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ABSTRACT

UsSi, is a candidate accident tolerant fuel (ATF) replacement for UO,. UsSi,’s high uranium density and
high thermal conductivity are favorable properties in steady-state and accident conditions. Low power
performance of this UsSi,-SiC concept fuel is compared to that of UO,-Zr4 fuels by implementing models
that describe the properties of U3Si; and SiC-SiC into Idaho National Laboratory’s (INL) fuel performance
code, BISON. Included in these material models is a thermal creep model for U;Si; based on compressive
creep data. The simulated results are in keeping with community knowledge that the U;Si,-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. During low power operation,
failure of the mSiC layer generally occurs prior to significant thermal creep in UsSi;. Generally, UsSi;
creep is temperature sensitive and of little importance at the temperatures and stresses simulated dur-
ing steady operation and during fuel-to-cladding contact. A parameter variation study including 11,520
individual simulations with variations in nominal fuel thermal creep rate, cladding thermal conductivity,
cladding irradiation creep and swelling, cladding gap size, and cladding thickness demonstrated that re-
search priorities for this ATF should revolve around reducing cladding thickness as a means to minimize
cladding failure. Generally, despite advances in SiC-SiC compliance, the brittle nature of mSiC excludes
U3Si,-SiC for use where fuel cladding contact may occur.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Motivation

The goal behind accident tolerant fuel (ATF) research is to re-
place 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 (UsSiy) is of interest due to its high uranium density and
high thermal conductivity. Although corrosion of UsSi, with wa-
ter, along with a low melting point, phase complexity and inter-
actions with SiC cladding [2], have recently reduced enthusiasm
for its use in accident tolerance, recent works continue its evalua-
tion [3] and have shown favorable accident performance in recent
computational studies [4]. Additionally, much of the high burnup
in-reactor behavior of U3Si, is not known [5]. Specifically, an ex-
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perimentally derived model describing the thermal creep of UsSi,
is lacking in the literature. This work reports the development of
a thermal creep model for U3Si, based on compressive creep ex-
periments performed at the University of South Carolina (UofSC)
[6,7] 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 un-
der consideration as a cladding material due to its high strength,
minimal thermal and irradiation creep, high steam oxidation re-
sistance, and minimal neutron economy penalty [8]. However, due
to its brittle nature, monolithic SiC (mSiC) is not suitable for sin-
gle layer cladding applications and a composite matrix ceramic SiC
(SiC-SiC) must be used to allow more gradual failure modes [9].
While the use of SiC-SiC improves the mechanical compliance of
a SiC cladding, stresses in the mSiC layer used as an environmen-
tal barrier must remain below the threshold for microcracking to
avoid the release of fission gasses into the coolant [10].

Recent works indicate that SiC claddings require significant de-
velopment prior to use. He et al. [11] evaluated the failure proba-
bility of U3Si, with duplex SiC cladding and found SiC failure to be
almost certain under reactivity insertion accident (RIA) conditions.
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Table 1
Summary of UofSC compressive creep experiments.
Pellet ID Test Creep Rate Average Temperature Variation Average True Stress Variation Time Grain Size
# (1/s) Temperature (K) (Std. dev/u) Stress (MPa) (Std. dev/pu) (Hrs) (um) [17]
150,813-A 1 8.7327E-8 1218.37 0.017 44.10 0.034 100 15.6
2 1.1342E-7 1205.18 0.019 71.77 0.016 100 15.6
3 N/A N/A N/A N/A N/A N/A N/A
150,813-B 4 1.7042E-8 1121.22 0.060 77.66 0.021 433 15.6
5-A 1.3081E-7 1223.89 0.090 65.13 0.029 105 15.6
5-B 6.4806E-8 1210.07 0.010 57.71 0.024 200 15.6
161,214-B 6 1.5728E-8 1173.59 0.000 46.43 0.009 230 26
7 4.6342E-8 1223.59 0.000 45.21 0.014 230 26
161,214-A 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
10 7.1920E-8 1223.64 0.000 63.62 0.006 82 26
161,214-C 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
13 2.9831E-8 1273.61 0.000 47.79 0.010 140 26
Table 2

Using BISON, Wei [12] calculated elevated cladding hoop stresses
greater than 180 MPa during shutdown which is enough to exceed
its proportional limit stress (PLS) [13]. After surpassing the PLS,
the resulting microcracking in the SiC-SiC can result in fission gas
leakage, leaving the relatively more brittle mSiC as the only her-
metic barrier. This is exceptionally problematic since rapid failure
of mSiC cladding is known to occur following pellet cladding me-
chanical interaction (PCMI) even when pseudoplastic compliance
of the composite layer is considered [6].

