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Abstract

UsSiz is a candidate advanced technology fuel (ATF) replacement for UO,. UsSiy’s high uranium
density and high thermal conductivity are favorable properties in steady-state and accident conditions.
Accident performance of this fuel concept is enhanced when paired with a SiC-SiC cladding, due to high
oxidation resistance. Performance of this U3Si>-SiC concept fuel is compared to that of UO,-Zr4 fuels by
implementing models that describe the properties of UsSi; and SiC-SiC into Idaho National Laboratory’s
(INL) fuel performance code, BISON. Included in these material models is a thermal creep model for
UsSi; based on compressive creep data. The simulated results suggest that the U3Si>-SiC concept fuel
may serve as a replacement for UO,-Zr4 fuels during steady-state operation, provided the mSiC layer
remains under compression. Through a moderate power history and three 24-month fuel cycles, the
mSiC layer remains under compressive stress through a burnup of 80 MWd/kgU. Since failure of the
mSiC layer generally occurs prior to significant thermal creep in UsSi,, creep is of little importance during
fuel-to-cladding contact. A parameter variation study including 3,860 individual simulations with
variations in nominal fuel thermal creep rate, cladding thermal conductivity, cladding irradiation creep,
cladding gap size, and cladding thickness demonstrated that research priorities for this ATF should
revolve around reducing cladding thickness as a means to minimize cladding failure and enhance
maximum fuel energy production. Generally, despite advances in SiC-SiC compliance, the brittle nature
of mSiC excludes UsSi,-SiC for use where fuel cladding contact may occur.

Keywords | multi-physics simulation, nuclear fuel performance, pellet-cladding mechanical
interaction, uranium silicide, U3Si2, silicon carbide, SiC, thermal creep

1 Introduction
1.1 Motivation

The goal behind advanced technology fuel (ATF) research is to replace standard light water
reactor (LWR) fuel with a fuel that lessens the severity of accidents while maintaining or improving fuel
performance [1]. Amongst the candidates for ATFs, uranium silicide (UsSis) is of interest due to its high
uranium density and high thermal conductivity. However, due to the limited data available, much of the
high burnup in-reactor behavior of UsSi, is not known [2]. Specifically, an experimentally derived model
describing the thermal creep of UsSi; is lacking in the literature. This work reports the development of a
thermal creep model for UsSi; based on compressive creep experiments performed at the University of
South Carolina (UofSC) [3] [4] and demonstrates its effects via finite element simulation.

Replacements for Zircaloy cladding are desired to lengthen the time nuclear operators have to
respond to accidents. SiC is under consideration as a cladding material due to its high strength, minimal
thermal and irradiation creep, high steam oxidation resistance, and minimal neutron economy penalty
[5]. However, due to its brittle nature, monolithic SiC (mSiC) is not suitable for single layer cladding
applications and a composite matrix ceramic SiC (SiC-SiC) must be used to allow more gradual failure
modes [6]. While the use of SiC-SiC improves the mechanical compliance of a SiC cladding, stresses in
the mSiC layer used as an environmental barrier must remain below the threshold for microcracking to
avoid the release of fission gases into the coolant [7].

Recent works indicate that SiC claddings require significant development prior to use. He et al.
[8] evaluated the failure probability of UsSi; with duplex SiC cladding and found SiC failure to be almost
certain under reactivity insertion accident (RIA) conditions. Using BISON, Wei [9] calculated elevated
cladding hoop stresses greater than 180 MPa during shutdown which is enough to exceed its



proportional limit stress (PLS) [10]. The resulting microcracking can result in significant fission gas
leakage. Rapid failure of SiC cladding is known to occur following pellet cladding mechanical interaction
(PCMI) even when cracking compliance of the composite layer is considered [3].

Since the magnitude of UsSi; creep is directly related to cladding stress during contact, accurate
prediction of SiC cladding failure in UsSi»-SiC simulations requires an improved thermal creep model.
Until now, simulations of this concept fuel were completed using Metzger’s UsSi, thermal creep model
[8], which was developed using Finlay’s irradiation and swelling data [11], with kinetic theory [7]. The
development of an experimentally derived thermal creep model enhances understanding of the UsSi,-
SiC fuel system to help identify fuel design priorities.

1.2 Objectives

In this work, the BISON nuclear fuel performance code is used to further understanding of the
UsSi, -SiC ATF concept by: (1) developing a full physics simulation for the U3Si>-SiC ATF concept, including
the experimentally derived thermal creep model developed in this work and the various UsSi; and SiC
models of the open literature, (2) providing a predictive simulation comparison of the concept ATF
against UO,-Zr4 fuels, and (3) identifying essential UsSi,-SiC ATF design priorities through parameter
variation studies to test simulation response to variations in UsSi, thermal creep, SiC thermal
conductivity, cladding gap, and SiC-SiC cladding layer thickness.

