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a b s t r a c t 

U 3 Si 2 is a candidate accident tolerant fuel (ATF) replacement for UO 2 . U 3 Si 2 ’s high uranium density and 

high thermal conductivity are favorable properties in steady-state and accident conditions. Low power 

performance of this U 3 Si 2 -SiC concept fuel is compared to that of UO 2 -Zr4 fuels by implementing models 

that describe the properties of U 3 Si 2 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 3 Si 2 based on compressive 

creep data. The simulated results are in keeping with community knowledge that the U 3 Si 2 -SiC concept 

fuel may serve as a replacement for UO 2 -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 U 3 Si 2 . Generally, U 3 Si 2 
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 

U 3 Si 2 -SiC for use where fuel cladding contact may occur. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

.1. Motivation 

The goal behind accident tolerant fuel (ATF) research is to re- 

lace standard light water reactor (LWR) fuel with a fuel that 

essens the severity of accidents while maintaining or improving 

uel performance [1] . Amongst the candidates for ATFs, uranium 

ilicide (U 3 Si 2 ) is of interest due to its high uranium density and

igh thermal conductivity. Although corrosion of U 3 Si 2 with wa- 

er, along with a low melting point, phase complexity and inter- 

ctions with SiC cladding [2] , have recently reduced enthusiasm 

or its use in accident tolerance, recent works continue its evalua- 

ion [3] and have shown favorable accident performance in recent 

omputational studies [4] . Additionally, much of the high burnup 

n-reactor behavior of U Si is not known [5] . Specifically, an ex- 
3 2 
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erimentally derived model describing the thermal creep of U 3 Si 2 
s lacking in the literature. This work reports the development of 

 thermal creep model for U 3 Si 2 based on compressive creep ex- 

eriments 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 

ime nuclear operators have to respond to accidents. SiC is un- 

er consideration as a cladding material due to its high strength, 

inimal thermal and irradiation creep, high steam oxidation re- 

istance, and minimal neutron economy penalty [8] . However, due 

o its brittle nature, monolithic SiC (mSiC) is not suitable for sin- 

le layer cladding applications and a composite matrix ceramic SiC 

SiC-SiC) must be used to allow more gradual failure modes [9] . 

hile the use of SiC-SiC improves the mechanical compliance of 

 SiC cladding, stresses in the mSiC layer used as an environmen- 

al barrier must remain below the threshold for microcracking to 

void the release of fission gasses into the coolant [10] . 

Recent works indicate that SiC claddings require significant de- 

elopment prior to use. He et al. [11] evaluated the failure proba- 

ility of U 3 Si 2 with duplex SiC cladding and found SiC failure to be 

lmost certain under reactivity insertion accident (RIA) conditions. 

https://doi.org/10.1016/j.jnucmat.2020.152586
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2020.152586&domain=pdf
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Table 1 

Summary of UofSC compressive creep experiments. 

Pellet ID Test 

# 

Creep Rate 

(1/s) 

Average 

Temperature (K) 

Temperature Variation 

(Std. dev/ μ) 

Average True 

Stress (MPa) 

Stress Variation 

(Std. dev/ μ) 

Time 

(Hrs) 

Grain Size 

(μm) [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 
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Table 2 

Creep parameters for Eq. (2) . 

A’ n m Q (kJ/mol K) 

4.841e-19 1.936 1.86 223.1 
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sing BISON, Wei [12] calculated elevated cladding hoop stresses 

reater than 180 MPa during shutdown which is enough to exceed 

ts proportional limit stress (PLS) [13] . After surpassing the PLS, 

he resulting microcracking in the SiC-SiC can result in fission gas 

eakage, leaving the relatively more brittle mSiC as the only her- 

etic barrier. This is exceptionally problematic since rapid failure 

f mSiC cladding is known to occur following pellet cladding me- 

hanical interaction (PCMI) even when pseudoplastic compliance 

f the composite layer is considered [6] . 

Since the magnitude of U 3 Si 2 creep is directly related to 

ladding stress during contact, accurate prediction of SiC cladding 

ailure in U 3 Si 2 -SiC simulations requires investigation of an im- 

roved thermal creep model. Until now, simulations of this concept 

uel were completed using Metzger’s U 3 Si 2 thermal creep model 

11] , which was developed using Finlay’s irradiation and swelling 

ata [14] , with kinetic theory [10] . The development of an experi- 

entally derived thermal creep model enhances understanding of 

he U 3 Si 2 -SiC fuel system to help identify fuel design priorities. 