Since the magnitude of Us3Si, creep is directly related to
cladding stress during contact, accurate prediction of SiC cladding
failure in U3Si,-SiC simulations requires investigation of an im-
proved thermal creep model. Until now, simulations of this concept
fuel were completed using Metzger's UsSi; thermal creep model
[11], which was developed using Finlay’s irradiation and swelling
data [14], with kinetic theory [10]. The development of an experi-
mentally derived thermal creep model enhances understanding of
the U3Si,-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 Us3Si,-SiC ATF con-
cept, 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 comparison of the
concept ATF against UO,-Zr4 fuels, and (3) identifying essential
UsSi,-SiC ATF design priorities through parameter variation stud-
ies to test simulation response to variations in U3Si, 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 [15] is fit using the Mukherjee-Bird-
Dorn equation [16]:
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Eq. (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

Creep parameters for Eq. (2).
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factors. Due to uncertainties in the original experiment, primary
thermal creep of U3Si, was unable to be determined reliably and
is excluded from the model [7]. Eq. (1) is simplified by collecting
leading factors into a single coefficient (A’). When Eq. (2) is rear-
ranged, the coefficients A’ and Q are found by iterating over values
of m and n to calculate a linear least squares fit of In(¢Td™o —")
against T-1.

UofSC received various batches of U3Si, pellets for characteriza-
tion and creep testing. The data received from INL for determining
U3Si, creep coefficients came from compressive creep trials from
Batches 3 and 4 [15]. 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 U3Si, pellets. Tests
1-5 use pellets from Batch 3, and Tests 6-13 use pellets from Batch
4. Table 1 above provides the average results of these experiments
after applying statistical controls to minimize error when calculat-
ing secondary creep for each test [6,7].

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 h of steady-state creep time
outside of the first 130 h to allow sample seating and any pri-
mary 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 (opu~1) less
than 0.035 to minimize variations in the calculated means.

2.3. Experimental variations

Fig. 1 shows the overlap between the measured and calculated
strain rates using Eq. (2) as a secondary creep model. In Table 2,
U;Si, creep coefficients for Eq. (2) are found by iterating over val-
ues of m between 0 and 5, and of n between 1 and 7 until the
highest 12 is found. The Q and A’ creep parameters are found from
the slope and intercept of the best fit, respectively. The error bars
in Fig. 1 are determined by propagating the experimental data vari-
ations in temperature and stress through the creep model in Eq.
(2). In addition to these experimental variations, a 2% systematic
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Fig. 2. Duplex cladding arrangement.

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.

The grain size used in the creep calculations are from Table
1 and were determined from pre-creep batch samples using Im-
age] software [17]. Experimental variations in grain size were omit-
ted from the error propagation in Fig. 1, since the time-dependent
evolution of grain size throughout creep testing is unknown. How-
ever, post-creep sample grain sizes were evaluated at UofSC, and
found that grain growth of a few microns had occurred, particu-
larly among higher temperature creep specimen [18]. This is in line
with expectations from recent UsSiy grain growth models which
show much less grain growth in U3Si, than UO, near the tested
creep temperatures [19].

Among these data, Tests 1-5 are notable for their pronounced
propagated error. This error sources from the lack of PID temper-
ature control early in the UofSC creep experiment [7]. These data
points cannot be excluded from the model as they contain the en-
tirety of Batch 3 creep specimen and their different grain size nec-
essary to the development of the model. As indicated by the prox-
imity of the model calculated means, it is believed that the sta-
tistical controls given in Section 2.2 have adequately isolated the
mean creep rate for these Tests despite the noise inherently in the
data.

