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Abstract

A variety of normal operation and accident scenarios can generate thermal stresses large enough
to cause cracking in ceramic fuel pellets. Cracking in fuel pellets can lead to reduced heat removal,
higher centerline temperatures, and localized stress in the cladding—all which impact fuel
performance. It is important to experimentally characterize the thermal and mechanical behaviors
in the pellet both before and after cracking which would help to improve cracking models in fuel
performance codes such as BISON. However, in-reactor observation and measurement of cracking
is very challenging due to the harsh environment and design of fuel rods involved. Recently, an
experimental pellet-cracking test stand was developed for separate effects testing of pellet cracking
under normal operations and accident temperature conditions, using thermal imaging to capture
the pellet surface temperatures in order to evaluate the thermal stresses, and optical imaging to

capture the evolution of cracking in real time. Experiments were performed using depleted



uranium dioxide (UQ.) pellets, which are useful for collecting valuable data for development and
validation of cracking models. A combination of induction and resistance heating was used to
create thermal gradients similar to those seen in a reactor environment. Characterization of the
pellets was conducted both before and after cracking. The cracking patterns are moderately
different than those expected in a typical reactor, due to the variations in the thermal conditions
and pellet microstructures. However, when the actual conditions of these experiments are
reproduced in computational models with sufficient precision, such out-of-pile testing on UO»

pellets, provides relevant data for modeling purposes.

Keywords: Uranium dioxide (UQ;), resistive heating, cracking, temperature, dual imaging, grain

boundaries

1. Introduction

The behavior of ceramic fuel is significantly affected by fracture,. Early in the life fuel, fracture is
primarily caused by thermal stresses. The fission process in the cylindrical fuel pellets causes
volumetric heating that, in conjunction with the forced convective cooling on the exterior of the
fuel rod, results in an parabolic temperature profile. The significant tensile stresses that this
temperature profile causes on the pellet exterior results in crack initiation in fresh fuel. According
to Oguma [1] crack closure and reconstitution happens under steady state conditions.

. Typically, nuclear fuel rods are fabricated with initial pellet clad gap to allow space for radial
thermal expansion and swelling due to fission products during operation. When the fuel rod power
rises, cracking occurs in pellets because of the thermal stresses induces due to the radial
temperature gradients, leading to the formation of crack areas in the pellets. These newly formed

cracks on the pellet surface are remunerated by reduction in gap area, which increases the apparent



pellet diameter. This is phenomena is known as relocation. Changes in gap size during fuel
irradiation primarily affects fuel rod performance including fuel temperature, fission gas release
and pellet-clad mechanical interaction (PCMI). [2,3]. For modeling relocation or gap sizes in fuel
performance codes it was assumed that there is a certain degree of gap reduction at specific power
levels [4,5,6]. Cracking directly impacts fuel relocation which eventually leads to the reduction of
fuel temperature. According to Oguma’s finite element analyses and experimental studies it was
observed that rod power and cracking are directly related. The rod power level was found to range
from as low as 30 W/cm to a maximum of 400 W/cm.

For fuel performance codes to be predictive under a wide range of operating conditions, it
is important that they faithfully represent all aspects of fuel system behavior via physics-based
models. Because of their important role in regard to fuel behavior, improving the models’
capability to represent fracture is of high priority in developing such codes. Although significant
advances have been made in fracture modeling, limited data available on cracking initiation and
propagation are available for direct validation of these models. A U.S. Department of Energy
initiative is currently supporting multiple experimental efforts (including the one described herein)
to provide improved data for the validation of these models [7], specifically targeting the BISON
code [8]. These include out-of-reactor experiments, as well as a series of planned experiments in
Idaho National Laboratory’s Transient Test Reactor (TREAT).

Developing an experiment that permits capturing of fracture initiation and growth in light-water
reactor (LWR) fuel is challenging due to difficulties in both replicating the thermal conditions
experienced by the fuel in the reactor and instrumenting the experiment in a way that permits
observation of crack growth without compromising those representative conditions. Using

resistive heating to replicate the volumetric heating that occurs in the nuclear reactor is attractive



because it permits more extensive instrumentation than would be possible in an in-reactor
experiment. This approach is used in the experimental work described herein. One major challenge
related to resistive heating is that UO; is a semiconductor with very high electrical resistivity at
low temperatures. When its temperature is raised, it becomes much more conductive, permitting
resistive heating. The experimental apparatus used in this work employs inductive heating to raise
the temperature of the UO> prior to performing resistive heating.

The primary objective of the research efforts was to build an experimental set up for
capturing real time cracking data such as radial temperature distribution and cracking
simultaneously in single out-of-pile UO2 pellet under a laboratory simulated transient temperature
conditions by using direct resistive heating for volumetric heat generation in the pellet. . The data
collected will be used in the validation of UO2 cracking models in BISON. In the meantime, the
experimental results were used for successfully validating 2-D UO2 cracking models in BISON

[9]. The 3-D cracking models’ validation is currently a work in progress.

2. Previous Related Work

In the late 1970s, resistive heating was used in a series of experiments at Argonne National
Laboratory [10]. In those experiments, two power supplies operating in parallel were used to pass
current axially through a stack of pellets to raise them to a temperature high enough for them to
become conductive, then enough current was applied to obtain the desired heating. A low-voltage,
high-current power supply (300 V and 300 A) was used in tandem with a high-voltage, low-current
power supply (2500 V and 10 A). A high voltage was applied for the initial pre-heating of the

pellets. When the temperature increased and the resistance decreased, the current increased until



it reached a limiting value of 10 A, (until the voltage decreased to 300 V), at which time the system
provided a constant 300 V with a current of up to 310 A. This system provided rapid heating to
replicate reactivity-initiated accident (RIA) conditions. Cooling on the outer surface of the pellets
was achieved by flowing cooled helium past the pellet stack. Three pyrometers were used to
capture temperatures at different ranges, such as 400—-1000°C, 900—-1600°C, and 1500-3000°C.
The configuration of that experiment did not permit direct observation of crack formation, but
acoustic emission techniques were used to detect whenever crack propagation occurred.

