition, the thermal distortion in the high temperature data
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increases the correlation error of the acoustic data with the DIC strain measurements. As shown in
Chapter 5, the distortion error is apparent at low strains (below ~0.4 %), because the distortion
error (~0.05 %), in comparison to the DIC strain measurements, is relatively high and becomes
significant. As a result, the correlation of the DIC strain measurements to key acoustic events, such
as cracking onset and cracking propagation, becomes challenging due to the heat distortion.

3.7 Digital Image Correlation Data Processing

The author notes that the majority of this section is taken from and adapted from an
internal report produced by the author and his lab mates [22].

DIC strain data was exported from the Vic-3D software suite in CSV format for every pair
of images acquired. Strain data was imported to Python as one data array per time step. Each data
array contained data for every pixel position from the pair of images; this data included x, y, and z
position (mm units); u, v, and w displacement (corresponding to X, y, z directions, respectively);
and &, £y, £y Strain. To obtain a singular value for reporting strains in non-spatial graphical
form, the average of the top ninety-five percentile of reported DIC strains was taken; this is the
origin of the singular strain values reported for expanding plug at each time step. For bending,
strain arrays were manually cropped down to only include data within the area between the top
two loading locations; then the average of the top ninety-five percentile was taken from the
cropped data.

For the bend tests, due to the positioning of the cameras below the specimen axis, these
arrays were subsequently analyzed to extract the camera-to-sample angle, i.e., the position of the
cameras below horizontal from which they would look up at the specimen. Python code was
developed to process all the data arrays, tracking specimen displacement in the y and z directions.

If the camera was located at an angle of 0°, the camera would be looking straight onto the
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specimen, and all specimen displacement would occur in the y direction. In these tests, the camera
was located below horizontal, looking up at the specimen, so relative to the camera the specimen
displacement would be shown as having y and z dimensions. The angle of the cameras was

determined with Equation 3.3.
6; = tan"' () (3.3)

0, is the camera angle at every time step, and viand w; are the specimen displacements in y and z,
respectively. It was generally observed that the camera angle converged to a value over time, and
that value was used to rotate the displacements and strains to a typical, horizontal reference frame.
Calculating the camera angle and rotating the reference frames with the bend data greatly
accelerated post-processing in VIC-3D.
3.8 Image Averaging for High Temperature Testing

Mechanical testing at elevated temperatures introduces distortion in the captured digital
images. Image distortion at high temperatures is caused by convective air currents, and the
distortion effect on the DIC images is as random as the convective currents themselves. This
distortion effect is well documented in literature, and some of those effects on the DIC surface
profile can be seen in Figure 3.3 [23]. There are a number of ways to mitigate the effects of
distortion on the DIC images, such as imaging through a window, introducing a fan to direct
convective air currents away from the DIC cameras, using a faster acquisition speed to collect
images, and image averaging [24]. These four options were tested, and it was determined that the
last two options worked best with this specific setup to counteract the heat distortion effects.

A moving average filter (Equation 3.4) was applied to all the DIC images for each high
temperature expanding plug test. The images from each test were split up into overlapping sets of

20 images. The pixel position across all 20 images in each set was averaged to assemble an
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averaged image. The next image set begins 5 images over from the previous set and the process
repeats until all the overlapping sets are averaged. This would mean that Set 1 contains Images 1-
20, Set 2 contains Images 6-25, and Set 3 contains Images 11-30. Each set results in an averaged
image for DIC processing. Equation 3.4 represents the averaging of an image set to produce an
averaged image, Imageave. N is the number of images in each set, which in this case is 20.

N
Image,yc = W (3.4)
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Figure 3.3: Example of DIC Image Distortion Effects on Surface Profile due to Convective
Currents. [23]

Image averaging reduces the number of images available for data processing, and thus
reduces the amount of data points that can be attained to correlate strain with load and acoustic
data. In order to counteract this, the image acquisition rate was increased from 5 Hz (acquisition
rate at room temperature) to 20 Hz. Figure 3.4a shows the effects of image averaging on the
resulting hoop stress vs. hoop strain curve. From DIC images taken prior to loading, the thermal
distortion in the images was determined to be ~0.05 %. As shown in Chapter 5, the thermal

distortion is significant at lower strains (below ~0.4 %), and complicates the correlation strain
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data to key acoustic events, such as the onset of cracking. However, is clear that averaging
reduces the overall noise in the data, while at the same time maintaining the general stress-strain
trend. Figure 3.4b shows the hoop strain distribution (error) at the start of the test for a
representative high temperature sample after image averaging. Combining these two techniques

allowed for accurate DIC strain data acquisition at elevated temperatures.
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Figure 3.4: Effect of Image Averaging on (a) Hoop Stress vs. Hoop Strain Curve and (b) Hoop
Strain Error.
3.9 Summary
This chapter provided a brief overview of the key methodologies used throughout the
work presented in this thesis. Specifics on the tested material, application of the speckle pattern,
and DIC and AE equipment used were provided. Key details regarding the room temperature and
high temperature testing rigs were also addressed. DIC and AE data processing procedures were
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outlined in this section. As discussed, DIC was used to quantify the deformation of the samples,

while AE was used to detect the onset of coating cracking and crack propagation. Correlating the

DIC strain maps to the AE data allows for specific acoustic events, such as crack onset, to be

attributed to certain strain thresholds. This key association provides key metrics to relate the

extent of deformation to the integrity of the coating. The key limitations of DIC and AE at room

temperature and high temperature are summarized in Table 3.1 below. This proposed setup

serves as an effective way to not only determine the effectiveness of coated fuel claddings, but

also reveal the key fracture mechanisms of these coated claddings at different temperatures to

inform future design of coated fuel claddings.