When the creep parameters of Table 2 are used in Eq. (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 161,214-B, which re-
sulted in excessive sample curvature and non-uniform compressive
stress during the later stage of the test [7]. Since the experimen-
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tal 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 measure-
ment. However, considering the overall variations in the experi-
mental 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 U3Si, 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 [20,21]. Table 3 summarizes the material
models used in the Us3Si,-SiC, UO,-SiC, and UO,-Zr4 BISON simula-
tions. Bold italicized cells represent models either added to the BI-
SON codebase or modified from their original format. Models that
have been modified are described in Section 3.2. Unitalicized cells
are material models already available in BISON version 1.5. Coeffi-
cient values for generic material models are provided using stan-
dard symbols and assuming SI units.

The rod geometry is a duplex SiC cladding that follows the
outside monolithic design as suggested by Stone to reduce over-
all failure probability [26]. Stone found that this cladding arrange-
ment ensured compression of the outer mSiC throughout fuel life.
By maintaining the outer mSiC in compression, concerns regard-
ing SiC-SiC cracking and loss of hermeticity are lessened. Geome-
try 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 U3Si,

Obbard et al. [22] describe the linear coefficient of thermal ex-
pansion of UsSiy as Eq. (3). Since BISON has existing thermal ex-
pansion models in place, Obbard’s linear thermal expansion coeffi-
cient function was added to the existing code as an option.

o(T)=2.10-10">-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 irradia-
tion damage resistivity model to Koyanagi's unirradiated tube spec-
imen thermal diffusivity data in the following manner:

Knonirr = & pCp (4)
Ruonirr = k1. (5)
Ryy =15.11-S (6)
keot = _ (7

Rirr + Rrwnirr

Density (p), thermal diffusivity (o), and specific heat (Cp) data
for Eq. (4) are taken from Koyanagi [27]. Resistivity due to irra-
diation in Eq. (6) is taken from Stone [26]. Non-irradiative thermal
resistivity is added to irradiative thermal resistivity in Eq. (7) to de-
termine a combined coefficient of thermal conductivity for tubular
SiC-SiC.

Li, et al. have implemented a mechanical damage model that
severely degrades SiC-SiC thermal conductivity as a function of
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Table 3
Material models used in BISON simulation.
U0, UsSi; Monolithic SiC Composite SiC Zircaloy-4

Thermal Expansion a=10e-6 Obbard [22] Katoh [23] Katoh [23]
Specific Heat NFIR [24] White [25] Stone [26] Koyanagi [27] Cp=330
Thermal Conductivity = NFIR [24] White [25] Stone [26] Koyanagi [27] modified k=16
Swelling SIFGRS [28] Barani [29], Hofmann [30] Katoh [31] Katoh [31] Franklin [32]
Fission Gas Release SIFGRS [28] Barani [29] N/A N/A N/A
Elasticity E=2e11 v=0.345  White [25] Snead [33] modified  Singh [34]| modified E=7.5e10 v=0.3
Plasticity N/A N/A N/A Data from Braun [35] N/A
Creep Allison [36] This work (Thermal) Koyanagi [37] [38] Koyanagi [37] [38] Limback-Hoppe [39]
Fracture/Relocation Fancher [40] Fancher [40] modified N/A N/A N/A
Densification Fancher [40] None [5] N/A N/A N/A

BISON Calculated SiC-SiC Compliance
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Fig. 3. Simulated SiC-SiC pseudoplasticity.

maximum strain and relaxed strain conditions in the cladding [41].
Although such a model was developed, it wasn’t committed back
to the BISON framework and was unavailable within BISON at the
time of this study. The SiC-SiC mechanical damage model develop-
ment by Li, et al. is important to the BISON users that are studying
U3Si2-SiC and would make a valuable addition to the framework.
Since mechanical degradation of SiC-SiC thermal conductivity was
not included in our nominal simulation, a variation in SiC-SiC ther-
mal conductivity is included in Section 4.5 to demonstrate simula-
tion sensitivity to variations in thermal conductivity.

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 [31]. To ac-
count 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 [33] and 201.9 GPa [42] by 10% and 18.4%,
respectively, over 2 dpa [43].

3.2.4. SiC-SiC compliance

Composite matrix ceramic (CMC) materials have an elastic
modulus that varies based on a stress-dependent damage coeffi-
cient. Braun et al. determined the damage coefficient for SiC-SiC
via axial applied stresses [35]. To model this behavior, the elastic
modulus for SiC-SiC was damaged proportional to the damage co-
efficient calculated from Braun’s results. In Fig. 3, by ramping axial
stress up to 165MPa, and then down to 75 MPa, the correct pseu-
doplastic behavior of this model is verified on a simple SiC-SiC
geometry. Since Braun’s damage coefficient is highly sensitive to
cladding stress, a specialized time-stepping routine was added to
BISON which ensures an adequately small change in the damaged
modulus between time steps.