Along these lines, in a separate study by Oguma [1], out of pile experiments and analyses
were conducted for understanding pellet thermal deformation and in-pile analyses were performed
to resolve pellet relocation behavior of fuel rods when under operating conditions. For evaluating
cracking behavior of pellet prior to PCI, on-power diameter was measured by implementing an
electrically heated PCI simulation of fuel rod assemblies.

The test set-up comprised of simulated fuel rods with a tungsten rod in the center for direct
resistance heating, diameter and dimension change measuring devices, data acquisition systems
and power controller. The test fuel rod that consisted of a fully annealed Zircaloy-2 cladding (outer
dia. = 14 mm), hollow UO2 pellets (density = 93% TD) and a tungsten heater (dia. = 5 mm). The
as-fabricated pellet-clad gap sizes were set at 60, 100 and 150 microns as an experimental
parameter. It was observed that pellet cracking started at a low rod power of 30 W/cm. This was
due to the sharper temperature distribution in the centrally heated pellet, which was more on
towards a hyperbolic shape rather than parabolic. The number of cracks were found to vary from

two to sixteen at minimum and maximum power levels of 30 W/cm and 400 W/cm respectively.

3. Experimental Setup



The current work utilizes a significantly different configuration than that of the Argonne National
Laboratory experiments, allowing for imaging of the top surface of the fuel pellet in order to
observe radial crack formation intersecting the pellet surface. The experimental details have been
previously reported in [11]. Instead of passing the current axially through the pellets as in the
previous work, electrodes were placed on the sides of a single pellet to pass the current transversely
across it. This allowed for an unobstructed view of the top surface of the pellet. A unique dual
imaging technique was utilized in which an infrared camera captured the pellet’s full-field
temperature gradient while—simultaneously and in real time—an optical camera system captured
physical images of cracks. Also, rather than using a high voltage when performing the initial pre-
heating, the present work employs induction heating as a more controlled method for raising the

pellets to a temperature at which they become sufficiently electrically conductive.

The experimental apparatus described in [11] was developed specifically for these studies permits
in situ imaging of cracks visible on the fuel pellet’s top surface and measure the corresponding
temperature profiles. This is achieved through the dual imaging system that captures both optical
and thermal images of the pellet surface [11]. To simplify the process of calibrating and verifying
the instrumentation used in these experiments, it was very helpful to use a non-radioactive
surrogate material for the fuel pellets. Ceria (CeO:) has been widely used in the nuclear industry
as a non-radioactive surrogate for UO, and because its relevant properties were found to be
sufficiently similar to those of UO», it was used as a surrogate for the fuel pellets in the initial

phases of the present study [12], although the present paper focuses solely on experiments on UO;.

4. Experimental Conditions for UO; Pellet Fracture

4.1. Pellet fabrication



A series of tests was performed, each on an individual pellet with varying conditions. The depleted
UO:; pellets studied herein were fabricated at Texas A&M University with an average theoretical
density (TD) of 93.74%, an average diameter of 10.98 mm, and an average height of 9.53 mm.
The pellets were sintered at 1790°C for 24 hours in Ar-5% H». The furnace used for sintering was
a MRF — Materials Research Furnace Serial Number 1211. The furnace is water cooled, tungsten
element, tungsten shielded. Ultra-high purity argon with 5% hydrogen was used to reduce the UO2
and ultra-high purity argon to sinter the pellets. There were several bottles used, two bottles of
each gas were used and connected in parallel to avoid running out of gas during a sintering. There
were four bottles always connected, two UHP argon bottles and two UHP Ar-5% H2. There was
no mixing of any gases, either one of the gases was selected at one time. The pellets sintered at
these conditions were predicted to be stoichiometric UO2.00 when the O/U ratio was computed

using the CALculation of PHAse Diagrams (CALPHAD model proposed by Besmann et al. [13].

4.2. Dual heating/imaging

UQO; pellets were mounted on a custom-built modular test stand machined from Combat®
Machinable Ceramics Grade AX05 highest purity hBN available at 99.7%+ boron nitride (BN),
which serves as an electrical insulator but is still highly thermally conductive [14]. BN is easily
machinable, and the modular design provides the flexibility to connect electrodes and feedthroughs
while setting up the test stand. The mechanical tolerances in the test stand also help to address and
accommodate the thermal expansion and heat transfer in the pellet while undergoing resistive
heating. A custom-made molybdenum tube was used the susceptor material which was custom
manufactured by Stanford Advanced Materials (SAM) with ultra-high pure Mo content greater
than equal to 99.95%. A schematic of the test stand with all the components present is shown in

Figure 1. The dimensions of the important components of the test stand are outlined in Table 1.



[ I‘—— Pellet
= +——  Alumina disk
+——— Inner Boron Nitride (BN) tube

+—— Molybdenum (Mo) susceptor

Outer BN tube

w— +——— BN washer

BN rod to support the alumina disk
and the pellet

Test specimen
Electrode bent for good
contact with the pellet

Nickel electrodes
Inner BN tube
Mo susceptor
Outer BN tube

Figure 1. Model of the test stand (top); and the complete assembled test stand showing the

electrodes and susceptor (bottom)

Table 1. Dimensions of test stand assembly

Test stand part Dimensions (cm)

name

Inner BN tube 1.D.=1.143,0.D.=1.5494, H =

2.794

Molybdenum ILD.=1.5748,0.D.=1.905, H =

susceptor 2.794

Outer BN tube [.D.=1.9304,0.D.=2.2352,H=

2.794

Ni Electrode 10 X 0.7 X 0.023




In all the tests the vacuum chamber was first evacuated using a rotary vane vacuum pump, and
then filled with helium gas that continued to flow through the experimental chamber at a rate of
200 standard cubic centimeters per minute (sccm). The experimental chamber was a custom-built
stainless steel ultra-high vacuum 6-way cross with 8" nominal outer diameter, with 10" Outer
Diameter, with 5 conflat flanges and one ISO 200 which acted as the door for accessing the test

stand inside the chamber.