Table 3.1: Summary of DIC and AE Methodologies.

Methodology Purpose Resolution Limitations
Room DIC -Quantify -DIC strain error is -Accuracy is dependent
deformation ~0.02 %. on calibration and
Temperature during expanding imaging matching errors.
plug and four- -Individual cracks cannot
point bend tests. be detected.

AE -Detect onset of | -AE data is -Cannot resolve the
cracking and normalized to the sum | location of cracking.
crack of all AE events to -Sensitivity of AE data
propagation. enable comparisons can vary test to test.

across tests.
High DIC -Quantify -Thermal distortion -Same limitations as room
deformation error is ~0.05 %. temperature application.
Temperature during expanding -Thermal distortion is
plug tests. significant at low strains.
AE -Detect onset of | - AE data is - Same limitations as

cracking and
crack
propagation.

normalized to the sum
of all AE events to
enable comparisons
across tests.

room temperature
application.

-Large DIC thermal
distortion increases the
correlation error with DIC
strain measurements.
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Chapter 4: Failure Mechanisms at Room Temperature (23 °C)

This chapter presents the key results from the room temperature (23 °C) mechanical testing
conducted on the chromium-coated fuel cladding samples. Hoop strain and acoustic data are
presented for each sample, in addition to SEM images of coating cracking from select samples.
The majority of this chapter is taken from and adapted from the author’s peer reviewed journal
article titled “Unveiling Damage Mechanisms of Chromium-Coated Zirconium-Based Fuel
Claddings by Coupling Digital Image Correlation and Acoustic Emission” published in Materials
Science and Engineering: A [1].

3D-DIC and AE were coupled to capture coating crack progression during expanding plug
and four-point bending tests at room temperature. 3D-DIC was used to generate global strain maps
of each specimen during loading, and the recorded peak strains for each specimen are listed in
Table 4.1 for expanding plug and Table 4.2 for four-point bending. AE detection was used to
establish a baseline comparison between uncoated and coated samples, such that any acoustic
signal above this baseline was assumed to be indicative of coating cracking. Areas with the highest
strain concentrations were targeted with subsequent SEM imaging, since these areas were likely
the sites of crack initiation. Combining DIC measurements and AE monitoring allowed key
coating cracking events to be correlated, such as crack onset, with DIC deformation measurements.

Table 4.1: Coating Thickness and Max Hoop Strain of Expanding Plug Specimens

Test Type Specimen ID  Average Coating Max &noop (%0)
Thickness (um)

UEO1 0 53

UEO2 0 7.0

EO1 45 0.26

Expanding Plug EO02 42 0.38
EO3 45 0.44

EO4 42 0.48

E05 30 5.7
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EO06 30 6.2
ESO1 35 0.44

ES02 35 0.56
ESO3 35 0.8
ES04 35 1.4
ES05 35 2.4

Table 4.2: Coating Thickness and Max Bending Strain of Four-point Bend Specimens

Test Type Specimen  Average Coating Max é&xx (%)

ID Thickness (um)
uB01 0 1.6
uB02 0 1.9
Four-Point uBO03 0 2.6
Bending BO1 50 0.4
B02 62 0.5
B03 35 1.1

4.1 Room Temperature Mechanical Testing

Graphical results presented for each specimen include both stress and normalized
cumulative acoustic energy plotted against strain in the relevant reference configuration (&xo0p for
expanding plug, ex for four-point bend) for each test. Specimens are numbered in ascending order
based on the maximum recorded strain of the sample. 3D-DIC was used to generate spatial strain
maps for each specimen during deformation; these strain maps and the corresponding acoustic data
were used to identify areas of high strain where cracking was likely to occur.
4.1.1 Expanding Plug

Two uncoated Zr-alloy expanding plug samples were first tested to establish a baseline
acoustic signal unassociated with coating cracking. The two uncoated claddings were both loaded
beyond yielding and achieved maximum &x00p greater than 5 %. No significant acoustic energy
events were detected during testing of the uncoated expanding plug specimens, indicating that

acoustic energy signals detected during testing of coated specimens were attributed to the
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degradation of the coating itself, rather than being associated with damage to the cladding or with
excessive background noise.