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 [37]:

(8)

Primary irradiation creep is coupled to volumetric swelling, &,
through a creep compliance coefficient [34]:

Kpri = (3.5626 - 107*T> — 4.1704 - 107'T + 156.8507) TPa~'  (9)

Erot = épri + Esec

épri = I<|;)ri()'évol (10)

Secondary irradiation creep is proportional to stress and flu-
ence [44], with a compliance coefficient of approximately K =
1-10-7(MPadpa)~! [37]:

Esec = KsecO (11)

Since the BSR technique only represents SiC creep qualitatively,
Koyanagi quantitatively calculated the stress and irradiation dam-
age normalized creep strain for in-reactor CVD SiC tubes [38].
These creep data have shown in-pile creep rates to be between 2
and 17 times higher than BSR estimates. In the parameter varia-
tion 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

U;Si; lacks a developed model to describe its fracture and sub-
sequent relocation during rise to power. Li, et al. have also stud-
ied the U3Si,-SiC concept without a fracture and relocation model
[41]. However, fuel fracture and relocation are important for accu-
rately describing fuel stress and strain during simulation, without
which unrealistically high fuel stresses may be calculated. A recent
post-irradiation examination of U3Si, at INL shows that through 20
MW(d/kgU of burnup Us3Si, exhibits about 25% of the cracking UO2
would experience under the same conditions [5]. 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 here-
after.

3.2.7. Densification and U3Si, thermal conductivity degradation

The material models of the present Us3Si,-SiC simulation differ
from those used by He, et al. through the incorporation of the ma-
terial model improvements indicated in Sections 3.2.1-3.2.6 above.
Other notable differences include fuel densification and thermal
conductivity degradation. He et al. assumes densification is similar
to UO, [11]- However, since post-irradiation examination indicates
that fuel porosity is not impacted at low burnup [5], and that den-
sification is largely a phenomenon evident at low burnups, densi-
fication in U3Si; is not considered in this study. Additionally, He et
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Table 4
Simulation conditions.

Cycle Linear Heat Rate 21.16, 19.3, 17.5 kW/m (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 pm
SiC/SiC Thickness 0.6 mm
mSiC Thickness 0.2 mm
Zircaloy Thickness 0.572 mm
Fuel Height (10 pellets) 9.8 cm
Plenum Height 10.38 cm
UsSi, Grain Size 20 pm

al. assume that UsSi, thermal conductivity degrades by 50% over
60 MWd/kgU. Considering the porosity observations given above,
this assumption is likely excessive. Since irradiated material prop-
erties for U3Si, are sparse in the literature [25], this work makes
use of the Us3Si, handbook’s empirical relation with no thermal
conductivity degradation.

3.2.8. Parameter variation study

Uncertainties in material models can lead to wide variations in
model predictions. The ability to perform parametric studies on
multiple models at the same time is of interest. Coupling BISON to
the Dakota software [45] developed at Sandia National Laboratories
(SNL) allows for rapid turnaround on parametric studies that can
contain many uncertain inputs. Given that parametric studies in-
clude discrete values for the uncertain inputs, a multidimensional
parameter study can be performed where all possible combina-
tions of input values are investigated. This means multiple param-
eters may be perturbed at the same time. The results of multidi-
mensional parameter studies can be plotted in what are known as
main effects plots, which provide insight into the influence of par-
ticular uncertain inputs on output metrics of interest while taking
into account the influence of other inputs at the same time. Other
examples of using such a method (i.e., coupling BISON to Dakota)
for parametric studies for investigating the behavior of materials
where limited experimental data is available can be found in the
literature [46,47].

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) U3Si,-SiC. The simulation conditions used for this compar-
ison are shown in Table 4 below.