2 U3Si2 Thermal Creep
2.1 Model data
UofSC thermal creep data [12] is fit using the Mukherjee-Bird-Dorn equation [13]:

=42 (&) e »
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Equation 1 is an empirical secondary thermal creep model capable of accounting for dislocation
and diffusional components through its incorporation of stress, temperature, and grain-size-dependent
factors. Due to uncertainties in the original experiment, primary thermal creep of UsSi, was unable to be
determined reliably and is excluded from the model [4]. Equation 1 is simplified by collecting leading
factors into a single coefficient (A’). When Equation 2 is rearranged, the coefficients A’ and Q are found
by iterating over values of m and n to calculate a linear least squares fit of In(éTd™¢ ™) against T™1.

UofSC received various batches of UsSi, pellets for characterization and creep testing. The data
received from INL for determining UsSi, creep coefficients came from compressive creep trials from
Batches 3 and 4 [12]. The compressive creep experiment covered a range of temperatures and stresses
applicable to LWR conditions. A total of 13 creep tests were conducted on five UsSi; pellets. Tests 1-5
use pellets from Batch 3 for characterization, and Tests 6-13 use pellets from Batch 4. Table 1 below
provides the average results of these experiments after applying statistical controls to minimize error
when calculating secondary creep for each test [3] [4].



Table 1. Summary of UofSC compressive creep experiments.

pellet | Test Creep Average Temp'er?ture Average St'res.s Time Grain Size

D 4 Rate Temperature Variation True Stress Variation (Hrs) (um) [14]
(1/s) (K) (Std. dev/p) (MPa) (Std. dev/p)

o 1 8.7327E-8 1218.37 0.017 44.10 0.034 100 15.6
g 2 1.1342E-7 1205.18 0.019 71.77 0.016 100 15.6
D < 3 N/A N/A N/A N/A N/A N/A N/A
o 4 1.7042E-8 1121.22 0.060 77.66 0.021 433 15.6
g 5-A 1.3081E-7 1223.89 0.090 65.13 0.029 105 15.6
ut PN 5-B 6.4806E-8 1210.07 0.010 57.71 0.024 200 15.6
N o 6 1.5728E-8 1173.59 0.000 46.43 0.009 230 26

© 3 7 4.6342E-8 1223.59 0.000 45.21 0.014 230 26

< 8 1.5486E-8 1223.60 0.000 29.51 0.013 65 26

§ 9 2.7472E-8 1223.53 0.000 49.73 0.012 135 26

S <« 10 7.1920E-8 1223.64 0.000 63.62 0.006 82 26

< 11 1.1171E-8 1223.69 0.000 26.91 0.020 280 26

§ 12 1.8750E-8 1273.61 0.000 26.45 0.021 330 26

= S) 13 2.9831E-8 1273.61 0.000 47.79 0.010 140 26

2.2 Model parameters

The average strain rates, temperatures, and true stresses in Table 1 were calculated based on
the following requirements: (1) Include a range of data for at least 65 hours of steady-state creep time
outside of the first 130 hours to allow sample seating and any primary creep to complete. (2) The
experimental average strain rate for this range of data must have a coefficient of correlation (r?) greater
than 0.90. (3) The average temperature and true stress for the range of data must have a coefficient of
variation (op?) less than 0.035 to minimize variations in the calculated means.

Table 2. Creep parameters for Equation 2.
A n m Q (kJ/mol K)
4.841e-19 1.936 1.86 223.1

2.3 Experimental variations

Figure 1 shows the overlap between the measured and calculated strain rates using Equation 2
as a secondary creep model. In Table 2, UsSi; creep coefficients for Equation 2 are found by iterating
over values of m between 0 and 5, and of n between 1 and 7 until the highest r? is found. The Q and A’
creep parameters are found from the slope and intercept of the best fit, respectively. The error bars in
Figure 1 are determined by propagating the experimental data variations in temperature and stress
through the creep model in Equation 2. In addition to these experimental variations, a 2% systematic
variation in the temperature and stress measurements is assumed to account for bias due to
measurement technique. Consequently, the combined effect of temperature and stress variations on
the calculated creep rate is evident.
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Figure 1. Calculated model vs experimental data (p-value=0.00002, r?=0.83).