.2. Objectives 

In this work, the BISON nuclear fuel performance code is used 

o further understanding of the U 3 Si 2 -SiC ATF concept by: (1) 

eveloping a full physics simulation for the U 3 Si 2 -SiC ATF con- 

ept, including the experimentally derived thermal creep model 

eveloped in this work and the various U 3 Si 2 and SiC models of 

he open literature, (2) providing a predictive comparison of the 

oncept ATF against UO 2 -Zr4 fuels, and (3) identifying essential 

 3 Si 2 -SiC ATF design priorities through parameter variation stud- 

es to test simulation response to variations in U 3 Si 2 thermal creep, 

iC thermal conductivity, cladding gap, and SiC-SiC cladding layer 

hickness. 

. U3Si2 thermal creep 

.1. Model data 

UofSC thermal creep data [15] is fit using the Mukherjee-Bird- 

orn equation [16] : 

˙ = 

AGb 

kT 

(
b 

d 

)m (
σ

G 

)n 

D 0 e 
− Q 

RT (1) 

˙ = 

A 

′ 
T 

σ n 

d m 

e −
Q 
RT (2) 

Eq. (1) is an empirical secondary thermal creep model capable 

f accounting for dislocation and diffusional components through 

ts incorporation of stress, temperature, and grain-size-dependent 
2 
actors. Due to uncertainties in the original experiment, primary 

hermal creep of U 3 Si 2 was unable to be determined reliably and 

s excluded from the model [7] . Eq. (1) is simplified by collecting 

eading factors into a single coefficient (A’). When Eq. (2) is rear- 

anged, the coefficients A’ and Q are found by iterating over values 

f m and n to calculate a linear least squares fit of ln ( εT d 

m σ−n )

gainst T −1 . 

UofSC received various batches of U 3 Si 2 pellets for characteriza- 

ion and creep testing. The data received from INL for determining 

 3 Si 2 creep coefficients came from compressive creep trials from 

atches 3 and 4 [15] . The compressive creep experiment covered a 

ange of temperatures and stresses applicable to LWR conditions. A 

otal of 13 creep tests were conducted on five U 3 Si 2 pellets. Tests 

-5 use pellets from Batch 3, and Tests 6-13 use pellets from Batch 

. Table 1 above provides the average results of these experiments 

fter applying statistical controls to minimize error when calculat- 

ng secondary creep for each test [6,7] . 

.2. Model parameters 

The average strain rates, temperatures, and true stresses in 

able 1 were calculated based on the following requirements: (1) 

nclude a range of data for at least 65 h of steady-state creep time 

utside of the first 130 h to allow sample seating and any pri- 

ary creep to complete. (2) The experimental average strain rate 

or this range of data must have a coefficient of correlation (r 2 ) 

reater than 0.90. (3) The average temperature and true stress for 

he range of data must have a coefficient of variation ( σμ−1 ) less 

han 0.035 to minimize variations in the calculated means. 

.3. Experimental variations 

Fig. 1 shows the overlap between the measured and calculated 

train rates using Eq. (2) as a secondary creep model. In Table 2 ,

 3 Si 2 creep coefficients for Eq. (2) are found by iterating over val- 

es of m between 0 and 5, and of n between 1 and 7 until the

ighest r 2 is found. The Q and A’ creep parameters are found from 

he slope and intercept of the best fit, respectively. The error bars 

n Fig. 1 are determined by propagating the experimental data vari- 

tions 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. 1. Calculated model vs experimental data (p-value = 0.0 0 0 02, r 2 = 0.83). 

Fig. 2. Duplex cladding arrangement. 
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ariation in the temperature and stress measurements is assumed 

o account for bias due to measurement technique. Consequently, 

he combined effect of temperature and stress variations on the 

alculated creep rate is evident. 

The grain size used in the creep calculations are from Table 

 and were determined from pre-creep batch samples using Im- 

geJ software [17] . Experimental variations in grain size were omit- 

ed from the error propagation in Fig. 1 , since the time-dependent 

volution of grain size throughout creep testing is unknown. How- 

ver, post-creep sample grain sizes were evaluated at UofSC, and 

ound that grain growth of a few microns had occurred, particu- 

arly among higher temperature creep specimen [18] . This is in line 

ith expectations from recent U 3 Si 2 grain growth models which 

how much less grain growth in U 3 Si 2 than UO 2 near the tested 

reep temperatures [19] . 

Among these data, Tests 1–5 are notable for their pronounced 

ropagated error. This error sources from the lack of PID temper- 

ture control early in the UofSC creep experiment [7] . These data 

oints cannot be excluded from the model as they contain the en- 

irety of Batch 3 creep specimen and their different grain size nec- 

ssary to the development of the model. As indicated by the prox- 

mity of the model calculated means, it is believed that the sta- 

istical controls given in Section 2.2 have adequately isolated the 

ean creep rate for these Tests despite the noise inherently in the 

ata. 