The simulation geometry is a single short rod (rodlet) with a
smeared fuel mesh of 588 QUADS elements. To aid with the con-
tact algorithm, the SiC-SiC and mSiC meshes are more fine with
320 and 240 elements respectively. Several mesh refinements were
tested and found to be unnecessary as they produce similar re-
sults at greater computational expense. The contact model em-
ployed was frictionless and was deemed sufficient for the present
study considering frictionless models have been used successfully
in many BISON validation tests [48]. Additionally, BISON validation
of PCMI has shown that friction contact models with variations in
friction coefficient ranging from nearly frictionless to nearly glued,
1=(0.1-1000), are very similar in outcome [49]. External geome-
try, coolant flow rate, inlet temperature, and pressure in the three
simulations are identical.
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Since the simulated geometry is much shorter in length than
a typical commercial fuel rod, coolant temperature rise through
the channel is much less than it would be otherwise. To compen-
sate for this, the inlet coolant temperature and coolant flux were
specified at the most constraining nominal channel values for a
Seabrook pressurized water reactor [50]. That is, inlet coolant tem-
perature was set conservatively high, and coolant mass flux was set
conservatively low. In this way the simulated results are intended
to bound fuel performance in the limit of high temperature while
under moderate power and steady operation.

Since much of the motivation behind using U3Si,-SiC is eco-
nomic, a moderate power history was chosen to facilitate 24-
month fuel cycles. To accomplish this, a maximum operating
power density of 40 W/gU is specified [51]. This requirement limits
the linear heat generation rate (LHGR) to 21.16 kW/m in the first
cycle. Startups and shutdowns occur linearly over a 24 hour pe-
riod. Relatively small decreases in power were chosen between cy-
cles to approximate a simple power history in the absence of burn-
able poisons and subsequent moving of the rod to locations in the
core of lower neutron flux. Linear heat rates for subsequent cycles
are chosen to bring the average burnup of the simulated rodlet to
80MWd/kgU after three 24 month cycles.

The reader is advised that such high burnups are likely not pos-
sible due to U3Siy’s additional uranium fraction alone. For refer-
ence, recent UO,-Zr4 PWR studies using 24-month cycles are lim-
ited to two cycles and a discharge burnup of near 60MWd/kgU
[52]. Although attainment of such a large burnup may not be pos-
sible without enrichment beyond 5%, the thermal-mechanical re-
sults of this study do not depend upon the enrichment of the
fuel. Additionally, exploration of thermo-mechanical performance
beyond known attainable burnups is essential as many advanced
reactor concepts depend on enrichments greater than 5%, a fact of
recent exploration by Burns et al. [53].

4.2. Simulation end criteria

Each simulation case was run until one of two possible out-
comes occurred: (1) Cladding failure criteria was reached, as dis-
cussed below or (2) the target average fuel burnup of 80MWd/kgU
was achieved. An average fuel burnup of 80 MWd/kgU was se-
lected as the goal average burnup in this work. Since equally en-
riched UO, fuels are capable of more than 60MWd/kgU, the selec-
tion of 80MWd/kgU was a burnup goal based on the higher ura-
nium density of UsSiy [54].

4.2.1. Cladding failure criteria

Cladding failure for UsSi,-SiC is defined as reaching a maxi-
mum mSiC cladding hoop stress of 173 MPa, the average character-
istic failure stress of mSiC determined by Deng [55]. Zr4 cladding
failure was taken as an irradiated hoop strain limit, determined
by Jernkvist to be 1.3% [56]. These measures of failure are sam-
pled 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 Fig. 4, 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 1938K for UO, and Us;Si,, respec-
tively, were calculated to indicate the margin to melt within each
fuel.

Although the U3Si,-SiC fuel concept has lower maximum fuel
temperatures, it operates at a higher homologous temperature
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Maximum Homologous Temperature
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Fig. 4. Fuel temperature as a function of average burnup.

(Tmax/Tm). Irradiative degradation of the SiC cladding is responsi-
ble for the large increase in temperature at low burnup. This effect
is particularly evident in the case of U3Si,-SiC in which the startup
Tmax/Tm increases to above 0.5 during the first 10 MWd/kgU.
Clearly, although UsSi,-SiC generally has a lower steady-state max-
imum operating temperature, its margin to melt is much lower
than that of UO,-Zr4 since Tmax/Tm remains much higher than
UO,-Zr4 for the entire simulation. Unfortunately, from the perspec-
tive of margin to fuel melt, U3Si,-SiC seems to provide no addi-
tional accident tolerance than the status quo.