The grain size used in the creep calculations are from Table 1 were determined from pre-creep
batch samples using Image) software [14]. Experimental variations in grain size were omitted from the
error propagation in Figure 1, since the evolution of grain size throughout creep testing is unknown.
When the creep parameters of Table 2 are used in Equation 2 and plotted against the experimental
values of Table 1, we observe that the data fit to the model within the range of calculated variations.

A notable exception is the calculated strain rate for Test 7, which is unable to match measured
experimental values. This discrepancy is explained by the misalignment of Sample 161214-B, which
resulted in excessive sample curvature and non-uniform compressive stress during the later stage of the
test [4]. Since the experimental strain rate measurement depends on uniaxial stresses, the non-uniform
stress condition may have caused heightened stress along a pellet edge, resulting in an erroneously high
strain rate measurement. However, considering the overall variations in the experimental data and the
generally low thermal creep rate, the errors in Test 7 do not seem large enough to warrant exclusion
from the model.

3: BISON Material Models
3.1 Model summary
Finite element analysis methods were used to determine the impact of the developed UsSi;

secondary thermal creep model on the performance of the ATF concept. BISON is a finite element
analysis code described by others throughout the development of fuel performance models [15] [16].
Table 3 summarizes the material models used in the U3Si>-SiC concept ATF BISON simulation. Bold
italicized cells represent models either added to the BISON codebase or modified from their original
format. Unitalicized cells are material models already available in BISON.



Table 3: Material models used in BISON simulation

UsSi2 Monolithic SiC Composite SiC
Thermal Expansion Obbard [17] Katoh [18] Katoh [18]
Specific Heat White [19] Stone [20] Koyanagi [21]
Thermal Conductivity White [19] Stone [20] Koyanagi [21] modified
Swelling Barani [22], Hofmann [23] Katoh [24] Katoh [24]
Fission Gas Release Barani [22] N/A N/A
Elasticity White [19] Snead [25] modified Singh [26] modified
Plasticity N/A N/A Data from Braun [27]
Creep This work (Thermal) Koyanagi [28] [29] Koyanagi [28] [29]
Fracture/Relocation Francher [30] modified N/A N/A
Densification None [2] N/A N/A

The rod geometry is a duplex SiC cladding that follows the outside monolithic design as
suggested by Stone to reduce overall failure probability [20].

mSiC

rd

Figure 2: Duplex cladding arrangement.

Stone found that this cladding arrangement ensured compression of the outer mSiC throughout
fuel life. By maintaining the outer mSiC in compression, concerns regarding SiC-SiC cracking and loss of
hermeticity are lessened. Geometry specifics such as rodlet length and diameter, cladding gap, and
cladding layer thicknesses are found in Section 4.1.

3.2 Model development and modification
3.2.1 Thermal expansion of UsSi

Obbard et al. [17] describe the linear coefficient of thermal expansion of UsSi, as Equation 3.
Since BISON has existing thermal expansion models in place, Obbard’s linear thermal expansion
coefficient function was added to the existing code as an option.

a(T) =2.10-107°5 - 7.25-107°T (3)



3.2.2 SiC/SiC thermal conductivity

Irradiation damage of SiC is an important part of describing its thermal conductivity. SiC-SiC is
modeled by adding Stone’s irradiation damage resistivity model to Koyanagi’s unirradiated tube
specimen thermal diffusivity data in the following manner:

knonirr = apCp (4)

Ryonirr = kr?t}nirr (5)

Ry =1511-S (6)
1

kot = -———— (7)

Rirr+Rnonirr

Density (p), thermal diffusivity (a), and specific heat (C,) data for Equation 4 are taken from
Koyanagi [21]. Resistivity due to irradiation in Equation 6 is taken from Stone [20]. Non-irradiative
thermal resistivity is added to irradiative thermal resistivity in Equation 7 to determine a combined
coefficient of thermal conductivity for tubular SiC-SiC.

3.2.3 SiC elasticity

Many of SiC’s properties are affected by irradiation damage. This damage is completed prior to 2 dpa of
fluence [24]. To account for the irradiation degradation of the elastic modulus, mSiC and SiC/SiC are
modeled to linearly degrade the value of the elastic modulus from 460 GPa [25] and 201.9 GPa [31] by
10% and 18.4%, respectively, over 2 dpa [32].

3.2.4 SiC/SiC compliance

Composite matrix ceramic (CMC) materials have an elastic modulus that varies based on a
stress-dependent damage coefficient. Braun et al. determined the damage coefficient for SiC-SiC via
axial applied stresses [27]. To model this behavior, the elastic modulus for SiC-SiC was damaged
proportional to the damage coefficient calculated from Braun’s results. The maximum von mises stress
from the SiC-SiC cladding is used in this calculation since the damage coefficient was determined for a
singly applied axial stress.