Each coated cladding specimen was tested to varying loads; the load was subsequently
correlated to the DIC-measured hoop strain to assess coating cracking onset and degradation with
increasing deformation of the specimen. For the E specimens, maximum &x00p ranged from 0.26
% to 6.2 %, and the maximum applied load ranged from around 3000 N to 7000 N. The first
significant acoustic event regularly occurred around 0.4 % &no0p (Figure 4.1b). After the initial
acoustic energy event, many AE events quickly followed, resulting in a consistent, linear increase
in the normalized cumulative acoustic energy. The rate of AE events was steady until around 0.6
% enoop, at Which point the AE signals began to decrease. It is suspected that the initial sharp rise
in AE activity was associated with crack initiation around the circumference of the specimen. In
addition, it is expected that the decrease in the rate of acoustic activity corresponds to crack
saturation with subsequent acoustic activity corresponding to crack propagation rather than
initiation. Similar behavior has been seen in other studies which have incorporated AE techniques
[2,3,4]. Furthermore, this sharp rise in AE activity points to a sudden burst of cracking all around
the circumference of the specimen rather than a gradual onset of cracking. This observation is
affirmed by the DIC strain profiles (Figure 4.2), in which high strains are concentrated over the
entire center band of the specimens, and by the SEM imaging presented in Section 4.2.

The ES specimens were also loaded to increasing levels of €x00p and exhibited similar
acoustic trends as the E specimens (Figure 4.1c, d). During these tests, the first significant acoustic
event regularly occurred around 0.4 % ex00p, again similar to the E specimens (Figure 4.1a, b).
Unlike the E specimens, the ES specimens all had the same coating thickness (35 pm). This coating

uniformity likely led to the decreased variation in €x00p associated with the onset of cracking, and
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thus suggests that the onset of coating cracking may be influenced by the thickness and surface
finish of the chromium coating. However, it was also observed for the ES specimens that the rate
of acoustic activity following crack initiation, which is reflected by the slope of the normalized
AE data, was largely consistent among the E specimens, indicating that the rate of crack
propagation associated with through thickness cracking is largely unaffected by coating thickness

or surface finish of the sample.
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Figure 4.1: ohoop VS. €hoop Tor (a) E and (c) ES specimens and Normalized Cumulative Acoustic
Energy vs. €roop for (b) E and (d) ES specimens. [1]
Representative DIC strain maps of ES04, illustrating the progression of deformation during
key acoustic events, are presented in Figure 4.2. As loading progressed, the expansion of the
plunger resulted in the development of a strain band along the center of the specimen (Figure 4.2d).

Cracks within the specimen were too small (<<1 pixel) and too closely spaced to distinguish
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individual crack openings with 3D-DIC, thus requiring subsequent SEM imaging to verify and
characterize coating cracking. Localized strain concentrations picked up by 3D-DIC during
loading, however, can be attributed to the aggregate effect of the opening of multiple cracks in that
specific region.

Max ghoop = 0.35 % Max &poop = 0.48 %

MaX shoop = 1-4 %

10 mm

Figure 4.2: Typical Spatial €x00p Progression During an Expanding Plug Test, Here for ES04, at
(a) First AE Event, (b) First Significant AE Event, (c) Second Cluster of AE Events, and (d) at
Test Endpoint. [1]

4.1.2 Four-point Bending
Results from the coated four-point bending tests are shown in Figure 4.3. As with the
uncoated expanding plug specimens, three uncoated bending specimens were loaded beyond

yielding in excess of 1.6 % &xx and as high as 2.6 % exx. No AE events were detected during loading
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of the uncoated bending samples, indicating again that any acoustic activity recorded during testing
of the coated specimens was evidence of coating cracking. The coated specimens were tested to
loads ranging from 1500 to 3000 N, which corresponded to maximum &y ranging from 0.4 to 1.1
%. The first AE signals occurred between 0.35 and 0.45 % exx. BO1 and BO2 exhibit sharp rises in
normalized cumulative acoustic energy, because both of these specimens were loaded until the
onset of coating cracking. B03, on the other hand, was loaded to higher strains and exhibited a
consistent, linear rise in normalized cumulative acoustic energy. Similar to the expanding plug
specimens, this acoustic trend is evidence of coating crack initiation and propagation along the

surface of the bending specimens.
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Figure 4.3: (a) oxx VS. exx and (b) Normalized Cumulative Acoustic Energy vs. exx. [1]

Figure 4.4 illustrates the progression of deformation during key acoustic events for B03.
Since B03 was tested to the highest exx among the coated specimens, the strain profiles of the other
coated bending specimens are captured and well represented in Figure 4.4. The strain profile before
the first acoustic event, as shown in Figure 4.4a, is uniform with a maximum &x around 0.2 %.
Figure 4.4b shows the strain profile when the first acoustic events were detected at around a
maximum &xx of 0.49 %. The strain profile reflects a typical Euler-Bernoulli beam-in-bending
profile, transitioning to tensile strains along the underside of the specimen and to compressive

strains above. As strains increased to a maximum &xx of 0.72 % in Figure 4.4c, localized strain
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bands formed along the underside of B03. These localized strain regions may be evidence of
multiple crack formations or crack openings along the transverse direction of the specimen;
however, this cracking behavior was unable to be confirmed with SEM imaging since grinding
striations were present along the same direction as cracking. As shown in Figure 4.4d, with further
loading of BO3 to a peak exx of 1.1 %, it was no longer possible to identify any localized strain
concentrations, similar to the highly strained expanding plug specimens. In a four-point bend test,
the underside of the specimen experienced the highest tensile strains and likely the most cracking;

this region was therefore targeted during SEM imaging.