The oxygen partial pressures (pO2) of the chamber atmosphere were measured by a SETNAG
Gen’Air high-precision oxygen analyzer and found to be in the range of 10713 to 107* atm at
1200°C in a reducing atmosphere. Since the very low oxygen potential in the gas means a very
low oxygen content, so it will not change the pellet O/U. Therefore, the pellet retains its

stoichiometry during the test as well as predicted by Besmann et al. [13].

During each test, the pellets first underwent induction heating followed by direct resistance
heating. The tests began with the DC power supply for resistance heating being set at 0.5 A and
120 V, while the pellet was heated via a molybdenum susceptor using induction heating at 200 A.
This was done to raise the pellet to a threshold temperature high enough for it to become
sufficiently conductive for resistive heating. The electrical conductivity of UO; increases sharply
with increasing temperature [15], and the pellets were found to become sufficiently conductive to
produce a measurable voltage drop once they reached an average temperature of about 460°C—
which, in all the tests, occurred after less than 10 s of induction heating as shown in Table 2. Once
a voltage drop was detected, the current was quickly increased to 1 A, and then increased stepwise
at 0.5 A increments, along with certain hold times, until a number of different peak currents (e.g.,
4 A,5A,6A, and 8 A) were reached for a given test. This was done to achieve different peak

temperatures and to check for any differences in cracking patterns at those resultant currents and



peak temperatures. As expected, the pellets reached different peak temperatures with increasing
current; however, the characteristics of the observed cracking did not differ significantly from one

test to another.

5. Results and Discussions

5.1. Observed crack initiation

In all the tests, the first evidence of cracking was observed when the current was in between 3.5
and 4 A supplied from the resistance heating power supply. The nominal hold times at each power
level, and the hold times until cracking for tests with peak currents of 4 and 8 A, are outlined in

Table 2.The maximum deviation in the hold times is 2 seconds for each hold at each power ramp.

Table 2. Peak current values and average hold times

Nominal Hold times Total time
Highest
hold times | Induction | and current from
Test | Pellet peak
at each Heating values for | beginning of
no. ID current
current Times crack test until
(A)
level initiation cracking
1. | U3-38 4.0 423 s 8s 22sat3.5A 111s
2. | U4-50 4.0 60.0s 8s 33sat3.5A 347 s
Us- 244 s
3. 4.0 43.0 s 4s 26sat3.5A
45B
Ul- 217 s
4. 5.0 35.0s 8s 30sat3.5A
38A




Us- 205 s
5. 6.0 27.0s 10 s 26sat4.0 A

26F

Us- 182 s
6. 8.0 25.0s 7s 24sat4.0 A

22C

Us- 8.0 2sat4.0 A 146 s
7. 22.0s 6s

20C

Us- 8.0 22sat4.0 A 176 s
8. 23.6s 9s

20D

The test conditions, temperature measurements, cracking patterns, and pellet fabrication details for

each of the tests are summarized in Table 3.

Table 3. Test conditions and pellet fabrication details

Maximu Radial Radial
m Temperatu | Temperatu
Pell Threshold|
Densi [Theoreti| Dimension Temperat, re re Cracking
et Temperat
ty cal s ure Difference | Difference | Patterns
ID ure
Density Attained Before After
by Pellet| Cracking | Cracking
AThoriz* = AThoriz=
Radial
U3- | 10.52 D=11.01 310°C 241°C
95.86% 400°C | 1660°C cracks
38 g/CC mm, H = ATvert* = ATver=
across the
9.14 mm 485°C 196°C




pellet, radial
branching
AThoriz= Radial
AThoriz* =
10.31 196°C cracks
U4- D =10.96 190°C
g/cc 94% 450°C | 1730°C ATver= across the
50 mm, H = ATvert =
145°C pellet, radial
8.73 mm 240°C
branching
AThoriz= Radial
AThoriz* =
10.36 200°C cracks
Us- D=10.95 230°C
g/cc |94.45% 400°C | 1700°C ATver= across the
45B mm, H = ATvert* =
160°C pellet, radial
9.33 mm 280°C
branching
AThori, = Radial
AThoriz=
Ul- | 10.37 D=10.93 155°C cracks
94.49% 330°C | 1800°C 176°C ATver
38A | glec mm, H= ATyer" = across the
= 142°C
9.31 mm 203°C pellet
Radial
AThoriz* = AThoriz=
cracks
US- | 10.37 D=10.98 235°C 354°C
94.5% 450°C | 1860°C across the
26F | g/cc mm, H = ATvert = ATvert =
pellet, radial
9.29 mm 280°C 281°C
branching
US- | 10.31 AThoriz = Radial
93.96% 550°C | 2100°C
22C | g/ce 165°C cracks




D =10.97 ATyert = AThoriz = across the
mm, H= 215°C 180°C pellet, radial
9.32 mm ATvert= branching
109°C
Radial
AThoriz* = AThoriz=
cracks
Us- | 10.27 D =1.098 122°C 208°C
93.61% 500°C | 2100°C across the
20C | glce mm, H= ATyert = ATvert =
pellet, radial
9.34 mm 190°C 140°C
branching
AThoriz* = AThoriz= Radial
USs- [ 10.23 D=11.01 206°C 214°C cracks
93.28% 600°C [ 2100°C
20D | g/ce mm, H= ATyer" = ATyert = across the
9.32 mm 266°C 135°C pellet

AThori:" is the temperature difference along the line profile drawn between the electrodes.

ATer” is the temperature difference along the line profile drawn perpendicular to the horizontal

line across the non-electrode side.

Experiments were conducted at different peak current levels to study any differences in cracking

patterns and radial temperature profiles. Three tests were performed at both the 4 and 8 A peak

current values, whereas one test each was conducted at intermediate peak currents of 5 and 6 A.