When the creep parameters of Table 2 are used in Eq. (2) and 

lotted against the experimental values of Table 1 , we observe that 

he data fit to the model within the range of calculated variations. 

 notable exception is the calculated strain rate for Test 7, which is 

nable to match measured experimental values. This discrepancy 

s explained by the misalignment of Sample 161,214-B, which re- 

ulted in excessive sample curvature and non-uniform compressive 

tress during the later stage of the test [7] . Since the experimen- 
3 
al strain rate measurement depends on uniaxial stresses, the non- 

niform stress condition may have caused heightened stress along 

 pellet edge, resulting in an erroneously high strain rate measure- 

ent. However, considering the overall variations in the experi- 

ental data and the generally low thermal creep rate, the errors 

n Test 7 do not seem large enough to warrant exclusion from the 

odel. 

. BISON material models 

.1. Model summary 

Finite element analysis methods were used to determine the 

mpact of the developed U 3 Si 2 secondary thermal creep model on 

he performance of the ATF concept. BISON is a finite element 

nalysis code described by others throughout the development of 

uel performance models [20,21] . Table 3 summarizes the material 

odels used in the U 3 Si 2 -SiC, UO 2 -SiC, and UO 2 -Zr4 BISON simula-

ions. Bold italicized cells represent models either added to the BI- 

ON codebase or modified from their original format. Models that 

ave been modified are described in Section 3.2 . Unitalicized cells 

re material models already available in BISON version 1.5. Coeffi- 

ient values for generic material models are provided using stan- 

ard symbols and assuming SI units. 

The rod geometry is a duplex SiC cladding that follows the 

utside monolithic design as suggested by Stone to reduce over- 

ll failure probability [26] . Stone found that this cladding arrange- 

ent ensured compression of the outer mSiC throughout fuel life. 

y maintaining the outer mSiC in compression, concerns regard- 

ng SiC-SiC cracking and loss of hermeticity are lessened. Geome- 

ry specifics such as rodlet length and diameter, cladding gap, and 

ladding layer thicknesses are found in Section 4.1 . 

.2. Model development and modification 

.2.1. Thermal expansion of U 3 Si 2 
Obbard et al. [22] describe the linear coefficient of thermal ex- 

ansion of U 3 Si 2 as Eq. (3) . Since BISON has existing thermal ex- 

ansion models in place, Obbard’s linear thermal expansion coeffi- 

ient function was added to the existing code as an option. 

( T ) = 2 . 10 · 10 

−5 − 7 . 25 · 10 

−9 T (3) 

.2.2. SiC-SiC thermal conductivity 

Irradiation damage of SiC is an important part of describing its 

hermal conductivity. SiC-SiC is modeled by adding Stone’s irradia- 

ion damage resistivity model to Koyanagi’s unirradiated tube spec- 

men thermal diffusivity data in the following manner: 

 nonirr = αρC p (4) 

 nonirr = k −1 
nonirr 

(5) 

 irr = 15 . 11 · S (6) 

 tot = 

1 

R irr + R nonirr 

(7) 

Density (ρ) , thermal diffusivity (α) , and specific heat ( C p ) data 

or Eq. (4) are taken from Koyanagi [27] . Resistivity due to irra- 

iation in Eq. (6) is taken from Stone [26] . Non-irradiative thermal 

esistivity is added to irradiative thermal resistivity in Eq. (7) to de- 

ermine a combined coefficient of thermal conductivity for tubular 

iC-SiC. 

Li, et al. have implemented a mechanical damage model that 

everely degrades SiC-SiC thermal conductivity as a function of 
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Table 3 

Material models used in BISON simulation. 

UO 2 U 3 Si 2 Monolithic SiC Composite SiC Zircaloy-4 

Thermal Expansion α= 10e-6 Obbard [22] Katoh [23] Katoh [23] 

Specific Heat NFIR [24] White [25] Stone [26] Koyanagi [27] C p = 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 ν= 0.345 White [25] Snead [33] modified Singh [34] modified E = 7.5e10 ν= 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 

Fig. 3. Simulated SiC-SiC pseudoplasticity. 

m

A

t

t

m

U

S

n

m

t

3

T  

c

a

m

r

3

m

c

v

m

e

s

d

g

c

B

m

3

a

a

s

ε

t

K

ε

e

1

ε

K

a

T

a

t  

c

3

s

i

[

r

w

p

M

w

a

a

a

s

a

3

f

t

O

c

t

t  

s

fi

aximum strain and relaxed strain conditions in the cladding [41] . 

lthough such a model was developed, it wasn’t committed back 

o the BISON framework and was unavailable within BISON at the 

ime of this study. The SiC-SiC mechanical damage model develop- 

ent by Li, et al. is important to the BISON users that are studying 

3Si2-SiC and would make a valuable addition to the framework. 

ince mechanical degradation of SiC-SiC thermal conductivity was 

ot included in our nominal simulation, a variation in SiC-SiC ther- 

al conductivity is included in Section 4.5 to demonstrate simula- 

ion sensitivity to variations in thermal conductivity. 