Performance of UO,-SiC is substantially worse than the other
fuels and only reaches about 50 MWd/kgU before the failure crite-
ria for the SiC cladding has been reached. It is noteworthy that, af-
ter accounting for differences in power density, cladding thickness,
and units of burnup; the temperatures and delay in cladding con-
tact in this simulation is comparable to those seen by Singh et al.
[57]. 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
U3Si,-SiC appears to have some minor benefit at high burnup, in
view of the temperature performance shown in Fig. 4, 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 Us3Si, fuel,
two additional power densities were simulated to explore the ex-
tent of UsSi,-SiC’s acceptable power limits. Fig. 5 below, shows a
comparison between the nominal case, 25% and 50% higher power.

U;Si,’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 cladding failure at 68 and 38 MWd/kgU, respec-
tively. At typical core power, peak power densities of more than
30kW/m are common for steady-state lead PWR rods. For exam-
ple, the full core U3Si,-SiC simulation of He, et al. found maxi-
mum LHGR to be 35.5kW/m [11]. In light of this, Fig. 5 indicates
that U;3Si,-SiC would certainly fail at these powers and cannot
be recommended for high-power applications without increases in
cladding gap or other modification of the design. These results sug-
gest that limiting LHGR to less than 25 kW/m is necessary to pre-
vent 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 Us3Si5;
however, the FGR model developed by Barani et al. [29] demon-
strates what is generally expected from U5Si; based on rate param-
eters informed by density functional theory. In Fig. 6, the results
show no FGR through 80 MWd/kgU. Although, the high-burnup
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FGR of Us3Si, is unknown, the Barani FGR model for U;Si, provides
FGR values similar to those established via post-irradiation exami-
nation at low burnup [5].

UO,-SiC FGR is significantly higher than all others due to its ex-
cessively 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 ad-
vantage, primarily due to its higher thermal conductivity that low-
ers average fuel temperatures at high burnup causing a decrease
in the mobility of fission gasses. Importantly, the UO, fission gas
model does not account for high-burnup structures and is not ac-
curate past approximately 50 MWd/kgU. However, even at this
moderate burnup, the improved FGR performance of U3Si; is ev-
ident.

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 driv-
ing forces from fission-gas-degraded thermal conductivity. BISON
UO, material models include these effects, which are partially re-
sponsible for its higher FGR. Since high burnup FGR data are un-

available for UsSiy, a FGR model coupled to cracking as well as
thermal conductivity degradation would be a valuable addition to
the simulation of U3Si; performance in BISON.

Despite U3Si, having a much lower FGR, the swelling model de-
veloped by Barani shows similarly low swelling. The present sim-
ulation indicates that U3Si,-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 pre-
viously, the long-term effect of low FGR on fuel swelling in Us3Si,
needs to be investigated further at higher burnup before such out-
comes 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. Fig. 7 below indicates the maximum and minimum
cladding hoop stresses over burnup for the three fuel combina-
tions.

For the Us3Si,-SiC and UO,-SiC simulations, tensile stresses
within the cladding are maintained within the SiC-SiC layer while
the mSiC remains under compressive stress until contact occurs.
This behavior is desirable since tensile strain of the mSiC layer
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Fig. 7. Maximum and minimum cladding hoop stress over average burnup.

is a driving factor in microcracking, which has important implica-
tions for cladding hermeticity under load. Since the mSiC is main-
tained under compressive stress, Fig. 7 illustrates that tensile stress
within the SiC-SiC 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. Consid-
ering that a round robin study of tubular CMC SiC properties indi-
cates a PLS of about 92.8 MPa, cracking of the SiC-SiC is expected
under normal operating conditions [42].

Fig. 7 makes it apparent that combinations of low thermal con-
ductivity fuel and cladding, like UO,-SiC, provide unacceptable per-
formance under typical LWR conditions. This is especially true
when the cladding is susceptible to brittle failure during PCMI. Ad-
ditionally, although there is some minor fuel temperature benefit
from the U;3Si,-SiC fuel, there is no 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 sim-
ulation. However, certain physical effects upon the fuel were not
included as part of the simulation, such as radial fuel relocation

caused by shuffling and inversion of the fuel rod between cy-
cles. Because of this, insufficient stresses were created to evalu-
ate conditions in which thermal creep of U3Si, may be signif-
icant. Under such physical processes it is conceivable that de-
spite Us3Siy’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 pm to force PCMI to occur following
the first cycle. In Fig. 8 below, maximum and average cladding
stress demonstrate the pseudoelasticity of SiC-SiC during PCMI be-
ginning at 40MWd/kgU. The stress distribution throughout PCMI
is also provided and indicates that despite the mechanical com-
pliance of SiC-SiC, the mSiC layer stress increases elastically until
failure.