Tests were conducted at higher peak current values greater than 4 A to check for any change in




cracking patterns at higher current values. However, no significant change was observed in the
cracking patterns at those higher power levels beyond what observed when cracking first initiated
at the 3.5-4 A power level. The only major difference in behavior under higher power is that higher
peak temperatures were attained, which are reported in Table 3. Figure 2 shows a current-voltage-
time plot for one of the tests. Voltage decreases sharply when the pellet becomes sufficiently
conductive from the inductively heated susceptor, and the ramp in current from the resistive heater

induces volumetric heating in the pellet, creating a radial temperature gradient within the pellet.

120 ~ 4
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Figure 2. Current (secondary y-axis on the right) and voltage (primary y-axis on the left)
for the resistive heating of pellet U4-50 as a function of time; the pellet becomes conductive

after about 4 s of induction heating
5.2. Infrared and optical imaging

The infrared camera from FLIR Systems, Inc. has a very high thermal sensitivity of <20 mK, so

even slight changes in surface temperature during the test are captured. Full-field temperature



distributions for UO; pellets bearing pellet IDs U4-50, U5-26F, and U5-22C both before and after
cracking are shown in this section in Figures 5 and 6 respectively. Infrared images for U4-50 both
before and after cracking were captured after 305 and 339 s of resistive heating, respectively.
Similarly, for U5-26F, infrared images both before and after cracking were captured at 168 and
195 s, respectively. Along those same lines, for U5-22C, infrared images both before and after
cracking were captured after 150 and 175 s, respectively. The infrared images, temperature plots,
and optical images of the pellets both before and after cracking are shown respectively in Figures
5 and 6 for selected cases involving low, intermediate, and high peak currents (4 A, 6 A, and 8 A).
To facilitate comparisons among the various experiments and between simulation results,
temperature profiles for each of these experiments were extracted along two lines: one passing
horizontally through the electrodes (shown in green on the infrared images in Figures 3 and 4),
and one perpendicular to that line in the vertical direction in this image (shown in blue in those
same figures). These temperature profiles are shown in Figures 5 and 6 for the same three

experiments shown in Figures 3 and 4.

Temp (C)
14531




Figure 3. Infrared (top) and optical (bottom) images of UQO: pellets prior to cracking at low,
intermediate, and high peak currents of 4 A (left), 6 A (middle), and 8 A (right),
respectively. Pellet boundaries are marked by white circles, and electrodes are marked by
green arcs. (From left to right: UO2 pellet IDs: U4-50 [4 A], US-26F [6 A], and U5-22C (8

Al)

Figure 4. Infrared (top) and optical (bottom) images of UQO: pellets after cracking at low,

intermediate, and high peak currents of 4 A (left), 6 A (middle), and 8 A (right),
respectively. Pellet boundaries are marked by white circles, and electrodes are marked by
green arcs. (From left to right: UO2 pellet IDs: U4-50 [4 A], US-26F [6 A], and U5-22C (8

Al
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Figure 5. Horizontal temperature profiles along the top surfaces of three UO:; pellets before
(a) and after (b) cracking at low, intermediate, and high peak currents of 4 A, 6 A, and 8 A,

respectively: U4-50 (4 A), US-26F (6 A), and U5-22C (8 A).
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Figure 6. Vertical temperature profiles along the top surfaces of three UO: pellets before
(a) and after (b) cracking at low, intermediate, and high peak currents of 4 A, 6 A, and 8 A,

respectively: U4-50 (4 A), US-26F (6 A), and U5-22C (8 A).



From both the full-field and line plots, the temperatures are seen to be smooth and continuous prior
to cracking. However, once cracking occurs, significant discontinuities arise at the crack locations,
due to the significant thermal and electrical resistance at the gaps. The average radial temperature
differences prior to cracking were measured to be 201.6 and 270°C along the horizontal and
vertical lines, respectively. Prior to cracking, there is a larger difference between the centerline
and outer-surface temperatures along the vertical line than what is observed along the horizontal
line. However, this pattern reverses after cracking primarily since the direction of current changes
after crack formation. Cracking causes change in the electrical resistance in the pellet and the
direction of flow of current as well. Since the current follows the path of least resistance, the
temperature distribution across the pellet also changes i.e., the temperature difference along the
horizontal line becomes greater than what is observed along the vertical line. The infrared data
show that cracks initiate at when the difference between the peak (centerline) and surface
temperature is on average 221 and 163.5°C along the horizontal and vertical lines, respectively.

It is to be noted that, the pellet peak temperatures were measured around the center of the
pellet which was also the centerline temperatures before cracking happened as seen in Figures 5(a)
and 6(a) respectively along the horizontal and vertical directions of radial temperature
measurements in the pellet. However, at the onset of cracking, this changes. Cracking is an
extremely fast process, and as soon as cracks initiate and propagate the temperature distribution
changes significantly across the pellet. The pellet peak temperatures are no longer concentrated
particularly at the center of the pellet rather they are distributed at various “hot-spots” portions in
the pellet. The main reason for this observation was due to the fact that, after cracking the electrical
contact of the pellets with the electrodes changes leading to imperfect contact which is opposite to

the way it was prior to cracking. This improper contact results in non-uniform current flow in the



pellet. As a result, the parts of the pellet which are in good contact has good current flow leading
to higher temperature distribution in those areas only relative to the other parts of the pellet which
are in improper electrical contact with the electrodes and thus relatively lower temperatures as

well.

More importantly it was observed that cracks first initiate when the pellet peak temperature
is about 1600°C and that the radial temperature differences obtained in these experiments (200°C
average) is much less to what is observed in a typical reactor (700-800°C). The primary reason is
because of the way the pellet is cooled. The pellet is cooled by means of turning off the resistive
heating power supply, resulting in significant radiative heat losses from the top radial surface of
the pellet into the chamber and purging helium (0.20 1/min) inside the vacuum chamber instead of
passing it right over the pellet. The primary objective of the study was to obtain radial cracking
images and radial temperature distribution on the pellet surface simultaneously in-situ for
validation of UO2 cracking models. Therefore, there was a need of having an unobstructed view
of the pellet surface. So, it was not possible to flow helium gas directly on top of the pellet to cool
the surface using any form of feedthrough or instrumentation that will not block the view of the
pellet radial surface from the top. Moreover, the helium purged inside the chamber was also at a
very low flow rate so as not to damage the oxygen analyzer which had a maximum flow rate

capacity of 0.20 I/min for measuring oxygen partial pressures at the optimum accuracy levels.