Max & =0.20 %

10 mm

Figure 4.4: Typical Spatial Strain Progression During a Four-point Bend Test, Here for B03, at
(@) 0.2% exx, (b) First Significant AE Event, (c) Crack Opening during AE Cluster, and (d) at

Test Endpoint. [1]
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4.2 Room Temperature Crack Characterization

In general, localized strain regions in the DIC strain maps were indicative of regions with
multiple coating crack openings in the fuel cladding samples. Since 3D-DIC was not capable of
detecting the opening of individual cracks, SEM imaging was used to confirm the existence of
cracks in the coating for select specimens of each test type. This combination of 3D-DIC and SEM
imaging allowed for coating damage to be correlated with the maximum strains for each tested
specimen.
4.2.1 Expanding Plug

Upon examination of the E specimens under SEM, grinding marks from the coarser surface
finish were found running along the transverse direction. Each specimen had axial cracks along
the central band of high &x00p concentrations, as shown in Figure 4.5a. These axial cracks were
widest along the center of the specimen where the hoop strain concentration was greatest and
where cracking most likely initiated before expanding axially. The axial cracks were typically
spaced uniformly across the circumference of each specimen and were fairly uniform in length,
tapering gradually as they traveled farther from the centralized strain bands. The uniform
distribution of cracks around the surface has been reported in the literature for similar loading
methods [5], and is likely attributed to the uniform band of strain in the bulged region illustrated
in the DIC strain maps (Figure 4.2d). Despite the transverse grinding striations and pits found
throughout the coating, no evidence was found indicating that these striations and pits had a
significant impact on the overall pathway of the axial cracks. Cracks continued to propagate
straight down the specimen’s axis, even in the presence of these striations and pits. This behavior
reinforces a greater dependence on the applied strain and deformation rather than surface finish or

other structural features for the expanding plug loading mode.
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Figure 4.5: Representative SEM Images at the Surface (Left) and Cross-section (right) for
Expanding Plug Specimens: (a) Schematic of the Loading/Cracking Conditions and the
Specimen Orientation, (b-e) Cracking at Increasing Levels of €r00p. [1]

Examination of the ES specimens under SEM revealed far fewer surface irregularities
(transverse grinding striations and pits). Similar to the E specimens, axial cracks perpendicular to

the hoop direction were also found along the entire circumference of each specimen. Although thin

58



cracks branching off of larger cracks (Fig. 4.5d) were observed in some cases, these secondary
cracks did not alter the overall pathway of the long axial cracks, consistent with the E specimens.
SEM imaging of ES01, which was tested to the onset of acoustic activity, revealed axial cracks
around the full circumference of its surface, indicating that crack initiation happens rapidly across
the whole specimen surface. Further imaging of the other ES specimens revealed similar axial
cracks running across the circumference of each specimen, all parallel to one another. Based on
our extensive SEM imaging of these expanding plug specimens, these axial cracks were the only
possible source of acoustic activity for the E and ES specimens. Once the expanding plug
specimens were loaded past ~ 0.4 % &r00p (the onset of acoustic activity), axial cracks uniformly
distributed around the specimens are formed. Any acoustic activity past this critical strain
threshold is indicative of the initiation of secondary cracks and widening of pre-existing cracks.
The lack of cracks in the transverse direction for both E and ES specimens indicates that the hoop
stresses applied during loading were the main drivers for coating cracking.

Mechanical testing and finite element simulations on Cr-coated Zr-alloy tubes by other
researchers report higher critical strains correlated to the onset of coating cracking [6-8]; however,
several critical variations between these prior studies and the expanding plug testing presented
here must be noted. First, the prior works have frequently relied upon transducers to measure
strain; these instruments provided only point measurements of strain based on physical contact
with the deforming specimen. As a result, such local measurements tend to record the maximum
defection only and overestimate strain. In contrast, DIC techniques provide full-field strain
measurements, allowing us to visualize the deformation spectrum of the specimen. Second, these
prior studies examined specimens prepared with different coating application methods (3D laser

coating, cold-spray, etc.) and different coating thicknesses. These variations will generate different
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residual stress states within the as-deposited coating and contribute to different stress states at the
onset of cracking. Lastly, these studies also have examined a wide range of loading modes,
including expanding plug, ring tension, and ring compression [6,8], so the strain at crack onset
may exhibit loading mode dependence. This potential loading mode dependence needs to be
explored further.