.2.3. SiC elasticity 

Many of SiC’s properties are affected by irradiation damage. 

his damage is completed prior to 2 dpa of fluence [31] . To ac-

ount for the irradiation degradation of the elastic modulus, mSiC 

nd SiC/SiC are modeled to linearly degrade the value of the elastic 

odulus from 460 GPa [33] and 201.9 GPa [42] by 10% and 18.4%, 

espectively, over 2 dpa [43] . 

.2.4. SiC-SiC compliance 

Composite matrix ceramic (CMC) materials have an elastic 

odulus that varies based on a stress-dependent damage coeffi- 

ient. Braun et al. determined the damage coefficient for SiC-SiC 

ia axial applied stresses [35] . To model this behavior, the elastic 

odulus for SiC-SiC was damaged proportional to the damage co- 

fficient calculated from Braun’s results. In Fig. 3 , by ramping axial 

tress up to 165 MPa, and then down to 75 MPa, the correct pseu- 

oplastic behavior of this model is verified on a simple SiC-SiC 

eometry. Since Braun’s damage coefficient is highly sensitive to 

ladding stress, a specialized time-stepping routine was added to 

ISON which ensures an adequately small change in the damaged 

odulus between time steps. 
4 
.2.5. SiC irradiation creep 

Creep of mSiC and SiC-SiC under irradiation is relatively small 

nd is described by Koyanagi’s bend stress ratio (BSR) experiments 

s having a swelling coupled primary creep region as well as a 

teady-state secondary creep [37] : 

˙  tot = ˙ ε pri + ˙ ε sec (8) 

Primary irradiation creep is coupled to volumetric swelling, ˙ ε v ol , 

hrough a creep compliance coefficient [34] : 

 pri = 

(
3 . 5626 · 10 

−4 T 

2 − 4 . 1704 · 10 

−1 T + 156 . 8507 

)
TP a −1 (9) 

˙  pri = K pri σ ˙ ε vol (10) 

Secondary irradiation creep is proportional to stress and flu- 

nce [44] , with a compliance coefficient of approximately K sec = 

 · 10 −7 ( MPa dpa ) −1 [37] : 

˙  sec = K sec σφ (11) 

Since the BSR technique only represents SiC creep qualitatively, 

oyanagi quantitatively calculated the stress and irradiation dam- 

ge normalized creep strain for in-reactor CVD SiC tubes [38] . 

hese creep data have shown in-pile creep rates to be between 2 

nd 17 times higher than BSR estimates. In the parameter varia- 

ion study in Section 4.4 , a scaling factor is introduced to the total

reep rate to account for this range of irradiation creep. 

.2.6. Fuel fracture and relocation 

U 3 Si 2 lacks a developed model to describe its fracture and sub- 

equent relocation during rise to power. Li, et al. have also stud- 

ed the U 3 Si 2 -SiC concept without a fracture and relocation model 

41] . However, fuel fracture and relocation are important for accu- 

ately describing fuel stress and strain during simulation, without 

hich unrealistically high fuel stresses may be calculated. A recent 

ost-irradiation examination of U 3 Si 2 at INL shows that through 20 

Wd/kgU of burnup U 3 Si 2 exhibits about 25% of the cracking UO2 

ould experience under the same conditions [5] . In the absence of 

 validated cracking model, this work uses the UO 2 ESCORE model 

lready available in BISON but reduced by a factor of 0.25 as a first 

pproximation. Simulation impact from variations in this factor is 

tudied in the multidimensional parameter variation study here- 

fter. 