Additional factor responsible for the low AT and higher cracking temperatures was the low
convective and radiative heat transfer coefficients. The layers of the annular cylinders and gaps in
the test stand surrounding the pellet, along with the natural convection, act as a set of resistors in

series. By calculating the Nusselt number, Prandtl number and Grashof number, the total heat



transfer coefficient was found to be significantly low which was responsible for causing the pellets

to crack at relatively low AT and higher peak temperatures than typical LWRs [16].

Another interesting observation from the infrared images was how cracking affects the
temperature profiles observed on the top of the pellet after cracking. Prior to cracking, the spatial
temperature distribution is continuous, with a hotter centerline temperature and cooler surface
temperature prior to cracking. However, as cracks initiate and propagate—an extremely fast
process—the temperature profile changes rapidly and develops strong discontinuities. The thermal
images show the pellets being divided into zones that have relatively uniform temperatures within
each zone, with large temperature jumps on the boundaries of these zones. Typically, one of these
zones becomes hotter than the others, separated by the major primary crack along the pellet
diameter. This behavior is largely due to the high resistance to heat transfer caused by the cracks.
The large temperature differences between these zones causes large differences in the thermal and
electrical conductivity, which is, in turn impacted by cracking and temperature [17, 15]. Cracking
also affects the electrical fields because it causes poor contact between cracked zones and between
the electrodes and the pellet. It should be noted that, in multiple ways, the cracking pattern and
temperature profiles obtained in these experiments differ from what would be observed in a typical

reactor environment. Some key differences are as follows:

1. The pellets tested in this study on cracking have a low average TD of 93%, which is lower
than the 95-96% TD typically observed in standard commercial reactor fuels. Density
varies directly with electrical conductivity. Thus, a low-density pellet, has lower electrical
conductivity, which means under resistive heating it takes longer to attain the peak

temperatures needed for cracking [18].



2. Typically, in a LWR, the pellet surface is about 400—500°C and the centerline temperature

about 1200°C (AT = 700-800°C) while operating under steady-state conditions [19].
Immediately after the fuel rod power increases and before any significant swelling or creep
can occur, a network of cracks due to thermal stresses is induced by the radial high-
temperature gradients (a few hundred Celsius per centimeter) [20]. However, in the present
study, by means of resistive heating and volumetric heat losses, an average maximum radial
temperature difference of 200°C was generated in the pellet. This AT was used to quantify
the corresponding linear heat rate (LHR) by using the equation, = 4.w.k. AT, where q is
the linear heat rate in W/cm, k is the thermal conductivity in W/m-K and AT is the
temperature difference. Based on this calculation, for the present study it was found out
that the LHR for AT= 200°C was found to be 178 W/cm and number of radial cracks
observed was between 2 and 4 for all the pellets. This matches well with the predictions
made by Oguma [1] where the maximum number of cracks was four for LHR ranging from
0 to 200 W/cm.
This temperature difference of 200°C was enough to create thermal stresses in the pellet,
causing it to crack. This aligns with the fracture model suggested by Su Faya in [21], as
well as the preliminary BISON simulations [8]. Both [21] and [8] concluded that a
temperature difference of 150°C was sufficient to induce thermal stresses and initiate
cracking in the fuel pellet.

3. As previously mentioned, because of the way that the current is passed transversely across
the pellets, the temperature contours in these experiments are oblong, which results in stress

concentrations and fracture initiation near the electrodes, which differs from the expected



behavior in the LWR environment, where radial cracks would be spread more uniformly
around the pellet periphery.

4. The high temperature gradients of the pellets in fresh LWR fuel are caused by volumetric
heating and radial heat rejection. However, over the life of the fuel, the microstructure
changes in a nonuniform way due to radial variations in temperature, grain size, porosity,
local burn-up, and fission product chemistry [22,23]. This study is relevant to fresh LWR
fuel but does not address burnup-dependent phenomena that would affect late-life fracture

behavior.

Despite the differences between the environment and conditions created by the resistive
heating tests and the nuclear reactor, the results of the current research effort still provide data that
is useful for validation of computational models. As long as the computational models can replicate
the experimental environment, these experiments can be used for validation of those models. The
experimental data has been used in a parametric study conducted by Yeh et al. [9] encompassing
electrical conductivity and heat transfer coefficients where the temperature and cracking data from

these experiments were successfully implemented in validating the 2-D cracking model in BISON.

In all eight experiments, it was observed that the temperature gradient across the non-
electrode side (vertical blue line) was higher than across the electrodes (horizontal green line) prior
to crack formation as seen in Figures 5 and 6. This temperature gradient resulted in every case in
the formation of a major radial crack that extended across the pellet diameter, with smaller radial
cracks branching out of it. Video generated by stitching optical images captured during the tests at
every 1 second interval shows that the cracks originated at either one of the electrodes before

propagating radially across the pellet as seen in Figure 7.



The optical images immediately prior to cracking, at the point of crack initiation, and after

propagation, are shown in Figure 7 for pellet U4-50.

Figure 7. U4-50 pellet, showing cracking. The images show the moment before cracking

(left), the first crack initiation at the electrodes (center), and crack propagation (right). The
pellet boundary is marked by a white circle, and the electrodes are marked by green arcs.

In this case, the point of cracks initiation has been marked by white arrow

The time stamps on the optical images were used to determine the current and voltage at the exact
moments when cracks initiated. After comparing the optical images of cracking with the thermal
data, the first cracking event was confirmed to have occurred at about 1600°C centerline

temperature, when the current was between 3.5 and 4 A.