Cross-sectioned expanding plug specimens were also examined under SEM. In general, it
was observed that once cracks initiated, they extended through the entire thickness of the coating
to the substrate, where propagation was either arrested (Figure 4.5) or much more rarely, laterally
deflected. The presence of through thickness cracks in specimens loaded to the onset of acoustic
activity further supports this mechanism. Loading of the specimens beyond the critical onset strain
(~ 0.4 % &enoop) Seemed to only result in widening of the axial cracks. SEM imaging showed that
cracks did not always follow a straight path through the entire coating thickness; this finding stands
in sharp contrast with the highly regular, even spacing of axial cracks as observed from the surface.
Indeed, we suspect that within the coating thickness, microstructural features may affect the path
of the crack. Crack branching and bridging were seen in multiple specimens, where cracks may
have grown from pores within the coating (Fig. 4.5e). These observations suggest coating defects
do indeed influence crack penetration radially through the coating thickness but have less of an
effect on the axial propagation of the cracks. At no point during mechanical testing or post-test
characterization was the coating observed to delaminate from the substrate but rather remained
fully adherent, despite the formation and growth of cracks.

4.2.2 Four-point Bending
After four-point bend testing, all the coated specimens were imaged under the SEM. There

was no evidence of coating damage found for BO1 and B02, despite the detected acoustic signals
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during these tests. It was suspected that the unloading of BO1 and B02 may have closed any cracks
that formed during testing. Several grinding marks, characteristic of the surface finish, were
observed running along the transverse direction (Figure 4.6a) on the surface of each coated
specimen (Figure 4.6b). Two modes of damage were primarily seen for BO3: thin cracking and
striation openings. Thin cracks running parallel to the transverse grinding striations were observed
(Figure 4.6c), while 20-25 microns striation openings were often detected in regions that exhibited
the highest amounts of tensile strain (Figure 4.6d). These two damage modes could have both
possibly contributed uniquely to the detected AE signals. Widening of the grinding striations was
found to likely contribute to coating damage, hinting that the surface finish of the coating may be

a factor when grinding striations are pulled open in tension.

(a)

Transverse

Axial

Figure 4.6: Representative SEM Images for Bending Specimen B03: (a) a Schematic of the
Loading/Cracking Conditions and the Sample Orientation for SEM Imaging, (b) Several Visible
Grinding Marks, (c) Thin Cracking in the Transverse Direction, and (d) Opening of the
Striations. [1]
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4.3 Summary

This chapter presented the failure mechanisms of room temperature expanding plug and
four-point bend samples. The onset of coating cracking was correlated to 0.4 % enoop for the
expanding plug samples and to 0.4 % exx for the bending samples. In the expanding plug
specimens, axial cracks were found running along the full circumference of each sample, with
the widest cracks along the center of the specimen, where the hoop strain concentration was
greatest. Through-thickness cracking was determined to occur quickly once cracking was
initiated. It was determined that coating defects influence crack penetration radially through the
coating thickness but have less of an effect on the axial propagation of the cracks under the
expanding plug loading mode. In the bending specimens, thin cracking running parallel to the
transverse grinding striations were observed. Widening of these striations was observed with
continued deformation, which hints at surface finishing playing a role of coating damage when
the striations are pulled open in tension.

Understanding the cracking behavior of coated fuel claddings will inform future design of
coated fuel rods. Observing the potential effect of coating defects in the expanding plug loading
mode warrants further study into the exact role defects play, in regards to cracking behavior.
Generally, axial crack widening was observed with increased deformation in the expanding plug
specimens. Although cracking was observed at 0.4 % strain, the integrity of the cracked coating
needed to be assessed. Steam oxidation tests conducted on these cracked expanding specimens
was conducted in [1], showcasing the effectiveness of the coating to prevent oxidation, even in
the presence of cracks. Future studies should investigate if there are critical crack dimensions
and strain thresholds that can lead to the ingression of oxygen through the cracks during steam

oxidation testing. As pointed out before, future studies should also investigate the role different
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coating application processes (i.e. cold-spray vs. 3D laser) play on the overall cracking
mechanisms at play and examine why these different processes may exhibit different cracking

behaviors at different strain thresholds.
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Chapter 5: Failure Mechanisms at High Temperature (315 °C)

This chapter presents initial findings from the high temperature (315 °C) expanding plug
mechanical testing conducted on the chromium-coated fuel cladding samples. Hoop strain and
acoustic data are presented for each sample, in addition to limited SEM images of coating cracking
from a select sample. The purpose of this chapter is to demonstrate the capability of this novel,
high-temperature setup to replicate the expanding plug mechanical testing presented in Chapter 4
at elevated temperatures, in order to characterize the effects of temperature on cracking behavior
of the coating. Limited SEM images are provided in this chapter, and from these images, some
initial observations about the cracking behavior at temperature may be drawn. Once additional
SEM imaging on the remaining high temperature samples is conducted in the near future, a more
comprehensive description of the high temperature cracking mechanisms may be proposed. The
author notes that the data and initial observations stated in this chapter require further analysis and
imaging before any final conclusions may be drawn about the cracking behavior of these samples
at elevated temperatures. The author notes that some of the language used in this chapter is adapted
from the language used in Chapter 4.