3.2.5 SiC irradiation creep

Creep of mSiC and SiC-SiC under irradiation is relatively small and is described by Koyanagi’s
bend stress ratio (BSR) experiments as having a swelling coupled primary creep region as well as a
steady-state secondary creep [28]:

€tot = épri + €sec (8)

Primary irradiation creep is coupled to volumetric swelling, €,,,;, through a creep compliance
coefficient [26]:

Kpri = (3.5626-107*T? — 4.1704 - 107'T + 156.8507) TPa™* (9)
épri = Kpri(’évol (10)
Secondary irradiation creep is proportional to stress and fluence [33], with a compliance

coefficient of approximately K¢ = 11077 (MPa dpa)~?! [28]:

€sec = KsecO® (11)



Since the BSR technique only represents SiC creep qualitatively, Koyanagi quantitatively
calculated the stress and irradiation damage normalized creep strain for in-reactor CVD SiC tubes [29].
These creep data have shown in-pile creep rates to be between 2 and 17 times higher than BSR
estimates. In the parameter variation study in Section 4.4, a scaling factor is introduced to the total
creep rate to account for this range of irradiation creep.

3.2.6 Fuel fracture and relocation

UsSi; lacks a developed model to describe its fracture and subsequent relocation during rise to
power. However, fuel fracture and relocation are important for accurately describing fuel stress and
strain during simulation. A recent post-irradiation examination of UsSi, at INL shows that through 20
MWd/kgU of burnup UsSi> exhibits about 25% of the cracking UO2 would experience under the same
conditions [2]. In the absence of a validated cracking model, this work uses the UO,; ESCORE model
already available in BISON, but reduced by a factor of 0.25 as a first approximation. Simulation impact
from variations in this factor is studied in the multidimensional parameter variation study hereafter.

3.2.7 Densification and U3Si, thermal conductivity degradation

The material models of the present UsSi,-SiC simulation differ from those used by He et al.
through the incorporation of the material model improvements indicated in Sections 3.2.1-6 above.
Other notable differences include fuel densification and thermal conductivity degradation. He et al.
assumes densification is similar to UO; [8]. However, since post-irradiation examination indicates that
fuel porosity is not impacted at low burnup [2], and that densification is largely a phenomenon evident
at low burnups, densification in UsSi; is not considered in this study. Additionally, He et al assumes UsSi,
thermal conductivity degrades by 50% over 60 MWd/kgU. Considering the porosity observations given
above, this assumption is likely excessive. Since irradiated material properties for UsSi, are sparse in the
literature [19], this work makes use of the UsSi; handbook’s empirical relation with no thermal
conductivity degradation.

4 Results and Discussion
4.1 Simulation conditions

The default models in BISON and those developed above are implemented in simulations to
provide a comparative view of the performance differences in three cases: (1) UO»-Zr4, (2) UO,-SiC, and
(3) UsSip-SiC. The simulation conditions used for this comparison are shown in Table 4 below.

Table 4. Simulation conditions.

21.16,19.3,17.5 kW/m

Cycle Linear Heat Rate
y (three 24-month cycles)

Initial Plenum Pressure 2 MPa

Coolant Pressure 15.31 MPa
Coolant Inlet Temperature 599.95 K

Coolant Flow Rate 3675.4 kg/(m?-sec)
Rodlet Pitch 12.6 mm

Rodlet Radius 4.75 mm




Fuel-to-Cladding Gap 80 um
SiC/SiC Thickness 0.6 mm
mSiC Thickness 0.2 mm
Zircaloy Thickness 0.572 mm
Fuel Height (10 pellets) 9.8cm
Plenum Height 10.38 cm
UsSi2 Grain Size 20 um

Material properties from source code examples provided by BISON were used for UO; fuel and
Zr4 cladding. External geometry, coolant flow rate, inlet temperature, and pressure in the three
simulations are identical.

Since much of the motivation behind using U3Si>-SiC is economic, a power history based on a
maximum of 40 W/gU was chosen to facilitate 24-month cycles [34]. Relatively small decreases in power
were chosen to approximate a fuel shuffling strategy, considering the absence of burnable poisons.
Linear heat rates for subsequent cycles are chosen to bring the average burnup of the simulated rodlet
to 80MWd/kgU after three cycles.

4.2 Simulation end criteria

Each simulation case was run until one of two possible outcomes occurred: (1) Cladding failure
criteria was reached, as discussed below or (2) the target average fuel burnup of 80MWd/kgU was
achieved. An average fuel burnup of 80 MWd/kgU was selected as the goal average burnup in this work.
Since equally enriched UO; fuels are capable of more than 60MWd/kgU, the selection of 80MWd/kgU
was a burnup goal based on the higher uranium density of UsSi, [35].