Figure 8 clearly shows that in addition to the radial cracking observed on the top surfaces during
the experiment, there is also significant axial cracking, typically manifested as a single major crack

at the pellet mid-plane.

Figure 8 (a)—(h) shows side views of the pellets after being removed from the test chamber.






Figure 8. Side views of UO pellets after removal from test stand, showing axial cracking: (a)
U4-50, (b) US-45B, (c¢) U3-38, (d) U5-26F, (e) US-22C, (f) US-20C, (g) U1-38A, and (h) U5-
20D. The black and white arrows in the above image represent the positions of electrodes

around the pellets.

Since the current is passed transversely across the pellet, there is significant spatial variation in the
current density across the pellet cross-section. Preliminary two-dimensional (2D) BISON
simulations conducted by Yeh et al. [9] show that the temperature contours of the experiments

conducted in this study were oblong as opposed to the circular shape that would be seen in a reactor



environment. Because of the nature of these oblong temperature contours and the resulting
thermally induced stresses, Yeh et al. [9] predicted that most radial cracks would initiate near the
electrodes and propagate inward, while axial cracks would initiate at azimuthal locations at 90°

angle with respect to the electrodes.

These 2D simulations are cross-section models that do not capture axial temperature variations.
Because there is a path for convective as well as radiative heat loss from the top surface of the
pellet into the test chamber, the axial thermal gradients could be significant. The maximum heat
loss in the pellet is from the top which creates an axial temperature gradient. As a result, the top
of the pellet is cooler than the bottom. The actual amount of heat loss can be quantified using three-
dimensional (3D) representations of the pellet, which is currently a work in progress. This thermal
gradient as shown in Figure 9, drives the radial cracks to propagate axially until they meet the axial

cracks, at which point the pellet is completely fractured.
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Figure 9. Schematic showing how heat loss from the top surface results in an axial
temperature gradient in the pellet. The size of the arrows around the pellet show the
relative magnitude of heat losses from the various surfaces. The larger arrows show the
maximum radiative heat loss is from the top surface of the pellet, followed by intermediate

losses from the sides and the minimum heat loss is at the bottom surface of the pellet.

The formation of significant axial cracks in the experiments as shown in Figure 8, is reasonably
consistent with the predictions of Yeh et al. [9]. As previously mentioned, those simulations
employed 2D planar models, and only predict the extent of axial cracking at a given location in
the cross-section, and not the number or location of axial cracks along the axis of the pellet.

However, the 2D planar models did predict axial cracking that penetrated deeply into the pellets.



Future 3D modeling efforts would be necessary to determine whether fracture models predict the

number and axial locations of axial cracks.

The time history of the peak temperatures for the three pellets namely U4-50, U5-26F and U5-22C
are shown in Figure 10. There is a rapid rise in temperature in the inductive heating phase until the
pellet gets sufficiently conductive to allow resistive heating. Thereafter, the temperature increases
stepwise with ramp in current at each power level. The various hold times can also be inferred

from Figure 10 as well, which have also been reported in Table 2.
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Figure 10. Time history of peak temperatures for pellets U4-50, US-26F and U5-22C

To use the results from these experiments for validation of computational models, it is important
to ensure that a model accurately represents the thermal conditions prior to cracking. This is

challenging because it requires accurately representing both the electrical and thermal fields, which



are affected by boundary conditions and temperature-dependent material properties. To facilitate
calibration of numerical models, the temperature profiles along the horizontal and vertical axis for
one of the experiments (pellet U5-22C) at a number of points in time during the resistive heating
process are shown in Figure 11. This pellet became sufficiently conductive for resistive heating at
8 s when the temperature reached 550°C, and thereafter it was heated until 181 s without any
evidence of cracking. Cracking was first observed at 182 s, when the peak temperature was about
1600°C. The total heating time of the pellet was 366 s, which included inductive and resistive

heating, during which it attained a peak temperature of 2100°C.

2200
(a)
2000 |/ ﬁ
1800
= /
3 1600 —— 1485
(%2} ’
3 \ 88s
£ 1400
g
5 128s
© 1200
] /r \ ——158s
5 1000 — 181 s
—182s
800
——275s
600 ——3665s
400

0 2 4 6 8 10 12

Distance (mm)



2200

(b)

-
2000 \

1800 r \\

8s
= 1600 |,
=) —
2 \ 48's
[0}
S 1400 88s
g
= 128's
©
S 1200 F \\ ———158s
o
g ——181s
— 1000
— 1825
800 —275s
——366s
600
—
400
0 2 4 6 8 10 12

Distance (mm)

Figure 11. Temperature profiles for pellet ID U5-22C along the (a) horizontal and (b)

vertical axis at various points in time during the resistive heating phase of the experiment

6. Characterization of UO; Pellets

The cracked pellets from the experiments were further characterized as described here to better
understand the microstructural changes and mechanisms driving the formation and propagation of

cracks. This characterization included microscopy and measurements of electrical conductivity.

6.1. Microscopy

Optical and scanning electron microscopy (SEM) were performed on as fabricated and cracked

UO; pellets. Optical microscopy of chemically etched pellets showed distinct grain boundaries and



grain sizes in the bulk of the pellets. Each sample was sectioned and then mounted in epoxy,
followed by grinding and polishing. Next, it was chemically etched using a solution comprising of
10 ml 95% sulfuric acid (H2SO4) and 90 ml of 30% hydrogen peroxide (H20>) [24]. The sample
was initially etched for 10 s, then the etching was continued at 20 s increments until the grain
boundaries became clearly visible. The optical microscopy and SEM images of an etched pellet

are shown in Figures 12 and 13, respectively.