5.1 High Temperature Expanding Plug Testing

3D-DIC and AE were coupled to capture coating crack progression during expanding plug
tests at 315 °C, the operating temperature of a typical nuclear reactor. 3D-DIC was used to generate
global strain maps of each specimen during loading, and the recorded peak strains for each
specimen are listed in Table 5.1. One uncoated and five coated high temperature expanding plug
tests were conducted. The uncoated high temperature sample is given the ‘UHE’ ID designation,
and the coated high temperature samples are given the ‘HE’ ID designation. The ‘HE’ samples

have a similar finish as the ‘ES’ samples tested in Chapter 4 and have a coating thickness of 27
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um. It is important to note that the strains reported in Table 5.1 are the hoop strains associated with
mechanical loading only. The thermal strains contributing to the overall stress state of the high
temperature samples investigated here are not directly addressed in this work but will be addressed
in future work by the author and his colleagues in the near future.

AE detection, on the other hand, was used to establish a baseline comparison between the
uncoated and coated samples, such that any acoustic signal above this baseline was assumed to be
indicative of coating cracking. Areas with the highest strain concentrations were targeted with
subsequent SEM imaging, since these areas were likely the sites of crack initiation. An elevated
baseline in the acoustic amplitude was observed, as compared to the room temperature baseline,
due to the furnace. The resolution of the acoustic energy data should remain unchanged, because
acoustic energy is a measure of peak amplitude and duration of that acoustic event with respect to
the baseline acoustic activity recorded. Combining DIC measurements and AE monitoring
allowed, to an extent, key coating cracking events to be correlated with DIC deformation
measurements.

Table 5.1: Coating Thickness and Max Hoop Strain of High Temperature Expanding Plug
Specimens

Test Type Specimen ID  Average Coating Max &noop (%0)
Thickness (um)

UHEO1 0 6.7

HEO1 27 0.30

. HEO02 27 1.62
Expanding Plug HEO3 97 434
HEQ4 27 7.07

HEOQ5 27 7.93

Graphical results presented for each high temperature expanding plug specimen include
both stress and normalized cumulative acoustic energy plotted against €x00p fOr each test (Figure

5.1). The specimens are numbered in ascending order based on the maximum recorded strain.
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One uncoated Zr-alloy expanding plug sample was first tested to establish a baseline
acoustic signal unassociated with coating cracking. The uncoated sample was loaded beyond
yielding and achieved maximum &x00p greater than 6 %. No significant acoustic energy events were
detected during testing of the uncoated expanding plug specimens, indicating that acoustic energy
signals detected during testing of coated specimens were attributed to the degradation of the
coating itself, rather than being associated with damage to the cladding or with excessive

background noise from the furnace.
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Figure 5.1: ) choop VS. €noop for HE Specimens and b) Normalized Cumulative Acoustic Energy
VS. €noop fOr HE Specimens.

Each of the five high temperature coated cladding specimens were tested to varying loads;
the load was subsequently correlated to the DIC-measured hoop strain to assess coating cracking
onset and degradation with increasing deformation of the specimen. For the ‘HE’ specimens,
maximum &xo0p ranged from 0.30 % to 7.07 %, and the maximum applied load ranged from around
5000 N to 8500 N. It is clear from Figure 5.1 that distortion in the DIC strain data is prevalent for
€noop below ~0.4 %, even after applying a moving average filter to the DIC images. As determined
from DIC images taken prior to loading, the heat distortion in the strain data is ~0.05 %. This
distortion in the strain data is apparent at low strains below ~0.4 %, and this complicates the
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correlation of acoustic data and hoop stress with hoop strain at low strains. However, past 0.4 %,
the noise in the data clears up, and initial observations can be still drawn from this data. One of
the major implications of this is the inability to correlate a critical strain threshold (due to
mechanical loading) to the onset of cracking at high temperature. This challenge is encountered
with the convective air currents from the furnace and will likely be aggravated at higher
temperatures. Further studies should examine different ways to reduce the distortion in the data,
especially at low strains, for optical techniques like DIC. The link between deformation and
coating cracking onset is a critical metric that is needed to inform future design of coated cladding
material and should be focused on in future work.

After these initial acoustic energy events, many AE events quickly followed, resulting in
linear increases in the normalized cumulative acoustic energy measurements for HE03, HE04, and
HEO5. It is noted that the acoustic senor was stopped prematurely for HEO02, resulting in the
flatlining of the acoustic data at ~0.5 % &x00p. One can infer that similar linear acoustic behavior
would have been observed for HE02, if the AE was not stopped before the end of the test. As with
the room temperature samples, the initial sharp rises in AE events can be attributed to crack
initiation all around the circumference of the specimen. This observation is affirmed by the DIC
profiles (Figure 5.2), in which high strains are concentrated over the entire center band of the
specimens. The subsequent decline in the rate of acoustic activity is suspected to be correlated to
crack saturation with subsequent acoustic activity indicating crack propagation, rather than crack
initiation.