4.2.1 Cladding failure criteria

Cladding failure for UsSi,-SiC is defined as reaching a maximum mSiC cladding hoop stress of 173
MPa, the average characteristic failure stress of mSiC determined by Deng [36]. Zr4 cladding failure was
taken as an irradiated hoop strain limit, determined by Jernkvist to be 1.3% [37]. These measures of
failure are sampled from the entire cladding in the case of Zr4, but only from the monolithic portion of
the cladding in the case of SiC.

4.3 Simulation response
4.3.1 Fuel temperature

In Figure 3, maximum, average, and minimum temperatures were calculated to indicate the
temperature distribution in the fuel to high burnup. Maximum homologous temperatures (Tmax/Tm) with
melting points of 3138 K and 1938 K for UO; and UsSi,, respectively, were calculated to indicate the
margin to melt within each fuel.
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Figure 3. Fuel temperature as a function of average burnup.

Although the UsSi,-SiC fuel concept has lower maximum fuel temperatures, it operates at a
higher homologous temperature (T/T.). Irradiative degradation of the SiC cladding is responsible for the
large increase in temperature at low burnup. This effect is particularly evident in the case of U3Si>-SiCin
which the startup Tmax/Tm increases to above 0.5 during the first 10 MWd/kgU. Though U3Si>-SiC
generally has a lower steady-state maximum operating temperature, its early Tmax/Tm is much higher
than that of UO,-Zr4. Unfortunately, Tmax/Tm remains mostly comparable to UO»-SiC for much of the
simulation.

Performance of UO,-SiC is substantially worse than the other fuels and only reaches about 50
MWd/kgU before the failure criteria for the SiC cladding has been reached. While the UO»-SiC simulation
ends in the event of cladding failure, U3Si>-SiC and UO-Zr4 perform identically in this regard as the
simulations ran to completion without cladding failure. While UsSi,-SiC appears to have some minor
benefit at high burnup, in view of the temperature performance shown in Figure 3, it is hard to
recommend UsSi,-SiC as a replacement for UO»-Zr4.

The chosen nominal power history is conservative to allow the use of 24-month cycles.
However, since the ability to effectively conduct heat at higher temperatures is an advantage of UsSi
fuel, two additional power densities were simulated to explore the extent of UsSi,-SiC’s acceptable



power limits. Figure 4 below, shows a comparison between the nominal case, 25% and 50% higher
power.
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Figure 4. Fraction of melting point in UsSi,-SiC for increasingly higher power density.

UsSiy’s thermal conductivity allows for significant increases in power at the expense of very little
decrease in margin to melt. However, despite this advantage, the 25% and 50% power increases both
resulted in premature cladding failure at 68 and 38 MWd/kgU, respectively. At typical core power, peak
power densities of more than 30 kW/m are common for steady-state lead PWR rods. In light of this,
U3Si>-SiC cannot be recommended for applications where higher power densities will result in failure of
the SiC cladding. These results suggest that limiting LHGR to less that 25 kW/m is necessary to prevent
contact and avoid premature cladding failure.

4.3.2 Plenum pressure and fission gas release

There is no validated fission gas release (FGR) model for UsSi,; however, the FGR model
developed by Barani et al. [22] demonstrates what is generally expected from UsSi; based on rate
parameters informed by density functional theory. In Figure 5, the results show no FGR through 80
MWd/kgU. Although, the high-burnup FGR of UsSi; is unknown, the Barani FGR model for UsSi, provides
FGR values similar to those established via post-irradiation examination at low burnup [2].

UO,-SiC FGR is significantly higher than all others due to its excessively large temperature
gradient. Considering the added risk of gas leakage due to microcracking in SiC, UO; is not
recommended when paired with SiC cladding. In this respect, U3Si; has the advantage, primarily due to
its higher thermal conductivity that lowers average fuel temperatures at high burnup causing a decrease
in the mobility of fission gases. Importantly, the UO; fission gas model does not account for high-burnup
structures and is not accurate past approximately 50 MWd/kgU. However, even at this moderate
burnup, the improved FGR performance of UsSi; is evident.
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Figure 5. Plenum pressure and fission gas release over average burnup.