¥ s A T RN
Q. Magnification: X2000.0]
O TR ———

Figure 12. Optical microscopy image of a chemically etched pellet, showing grain

boundaries at the center (a) and edge (b) under polarized light
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Figure 13. SEM image of etched UQO: pellet, showing grain boundaries at the center (a) and

edge (b)

Since this pellet was thermally etched during the sintering process, SEM imaging of the as-
fabricated pellet surface revealed well-defined grain boundaries, as shown in Figure 14. The pellet
was sintered at 1790°C for 24 hours in Ar-5%H?2. The sintering atmosphere is usually reducing,
with some percentage of hydrogen (Hz) gas for obtaining UQOz00. The H> helps to reduce the
uranium in order to maintain stoichiometry. The reducing H» atmosphere removes the excess O
and maintains a controlled oxygen atmosphere resulting in a chemical oxygen potential of =75 to
—125 kJ/mole which causes thermal etching in the pellet [25]. Generally, thermal etching is very
superficial and cannot penetrate to the bulk of the pellet. As a result, we observe the well-defined
grains on the as-fabricated surface only, not in the bulk after the pellet has been cut or sectioned

[22].
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Figure 14. SEM image of an as-fabricated pellet surface, showing well-defined grain
boundaries at the center (a) and edge (b) due to thermal etching; the black spots within the

grains are impurities or inclusions and the ones on grain boundaries are pores

Chemically etched surface in Figure 14 shows similar grain structure and grain sizes as the as
fabricated surface shown in Figure 16. These micrographs reveal that the UO2 pellets have a grain

size of approximately 14 microns which is very typical of standard LWR pellets.

Furthermore, the cracked surfaces were examined using SEM, revealing details about the sequence
of crack formation and propagation. Images of the cracked surfaces of pellets U4-50 (4 A), U5-
26F (6 A), and U5-20C (8 A) after undergoing resistive heating, cooling, and removal from the
test stand are shown in Figures 15, 16, and 17, respectively. The regions of interest investigated

have been marked by black boxes and the corresponding macroscopic view has been shown.
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Figure 15. SEM imaging of UO: pellet U4-50 (4.0 A) after the resistive heating experiment



SEMMAG: 219k | WD: 10.36 mm VEGA3 TESCAN
SEM MAG: 27 x WD: 15.41 mm VEGA3 TESCAN
e ST Setnon View field: 127 pm Det: BSE 20 pm

SEM HV: 20.0 KV Date(m/dly): 08/27/20 usc SEM HV:20.0 kV  Date(m/dly): 08/27/20 usc

2—/\ \‘”'."’3,

.
).
v \
/o2 .
v ’
¥
' S
A/

SEMMAG: 272k« WD:1030mm | || ||| ||| VEGA3 TESCAN SEMMAG:273kx  WD: 10.16 mm VEGA3 TESCAN
View field: 102 ym Det: BSE 20 ym View field: 101 ym Det: BSE 20 ym
SEM HV: 200KV Date(midly): 08/27/20 USC  SEMHV:200kV  Date(midiy): 08/27/20 usc

Figure 16. SEM imaging of UO: pellet US-26F (6.0 A) after the resistive heating experiment
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Figure 17. SEM imaging of UO: pellet US-20C (8.0 A) after the resistive heating experiment

It was observed in all the SEMs in Figures 15, 16 and 17 the top left image showing the full face
of the pellet reveals that the major primary surface cracks were formed across the diameter of the
pellet, generally along the axis between the electrodes. It is difficult to determine whether a single
radial crack propagated across the pellet, or whether two radial cracks that formed on opposite
sides of the pellet joined in the middle. Regardless, this indicates that the thermally driven hoop

stresses were larger near the electrodes than on other portions of the pellet periphery.



The bigger primary surface cracks such as images 1 and 2 in Figures 15, 16 and 17 appear to be
very energetic and are a combination of both inter and intra-granular cracking. The primary cracks
were highly symmetrical representing cracking patterns quite typical of brittle materials. On the
other hand, secondary surface cracks, for example image 3 in Figures 15 and 16 seem to be less
energetic and are mostly inter-granular cracking along the grain boundaries. They were likely to
be formed at later stages in the cracking process. SEM images 1 and 3 in Figures 15 and 16 show
the opening at the sites of primary cracks to be larger than that of the secondary cracks. The primary
cracks create stress concentration points that ultimately result in additional cracking. The
secondary cracks appear to have branched out from the primary cracks as finer, smaller cracks
propagating mostly along the grain boundaries. The large primary cracks in Figures 15, 16 and 17
make it evident that macroscale deformation is entirely due to cracking and not due to inelastic

deformation. This is expected due to the short duration of the tests.

Fractography is used here to study the shape of the fractured surfaces. SEM images of fractured

surfaces for two different pellets are shown in Figure 18.
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Figure 18. SEM images showing the fractured surfaces of pellets US-45B (4.0 A) and Ul-
38A (5.0 A), both of which underwent resistive heating. Red circled regions indicate
intergranular fracture, while yellow circled regions indicate intragranular fracture.

The red circles in the fractographs in Figure 18 show faceted features resembling smooth,

rounded, protruded surfaces, signifying the regions of grain boundaries. In these areas, cracks tend
to propagate easily along the grain boundaries, since it is thermodynamically easier for cracks to
propagate along pre-defined surfaces. In fractography, cracks with obtrusive faces projecting out
from the surface mark cracking along the grain boundaries.
On the other hand, the yellow circles highlight the flatter features with band-like structures which
mark the intragranular nature of the cracking. Intra-granular cracks grow through the grains. They
resemble cracking which follow smooth symmetrical straight-line paths that cleaves the grain itself
(see the yellow circles). In the case of intra-granular cracking, the cracks must be highly energetic
to create surfaces in the grains themselves to propagate through them when grain boundaries are
unavailable. Although some of both types of fracture is observed, the fractured surface analysis
reveals the majority of cracking in the fractured surfaces are inter-granular or grain boundary
cracking.