For U3Si,-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



J.A. Yingling, KA. Gamble, E. Roberts et al.

Maximum Cladding Hoop Stress

2001 —.- yo,-zra ~—
-=- UO,-SiC

1751 — usSi,-sic

150

[
N
w

Hoop Stress (MPa)
y o
w o

50 A

25

T T T T T T

0 10 20 30 40 50
Average Burnup (MWd/kgU)

Journal of Nuclear Materials 543 (2021) 152586

Average Cladding Hoop Stress

—= UO,-Zr4
60| e v0,-sIC
—— UsSis-SiC
40 =2
= 201
s
£ , %
ﬁ /'/
— e .
& ~= /
e /
9 _404 :
[}
T /./
-60 j
Y Ainininiai
-80 Li
_100- T T T T T T
0 10 20 30 40 50

Average Burnup (MWd/kgU)

PCMI Cladding Hoop Stress Cross-section

—.= ~40MWd/kgU —
150 4 === ~46MWd/kgU
— ~48MWd/kgU
100 A
&
= 50
w
w
o4
n 0+
Q
o .
] |
T -50- i
i
!
|
'L ''''' e ¢ — —
=150 1 : r ' . ' ; : :
0 100 200 300 400 500 600 700 800

Cladding Depth From Inner Surface (um)

Fig. 8. Cladding hoop stress during simulated PCMI using a 30 pm cladding gap.

of the SiC-SiC layer evident in the decreasing slope of the average
hoop stress in Fig. 8 near 40 MWd/kgU. The delay between contact
and cladding failure is significant, which indicates that material de-
sign 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 oc-
curs through more than 40 MWd/kgU before failure; whereas, for
U3Si,-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
UsSis, 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 pum cladding gap, additional sim-
ulation cases were run for UsSi,-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, in-
dicating that thermal creep of UsSi, has little impact on mitigat-
ing cladding failure during PCMI. Given the low temperature in the
fuel, thermal and irradiation creep of Us3Si, 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 U;Si, 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 re-
sult 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 U3Si, thermal creep model at fuel stresses
that are typical during PCMI. Because of this, the creep behavior
of U3Si, at very high stresses is unknown and the PCMI behav-
ior of U3Si,-SiC in Fig. 8 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 U3Si, is not in-
cluded 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 experimen-
tal work to explore thermal creep of Us3Si, for stresses exceed-
ing 100 MPa. Since U3Si, 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 UsSi,-SiC.
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Fig. 9. Maximum fuel temperature response to variations in design parameters.

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, U0,-SiC, and Us3Si,-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, U3Si, thermal creep, SiC monolithic and composite irra-
diation 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. Ad-
ditionally, variations in SiC irradiative swelling were explored due
to the large uncertainties in this model. Generally, the range of
tested values for these parameters reflects the uncertainty in the
experimental data from which the BISON models were derived.

Exactly 11,520 individual simulations were calculated to de-
velop an understanding of the main effects that each parameter
variation has on the simulation responses of maximum fuel tem-
perature, 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 varia-
tions influence the response, error bars are displayed for one stan-
dard deviation above and below the average maximum calculated
response.

Variations in composite thickness, gap thickness, composite SiC
thermal conductivity, fuel creep, transient SiC irradiation creep,
and SiC irradiation swelling are the parameter variations investi-
gated 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 pm [9], it is assumed that production of reliable SiC-
SiC is possible at a thickness of 450 pm. 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+ 12% variation in
SiC-SiC thermal conductivity represents uncertainties from exper-
imental error and unexpected irradiation damage to the cladding.
SiC-SiC transient irradiation creep is varied by a factor of up to 17

10

to account for the range of differences between BSR measurements
and those found in-pile [37,38]. SiC irradiation swelling is explored
over a4 20% variation.

In addition to the parameter variations discussed above, cases
were run to test variations in fuel relocation and monolithic ther-
mal 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. In consideration of the power history used in
this study, the main effects of the system parameter variations dis-
cussed below elucidate the range of expected performance of the
U3Si,-SiC under low-power normal operation and should not be
extended to high-power or accident conditions.