The reality of having essentially zero UsSi; FGR is questionable at such high burnups. Such a
result can be understood in terms of the model lacking certain physical phenomena, such as increased
gas mobility, as a result of microcracking in the fuel or larger driving forces from fission-gas-degraded
thermal conductivity. BISON UO, material models include these effects, which are partially responsible
for its higher FGR. Since high burnup FGR data are unavailable for UsSi,, a FGR model coupled to cracking
as well as thermal conductivity degradation would be a valuable addition to the simulation of UsSi;
performance in BISON.

Despite UsSi; having a much lower FGR, the swelling model developed by Barani shows similarly
low swelling. The present simulation indicates that UsSi,-SiC is expected to swell approximately half as
much as UO,-Zr4, which is in keeping with expectations set by post-irradiation examination at low
burnups. As mentioned previously, the long-term effect of low FGR on fuel swelling in U3Si, needs to be
investigated further at higher burnup before such outcomes are to be believed.

4.3.3 Cladding hoop stress
Considering the vast material differences between CMC SiC and Zr4, the distribution of stress
through the SiC cladding is expected to be uneven. Figure 6 below indicates the maximum and minimum



hoop stress over burnup for the three fuel combinations.
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Figure 6. Maximum and minimum cladding hoop stress over average burnup.

For the UsSi>-SiC simulation, tensile stresses within the cladding are maintained within the SiC-
SiC layer while the mSiC remains under compressive stress. This behavior is desirable since tensile strain
of the mSiC layer is a driving factor in microcracking, which has important implications for cladding
hermeticity under load. Since the mSiC is maintained under compressive stress, Figure 6 illustrates that
tensile stress within the SiC-SiC and mSiC cladding will increase greatly during shutdown. Although the
mSiC remains under compressive load, the SiC-SiC layer is placed under tensile stresses exceeding 100
MPa. Considering that a round robin study of tubular CMC SiC properties indicates a PLS of about 92.8
MPa, cracking of the SiC-SiC is expected under normal operating conditions [31].

Figure 6 makes it apparent that combinations of low thermal conductivity fuel and cladding, like
UO,-SiC, provide unacceptable performance under typical LWR conditions. This is especially true when
the cladding is susceptible to brittle failure during PCMI. Additionally, although there is some minor fuel
temperature benefit from the UsSi,-SiC fuel, there is no exceptionally notable performance benefit in
terms of cladding performance during normal operation.

4.4 Pellet cladding mechanical interaction
Due to the low power densities and temperatures for UsSi,-SiC, no PCMI was found to have

occurred during the prior simulation. However, since operational realities like fuel relocation during
shuffling and rod inversion between cycles were not included as part of the simulation, insufficient
stresses were created to evaluate conditions in which thermal creep of UsSi; may be significant. Under
such processes it is conceivable that despite UsSiy’s relatively lower amount of fuel cracking, fragments of
the fuel may relocate to create contact between the fuel and cladding.

To simulate such an occurrence, the relocation of a fragment of fuel into the fuel cladding gap is
investigated by choosing an initial cladding gap of 30 microns to force PCMI to occur following the first
cycle. In Figure 7 below, the development of maximum and average hoop stress in the cladding are shown.
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Figure 7. Cladding hoop stress during simulated PCMI using a 30 micron cladding gap.

For UsSi>-SiC, rapid development of tensile stress within the cladding is evident during PCMI and
causes a stress-based failure of the cladding near 48 MWd/kgU. Increases in both maximum and average
hoop stress occur; however, maximum stresses are under a delay. Although contact occurs just before 40
MWd/kgU, a delay of approximately 3 MWd/kgU follows before maximum hoop stress begins to increase.
This is in part due to the cracking compliance of the SiC-SiC layer evident in the decreasing slope of the
average hoop stress in Figure 7 near 40 MWd/kgU. The delay between contact and cladding failure is
significant, which indicates that material design efforts to improve SiC-SiC compliance have an important
role in preventing SiC cladding failure.

Of particular importance is the difference in cladding failure among UO,-Zr4, UO,-SiC, and UsSi»-
SiC. PCMI for UO,-Zr4 occurs through more than 40 MWd/kgU before failure; whereas, for UsSi,-SiC the
cladding survives for less than 10 MWd/kgU. UO,-SiC is the least compliant and the cladding fails within 4
MWd/kgU of contact. Regardless of the creep differences between UO; and UsSi,, the brittleness of SiC
results in rapid failure of the cladding following PCMI for both UO,-SiC and U;Si>-SiC.