6.2. Electrical resistivity measurement

Since the volumetric heating that occurs during resistive heating of UO; is highly dependent on
electrical resistivity, it is important to characterize the electrical resistivity of the actual UO; pellets
studied herein. Samples were examined at ambient room temperature using the four-point probe
method. A Cascade Microtech C4S-47/00 four-point probe tip was used in conjunction with a
Gamry Interface 1010E potentiostat. The four-point probe tip was made from tungsten carbide,

has inner probe spacing of 1 mm, and requires a loaded weight of 70—180 g. A fixture was built



for the four-point probe tip and connected to a sample holder (see Figure 19) [26]. The sample
holder featured an adjustable height stand to accommodate samples of various heights. The probe
tip was fixed to a polycarbonate beam, allowing for additional weight during testing. This type of
arrangement ensures that the probe tip and sample remain perfectly leveled during testing. The
UO; samples were mounted in a nonconductive epoxy and polished prior to resistivity
measurements. Calibration was achieved using an undoped intrinsic single-crystal silicon wafer
(10 x 10 mm, 100-um thick) from University Wafer, Inc., with a quoted resistivity of >3000 ohm-

cm.

Figure 19. Setup for electrical resistivity measurements of UO; pellets at room temperature

The electrical resistivity of two UO2 samples from the same batch of pellets that was subjected to
resistive heating testing was measured at room temperature and compared against the study
conducted by Bates et al. [15]. For all tests, a total of 180 g in weight was added to top of the
probe. This helped maintain proper contact between the probe tips and the sample surface. For an

infinitely thin sheet (i.e., a sheet whose thickness is much less than the probe spacing), the sheet’s



electrical resistivity is related to its thickness (t), measured voltage (V) and applied current (I) as

per the following equation:

T

p=i—.t

~I<

n2

Chronoamperometry analysis was performed by using the Gamry potentiostat, applying a constant
voltage of 10 V, and measuring the resultant currents. Each test was performed for 30 s. The two

samples’ current values are tabulated in Table 4.

Table 4. Current across surfaces of the samples

Current (amperes); each

test averaged 30 s

Test Pellet US- Pellet U4-
No. 26D 53D

1 5.30E-06 3.07E-06

2 3.39E-06 5.13E-06

3 7.84E-06 4.01E-06

4 7.12E-06 2.03E-06

5 7.88E-06 4.00E-06

Average | 6.31E-06 3.65E-06

Using the results from Table 3, the electrical resistivity of each sample was calculated. The results
are shown in Table 5 and graphically compared with each other and with the values indicated by
Bates et al [15]. for the same temperature in Figure 20. It is clear that the resistivity is roughly an

order of magnitude higher here than that indicated by Bates et al. One likely explanation for this



is that there is a strong observable correlation between resistivity and porosity. Electrical resistivity
increases—and conductivity decreases—with increasing porosity in the sample [18]. The UO>
samples studied by Bates et al. were almost 100% dense, potentially explaining the very high
electrical conductivity seen in Figure 20. There is also a direct dependency of the O/U ratio on the
electrical conductivity of UO». Ishi et al. found that the higher the O/U ratio, the higher the
electrical conductivity [27]. However, density and porosity are the primary factors affecting the
electrical conductivity of UO., not stoichiometry. The pellets investigated here for resistivity
measurements have a lower density which explains the significantly higher resistivity values

shown in Figure 20.

Table 5. Measured UO; electrical resistivity

Sample ID U5-26D U4-53D Bates et al. (1967)
Dimensions D=1.09 D=1.10 D =0.63
(cm) H=0.91 H=0.93 H=19

Sintered in commercial

1790°C for 24 | grade H2 at 1700C for
Fabrication 1790°C for 24
hours, Ar- 12 hours; Heat treated
Conditions hours, Ar-5%H2
5%H2 for 8-12 hours at 1125 K|

in purified Ar-8% H2

Theoretical
94.15% 93.4% 100%
Density
Resistance
1.58 X 106 2.74 X 106 1.38 X 10°

(R ohms)




Resistivity
(p, ohm-cm) 2.94 X 10° 3.94 X 10° 230X 10°
b4 | %4
p = E .t. 7
Conductivity
(6 =1/p, ohm! 3.4X 107 2.54 X 107 435X 10°
cm))
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Figure 20. Resistivity of UO2 samples, as compared to the values in the literature

7. Conclusion

This paper discussed experimental efforts for studying temperature-gradient-driven cracking in
UO:. The three main objectives of this work are: (1) to develop an experimental apparatus that can
use resistive heating to replicate the thermal conditions experienced by UO; pellets under a variety
of operating conditions in the reactor, (2) to collect data using this apparatus for the validation of

2-D and 3-D cracking models in fuel performance codes such as BISON, and (3) to characterize



as-fabricated and cracked pellets to better understand the mechanisms of cracking and explore

basic material properties relevant to this study.

It has been demonstrated here that the experimental setup is able replicate the thermal conditions
experienced by fresh fuel in an LWR to a reasonable degree. The combined approach of induction
and direct resistance heating created volumetric heating within the pellet, which together with
radial heat rejection generated temperature profiles in the pellets reasonably close to those
expected in the reactor. The thermal gradients produced with this approach led to cracking that is
somewhat representative of that which would occur in fresh fuel in the LWR, with a major
difference being that the radial cracks in these experiments were largely concentrated on the path
between the electrodes in the experiment, while they would be distributed more uniformly around
the periphery of fuel in the LWR environment. The direct resistance heating method is flexible in
its ability to replicate different reactor power levels rapidly, which allows it to simulate a variety

of transient conditions and characterize the accompanying cracking.

The dual imaging system has been shown to be highly useful for characterizing both the thermal
conditions and fracture initiation and growth during the experiment, providing data that can be
directly used for validation of fracture models in fuel performance codes. Crack formation was
visible both through the observed discontinuities in the temperature contours provided by the

thermal imaging and the observed cracks in the optical images.

Post-test SEM characterization of cracked and fractured surfaces revealed the formation and
propagation of primary cracks along grain boundaries. Measurements of electrical resistivity at
room temperature were also taken, providing additional data useful for informing computational

models of these experiments.
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