4.5.2. Fuel temperature and monolithic sic stress

As expected, Fig. 9 demonstrates that variations in SiC-SiC ther-
mal conductivity, cladding gap, and SiC-SiC thickness have pre-
dictable effects on maximum fuel temperature. In other words,
phenomena that improve thermal conductivity result in a lower
mean maximum fuel temperature. In Fig. 9, the average maximum
fuel temperature among 11,520 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 ef-
fects diagrams is found in selecting a design parameter that pro-
duces a specified system response to determine the constraints
upon other design parameters.

For example, according to Fig. 9, if one desires a maximum fuel
temperature of around 1050K, a cladding gap of 60 pym might be
chosen as a design parameter to achieve that goal. In Fig. 10, how-
ever, for a 60 pm cladding gap, there is significant variation in
the mean maximum hoop stress in the monolithic cladding indi-
cating 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 pm this variation in hoop
stress is much smaller and allows more flexibility in choosing other
design parameters. Further, a 70 pym gap thickness requires little
compromise in fuel temperature.

Considering variations in mSiC hoop stress, generally a SiC-SiC
thickness of less than 500 pm and cladding gaps of greater than
70 um are recommended. In the absence of mechanical degrada-
tion, thermal conductivity variations have a small effect on fuel
temperature. Despite this, SiC-SiC conductivity should not be al-
lowed 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. This is especially true consider-
ing the additional loss of thermal conductivity that would occur
due to mechanical damage [41]. In the ranges investigated in this
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study, fuel thermal creep and cladding irradiation creep are neg-
ligible 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, ex-
cept for SiC-SiC hoop stress within the composite layer, irradiation
creep is of little importance. Previous work indicates that irradia-
tion creep will have a small deleterious effect on cladding stresses
during PCMI [6]; however, for cases where the majority of simu-
lations reach design burnup, the effect of irradiation creep can be
ignored.

Apart from thin composite layers there are, on average, no pa-
rameter 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. Fig. 11 emphasizes the impor-
tance of improving knowledge of SiC irradiation swelling as it has
the largest impact on the mean SiC-SiC hoop stresses attained. Ad-
ditional experimentation to reduce uncertainty within this model
would certainly be valuable.

1

5. Conclusion

Thermal creep follows the Mukherjee-Bird-Dorn relationship of
Eq. (2) along with the creep parameters of Table 2 for stresses be-
tween 25 and 78 MPa, and temperatures between 1121 K to 1274 K,
in UsSiy pellets fabricated by INL circa 2016. U3Si, thermal creep
was calculated to be very small during nominal simulation con-
ditions, even in the 10x nominal case. In the nominal simula-
tion, pellet clad contact was completely avoided through an aver-
age 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. Per-
formance of U3Si,-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 parameter variations except fuel to cladding
gap, SiC-SiC layer thickness, and SiC irradiation swelling. Fuel creep
has little influence on reducing the cladding stress due to PCML
Thus, because the SiC cladding has little ductility, premature PCMI
failures can readily occur if the fuel comes in contact with the
cladding. Hence, fragment relocation during fuel shuffling, or dis-
lodged pellet chips introduced during manufacture are of particular
concern to this fuel concept.
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Considering these outcomes, a composite layer thickness of less
than 500 ym and a cladding gap of greater than 70 um is rec-
ommended in UsSi,-SiC fuel designs. Strategies to minimize com-
posite layer thickness without compromising monolithic layer her-
meticity are of greatest interest to this concept fuel as they have
the largest impact on heat transfer and can prevent fuel cladding
contact. Strategies to prevent extreme mechanical degradation of
SiC-SiC thermal conductivity will be necessary to prevent failure of
mSiC. Further experimental studies are needed to establish thermal
creep of Us3Si, under the high stress conditions of PCMI. Experi-
mental validation of high burnup Us3Si,-SiC PCMI is also needed.
In the absence of these data, UsSi, creep compliance appears to
be insufficient to accommodate the brittle nature of mSiC during
PCMI even with the pseudoplastic enhancement of an inner layer
of SiC-SiC. Prior to use as a IWR fuel, U3Si,-SiC requires exper-
imental confirmation where fuel-cladding contact may occur due
to excesses in power density or burnup.
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