In addition to using the 30 micron cladding gap, additional simulation cases were run for U;Si>-SiC
using 0.1x, 1x, and 10x the nominal thermal creep rate for the model determined in Section 2. Nearly
identical hoop stresses were obtained in each case, indicating that thermal creep of UsSi; has little impact
on mitigating cladding failure during PCMI. Given the low temperature in the fuel, thermal and irradiation
creep of UsSi; are low regardless of stress in the current model. Considering the BISON UO; thermal creep
model is well understood, the rapid failure of SiC for both UO; and UsSi; suggests that it is unlikely that
creep of the fuel is capable of compensating for the brittle nature of SiC. Even with improved SiC-SiC layer
compliance, stresses in the mSiC layer result in rapid failure of the cladding.

The reader is advised that the thermal creep model for UsSi, was developed using compressive
creep data between 25 and 78 MPa. As such, no experimental data were available to inform the
development of the UsSi; thermal creep model at fuel stresses that are typical during PCMI. Because of
this, the creep behavior of UsSi; at very high stresses is unknown and the PCMI behavior of U3Si,-SiC in
Figure 7 is an extrapolation subject to skepticism. Be that as it may, in light of the similarly rapid failure of
UO,-SiC for which creep is well understood, the PCMI behavior of U3Si,-SiC appears to be reasonable.



As discussed in Section 2.1, primary creep of UsSiz is not included in the UsSi; thermal creep model.
Since primary creep would have a significant influence during the high stresses that occur during PCMI,
there is substantial need for future experimental work to explore thermal creep of UsSi, for stresses
exceeding 100 MPa. Since UsSi; has many metal-like properties, it may be that such a study would uncover
significant creep during pellet cladding contact and improve the viability of SiC as a nuclear fuel cladding.

4.5 Multidimensional parameter study
4.5.1 Design parameter variations

The nominal parameter values used in the above analysis demonstrate the expected
performance differences among UO,-Zr4, UO,-SiC, and UsSi>-SiC. However, despite the efforts involved
in establishing the nominal case, it is expected that variations caused by uncertainties will exist in these
parameters. Due to assumptions made while developing models for UsSi, relocation, cracking, UsSiz
thermal creep, SiC monolithic and composite irradiation creep, and thermal conductivity, a variation
study on these parameters was completed in combination with design variations in rod geometry due to
cladding gap and composite thickness.

Exactly 3860 individual simulations were calculated to develop an understanding of the main
effects that each parameter variation has on the simulation responses of maximum fuel temperature,
cladding stress, cladding strain, and plenum pressure. The resulting plots of main effects demonstrate
the average maximum value of each response with respect to every possible combination of parameter
variations. This strategy allows succinct display of the mean maximum response value expected for any
specified system parameter. As an indication of how much other parameter variations influence the
response, error bars are displayed for one standard deviation above and below the average maximum
calculated response.

Variations in composite thickness, gap thickness, composite SiC thermal conductivity, fuel creep,
and transient SiC irradiation creep are the parameter variations investigated in this study. The mSiC is
maintained at a constant 0.2 mm as an environmental barrier layer to ensure complete hermeticity of
the entire cladding package despite SiC-SiC cracking. Since lab scale SiC-SiC claddings have been
produced with thicknesses as low as 350 microns [6], it is assumed that production of reliable SiC-SiC is
possible at a thickness of 450 microns. Rod diameter is fixed in this parameter variation study so varying
SiC-SiC thickness and cladding gap cause the pellet diameter to change accordingly.

The range in fuel creep scaling is somewhat arbitrary. However, due to the compressive nature
of the experimental creep testing being opposite to the tensile creep found in LWR fuels, a factor of 10
is likely enough to capture this difference. A 24% variation in SiC-SiC thermal conductivity represents
uncertainties from experimental error and unexpected irradiation damage to the cladding. SiC-SiC
transient irradiation creep is varied by a factor of up to 17 to account for the range of differences
between BSR measurements and those found in-pile [28] [29].

In addition to the parameter variations discussed above, cases were run to test variations in fuel
relocation and monolithic thermal conductivity. These were found to have a negligible impact on every
response of interest and are omitted from the figures for the sake of brevity.

4.5.2 Fuel temperature and monolithic SiC stress
As expected, Figure 8 demonstrates that variations in SiC-SiC thermal conductivity, cladding gap,
and SiC-SiC thickness have predictable effects on maximum fuel temperature. In other words,



phenomena that improve thermal conductivity result in a lower mean maximum fuel temperature. In
Figure 8, the average maximum fuel temperature among 3860 simulations show that very large changes
in cladding thickness and cladding gap are possible with small changes to fuel temperature. However,
the utility of main effects diagrams is found in selecting a design parameter that produces a specified
system response to determine the constraints upon other design parameters.
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Figure 8. Maximum fuel temperature response to variations in design parameters.