Representative DIC strain maps of HEO3, illustrating the progression of deformation are
presented in Figure 5.2 below. As loading progressed, the expansion of the plunger resulted in the

development of a strain band along the center of the specimen (Figure 5.2d), similar to the room
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temperature samples discussed in Chapter 4. Localized strain concentrations picked up by 3D-DIC
can be attributed to the aggregate effect of the opening of multiple cracks in that specific region.

a) Max €400p=1.25% b) Max €4o00p=2.83 %

C) Max €noor=3.29 % d) Max €yo00p=4.28 %

Hoop Strain (%)

Figure 5.2: Typical Spatial €x00p Progression during an Expanding Plug Test, Here for HEO3.

5.2 High Temperature Crack Characterization

Figure 5.3 presents surface and cross-section SEM images of HE05. Figure 5.3a shows
the presence of dense, angled (24° to 38° from axial) cracking along the circumference of the
specimen. This angled cracking was most notable along the center of the specimen, where
deformation was the greatest. As with the room temperature samples, these angled cracks tapered
away from the center of the specimen. Sparse, axial cracking was also observed along areas on
the surface away from the center of the sample. The uniformity of these angled cracks suggests a

mixed mode fracture mechanism of the coating at higher temperatures.
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Transverse

Figure 5.3: SEM Images of HEO5: (a) Image of Specimen Surface in Region of Greatest
Deformation Showing Angled Cracks, (b) Image of Specimen Cross-Section Showing Through-
thickness Cracking.

When the coefficient of thermal expansion (CTE) between a thin or thick film and its
substrate differ significantly, adhesion of the coating becomes a key issue at higher temperatures

[1]. The difference in the CTE between the coating and substrate is defined by Equation 5.1.

__ ETHERMAL
ACTE = BT — (5.1)

eTHEMAL denotes the thermal strain, while AT denotes the temperature difference. If there is a

large mismatch between the two CTEs, then high stresses in the coating may be generated that
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can lead to delamination and cracking [1]. Chromium and zircaloy have similar CTEs (6.2
um/m°C for chromium and 6 um/m°C for zircaloy) [2,3], suggesting that their differing thermal
expansion rates is most likely not the main cause for this unique cracking behavior, but further
study is needed to address this possibility. Coating thickness may also play a role in the CTE of
the coating and is another variable that warrants further examination in future studies. It has been
shown that coatings can be subjected to a number of different failure modes at high temperatures,
such as oxidation, corrosion, spallation and fatigue cracking [4]. The cracking behavior of these
coated cladding samples at high temperature warrants further study and further imaging to
confirm and understand the mechanisms behind this new observed crack pattern.

Figure 5.3b shows a cross-section image of HEO5. Similar to the room temperature
specimens, through-thickness coating cracks can be observed, and suggests that the cracking
behavior through the thickness of the coating remains the same even at elevated temperatures.
This observation warrants further study and further imaging to confirm this cracking behavior.
5.3 Summary

This chapter presents the cracking behavior of a single imaged high temperature sample.
Five expanding plug specimens were deformed up to enoop 0f 7.93 %. The reported strains in
this chapter are due solely to mechanical loading and do not account for the thermal strains
exhibited by the samples at elevated temperatures. Due to the significance of the distortion in the
DIC images at below ~0.4 % enoop, a critical strain threshold associated with cracking initiation
could not be achieved. The most highly deformed specimen was imaged under SEM to reveal a
different fracture pattern of the coating, as compared to the room temperature samples. Long
axial cracks were observed along the full circumference of the surface in the room temperature

cracks; however, angled cracks along the surface of the high temperature cracks were observed.
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This new fracture pattern suggests different fracture mechanisms are at play at elevated
temperature, and further imaging is needed to verify these initial observations. Like the room
temperature samples, through-thickness cracking was observed in the imaged high temperature
sample. Table 5.2 provides a comparison of the observed cracking behavior of the room
temperature and high temperature samples.

Table 5.2: Comparison of Crack Patterns in Room Temperature and High Temperature

Expanding Plug Samples.

Expanding Plug Crack Patterns along the Surface Crack Patterns of
Specimens Cross-Section
Room -Axial cracks running along the full -Through-thickness
Temperature | circumference of the sample. cracking observed, even

-Cracks were widest in the areas corresponding | at the onset of cracking.
to the highest deformation.

High -Angled cracks (24° to 38° from axial) running | -Through-thickness
Temperature | along the full circumference of the sample. cracking observed.
-Cracks were widest in the areas corresponding
to the highest deformation.

To reiterate, the claims made in this chapter are based on initial observations made from
limited SEM images. Further imaging and analysis of the DIC are required to verify the initial

observations stated in this chapter and to draw robust conclusions.
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Chapter 6: Conclusions and Future Work

In this work, four-point bend testing at room temperature and expanding plug testing at
room temperature and at 315 °C were performed on chromium-coated Zr-alloy claddings. In situ
3D-DIC and AE monitoring were coupled to directly correlate spatial strain maps with acoustic
energy evolution to study coating degradation during loading. Mechanical testing of uncoated
specimens and SEM imaging confirmed that acoustic activity detected during loading of coated
specimens is indicative of coating damage. Subsequent SEM imaging was conducted to
characterize cracking of the coating and to observe the fracture mechanisms of the coating at
various strains. The author notes that parts of this chapter are adapted from adapted from the
author’s peer reviewed journal article titled “Unveiling Damage Mechanisms of Chromium-
Coated Zirconium-Based Fuel Claddings by Coupling Digital Image Correlation and Acoustic
Emission” published in Materials Science and Engineering: A [1].

During the room temperature expanding plug tests, cracks formed axially around the
circumference of the specimens, initiating at ~0.40% enoor; this result was consistent for both E
and ES specimens. For four-point bending tests, grinding striations characteristic of the coating
surface were found to likely widen and contribute to coating damage, beginning at ~0.40% &exx.
SEM imaging of the expanding plug specimens revealed regularly spaced axial cracking around
the full circumference of the specimens, which penetrated through the entire thickness of the
coating. It is suspected that the crack widening and axial propagation, which were seen to be
consistent across the circumference, are primarily driven by the loading mode, whereas the
microstructure of the coating and defects on the surface of/within the coating are responsible for
the through thickness path of the cracks, as well as crack deflection, bridging, etc. observed in

some of the SEM images. For four- point bending specimens, the presence of transverse grinding
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striations parallel to the direction of cracking, as well as possible crack closing due to specimen
unloading, made it difficult to properly evaluate initial crack formation.

A novel, high temperature expanding plug mechanical testing setup was also presented in
this work to study failure mechanisms of coated fuel claddings at elevated temperatures.
Applying a moving average filter to the DIC images prior to processing accounted for heat
distortion prevalent during high temperature studies, but that distortion was significant at enoop
below ~0.4 %. The strains reported for the high temperature samples are indicative of strains
associated with mechanical loading and do not account for any thermal strains the samples
experience at high temperature. During the high temperature expanding plug tests, angled
cracking was observed across the circumference of a select sample. This fracture pattern differs
from the fracture pattern observed in the room temperature specimens and suggest different
fracture mechanisms are at play at 315 °C. As with the room temperature samples, through-
thickness cracking was observed in cross-section SEM images of a select high temperature
sample. Limited SEM imaging of the high temperature samples was conducted. The author notes
that the initial observations made about the high temperature samples need further analysis and
imaging, before any robust conclusions can be drawn.

The work presented here offers insight into the key cracking mechanisms at play in
chromium-coated Zr-alloy based fuel claddings. Understanding the cracking behavior of coated
claddings is critical in their implementation in nuclear reactors, because cracking can lead to the
ingression of oxygen, which is a major concern during beyond design-basis accident conditions.
This work provides critical observations of the cracking behavior of room temperature samples,
and future studies should examine if there are critical crack dimensions and corresponding strain

thresholds that can lead to the ingression of oxygen during steam oxidation testing. Further
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studies should also investigate the role different coating application processes play on the overall
cracking mechanisms and should also aim to understand why these different processes may
exhibit different cracking behaviors at different strain thresholds.

With the proposed high temperature setup, further mechanical testing should be
conducted to determine how cracking mechanisms of chromium coatings change with different
temperatures. In particular, thermal mismatch caused by differing coefficients of thermal
expansion from the chromium coating and the zirconium-based substrate should be investigated
more in-depth. Accident condition mechanical testing at 1200 °C can provide key insight into
relevant coating cracking during nuclear meltdowns and can inform future design and
implementation of coated nuclear fuel claddings. At such high temperatures, oxidation of the
cladding may arise, and its effects on the integrity of the coating and on mechanical performance
should be investigated. The effectiveness of the coating is comprised with the ingression of
oxygen through cracks during beyond design-basis accident conditions, and thus the findings
presented in thesis regarding cracking behavior is timely. Determining critical strain thresholds
associated with key crack behaviors should be at the forefront of similar future mechanical
testing at higher temperatures.

In order to curb global carbon emissions to address the immediate issue of climate
change, nuclear energy needs to be a critical component of the global energy grid. After nuclear
accidents such as Fukushima in Japan, there is an increased amount of negative public perception
around nuclear energy. Even though nuclear energy results in fewer deaths than other energy
sources, such as fossil fuels, the nuclear energy community has a responsibility to lower the
stigma surrounding nuclear energy, namely by improving the reliability and durability of nuclear

reactor components to prevent future nuclear accidents. This work is directly relevant to the fuel
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claddings used in a number of nuclear reactors around the world, and it is the author’s hope that

this work helps improve public perception around nuclear energy.
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