For example, according to Figure 8, if one desires a maximum fuel temperature of around 1000
K, a cladding gap of 60 microns might be chosen as a design parameter to achieve that goal. In Figure 9,
however, for a 60 micron cladding gap, there is significant variation in the mean maximum hoop stress
in the monolithic cladding indicating that severe compromises in other design parameters would be
necessary to maintain stress within the mSiC at an acceptable level. On the other hand, for a gap of 70
microns this variation in hoop stress is nearly eliminated which allows for more flexibility in choosing
other design parameters. Further, a 70 micron gap thickness requires little compromise in fuel
temperature.
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Figure 9. Maximum mSiC hoop stress response to variations in design parameters.



Considering variations in mSiC hoop stress, generally a SiC-SiC thickness of less than 500 microns
and cladding gaps of greater than 70 microns are recommended. Thermal conductivity variations have a
minor effect on fuel temperature. Despite this, SiC-SiC conductivity should not be allowed to degrade
below the nominal case as hoop stress variations become significantly larger and additional
compromises to other design parameters would be required to achieve adequately low stress within the
mSiC cladding. In the ranges investigated in this study, fuel thermal creep and cladding irradiation creep
are negligible factors in terms of response variation and performance on mSiC hoop stress and fuel
temperature. Indeed, with the exception of composite stress discussed below, thermal and irradiation
creep was, on average, of minor influence on the various tested system responses.

4.5.3 Composite stress

In the literature, irradiation creep in SiC simulations has been considered small. This study
applied a linear scale factor to the transient portion of SiC-SiC irradiation creep and found that, except
for SiC-SiC hoop stress within the composite layer, irradiation creep is of little importance. Previous work
indicates that irradiation creep will have a small deleterious effect on cladding stresses during PCMI [3];
however, for cases where the majority of simulations reach design burnup, the effect of irradiation
creep can be ignored.
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Figure 10. Average of maximum SiC-SiC hoop stress response to variations in design parameters.

Apart from thin composite layers with wide cladding gaps there are, on average, no parameter
combinations that prevent hoop stresses that will exceed the SiC-SiC PLS and induce cracking. This is
especially true in the near-nominal irradiation creep cases.

5 Conclusion

For stresses between 25 and 78 MPa, and UsSi; pellets fabricated by INL circa 2016, thermal
creep follows the Mukherjee-Bird-Dorn relationship of Equation 2 along with the creep parameters of
Table 2. UsSi, thermal creep was calculated to be very small during nominal simulation conditions, even
in the 10x nominal case. In the nominal simulation, pellet clad contact was completely avoided through
an average burnup of 80MWd/kgU indicating that SiC cladding would be mechanically viable for use
with high thermal conductivity fuels during normal operating conditions and low power density.
Performance of UsSi>-SiC at high power density and during PCMI is very poor. UO,-SiC underperformed



in every metric, emphasizing the importance of avoiding combinations of SiC with low thermal
conductivity fuels.

Since UsSi, operates at very low temperatures, it shows little sensitivity to design parameters
except fuel to cladding gap and SiC-SiC layer thickness. Fuel creep has little influence on reducing the
cladding stress due to PCMI. Thus, because the SiC cladding has no appreciable ductility, premature
PCMI failures can readily occur if the fuel comes in contact with the cladding. Hence, fragment
relocation during fuel shuffling, or dislodged pellet chips introduced during manufacture are of
particular concern to this fuel concept.

Considering these outcomes, a composite layer thickness of less than 500 microns and a
cladding gap of greater than 70 microns is recommended in UsSi,-SiC fuel designs. Strategies to minimize
composite layer thickness without compromising monolithic layer hermeticity are of greatest interest to
this concept fuel as they have the largest impact on heat transfer and can prevent fuel cladding contact.
Further studies are needed to verify thermal creep of UsSi; under high stress conditions. Without any
contrary evidence, UsSi; creep compliance is insufficient to accommodate the brittle nature of SiC during
PCMI. Thus, UsSi>-SiC cannot be recommended for use cases where fuel cladding contact may occur.

Data Availability

The compressive creep data necessary to reproduce the UsSi; creep model are available at the following
url: https://data.mendeley.com/datasets/5p66twxgtg/1

This research was performed using funding received from the DOE Office of Nuclear Energy's Nuclear
Energy University Programs; and the Nuclear Regulatory Commission fellowship program. The
manuscript has been authored by a contractor of the U.S. Government under Contract DE-ACO07-
051D14517. Accordingly, the U.S. Government retains a non-exclusive, royalty free license to publish or
reproduce the published form of this contribution, or allow others to do so, for U.S. Government
purposes.
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