.2.7. Densification and U 3 Si 2 thermal conductivity degradation 

The material models of the present U 3 Si 2 -SiC simulation differ 

rom those used by He, et al. through the incorporation of the ma- 

erial model improvements indicated in Sections 3.2.1 –3.2.6 above. 

ther notable differences include fuel densification and thermal 

onductivity degradation. He et al. assumes densification is similar 

o UO 2 [11] . However, since post-irradiation examination indicates 

hat fuel porosity is not impacted at low burnup [5] , and that den-

ification is largely a phenomenon evident at low burnups, densi- 

cation in U Si is not considered in this study. Additionally, He et 
3 2 
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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 

2 –sec ) 

Rodlet Pitch 12.6 mm 

Rodlet Radius 4.75 mm 

Fuel-to-Cladding Gap 80 μm 

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 

U 3 Si 2 Grain Size 20 μm 
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l. assume that U 3 Si 2 thermal conductivity degrades by 50% over 

0 MWd/kgU. Considering the porosity observations given above, 

his assumption is likely excessive. Since irradiated material prop- 

rties for U 3 Si 2 are sparse in the literature [25] , this work makes

se of the U 3 Si 2 handbook’s empirical relation with no thermal 

onductivity degradation. 

.2.8. Parameter variation study 

Uncertainties in material models can lead to wide variations in 

odel predictions. The ability to perform parametric studies on 

ultiple models at the same time is of interest. Coupling BISON to 

he Dakota software [45] developed at Sandia National Laboratories 

SNL) allows for rapid turnaround on parametric studies that can 

ontain many uncertain inputs. Given that parametric studies in- 

lude discrete values for the uncertain inputs, a multidimensional 

arameter study can be performed where all possible combina- 

ions of input values are investigated. This means multiple param- 

ters may be perturbed at the same time. The results of multidi- 

ensional parameter studies can be plotted in what are known as 

ain effects plots, which provide insight into the influence of par- 

icular uncertain inputs on output metrics of interest while taking 

nto account the influence of other inputs at the same time. Other 

xamples of using such a method (i.e., coupling BISON to Dakota) 

or parametric studies for investigating the behavior of materials 

here limited experimental data is available can be found in the 

iterature [46,47] . 

. Results and discussion 

.1. Simulation conditions 

The default models in BISON and those developed above are 

mplemented in simulations to provide a comparative view of the 

erformance differences in three cases: (1) UO 2 -Zr4, (2) UO 2 -SiC, 

nd (3) U 3 Si 2 -SiC. The simulation conditions used for this compar- 

son are shown in Table 4 below. 

The simulation geometry is a single short rod (rodlet) with a 

meared fuel mesh of 588 QUAD8 elements. To aid with the con- 

act algorithm, the SiC-SiC and mSiC meshes are more fine with 

20 and 240 elements respectively. Several mesh refinements were 

ested and found to be unnecessary as they produce similar re- 

ults at greater computational expense. The contact model em- 

loyed was frictionless and was deemed sufficient for the present 

tudy considering frictionless models have been used successfully 

n many BISON validation tests [48] . Additionally, BISON validation 

f PCMI has shown that friction contact models with variations in 

riction coefficient ranging from nearly frictionless to nearly glued, 

= (0.1–10 0 0), are very similar in outcome [49] . External geome- 

ry, coolant flow rate, inlet temperature, and pressure in the three 

imulations are identical. 
5 
Since the simulated geometry is much shorter in length than 

 typical commercial fuel rod, coolant temperature rise through 

he channel is much less than it would be otherwise. To compen- 

ate for this, the inlet coolant temperature and coolant flux were 

pecified at the most constraining nominal channel values for a 

eabrook pressurized water reactor [50] . That is, inlet coolant tem- 

erature was set conservatively high, and coolant mass flux was set 

onservatively low. In this way the simulated results are intended 

o bound fuel performance in the limit of high temperature while 

nder moderate power and steady operation. 

Since much of the motivation behind using U 3 Si 2 -SiC is eco- 

omic, a moderate power history was chosen to facilitate 24- 

onth fuel cycles. To accomplish this, a maximum operating 

ower density of 40 W/gU is specified [51] . This requirement limits 

he linear heat generation rate (LHGR) to 21.16 kW/m in the first 

ycle. Startups and shutdowns occur linearly over a 24 hour pe- 

iod. Relatively small decreases in power were chosen between cy- 

les to approximate a simple power history in the absence of burn- 

ble poisons and subsequent moving of the rod to locations in the 

ore of lower neutron flux. Linear heat rates for subsequent cycles 

re chosen to bring the average burnup of the simulated rodlet to 

0MWd/kgU after three 24 month cycles. 

The reader is advised that such high burnups are likely not pos- 

ible due to U 3 Si 2 ’s additional uranium fraction alone. For refer- 

nce, recent UO 2 -Zr4 PWR studies using 24-month cycles are lim- 

ted to two cycles and a discharge burnup of near 60MWd/kgU 

52] . Although attainment of such a large burnup may not be pos- 

ible without enrichment beyond 5%, the thermal-mechanical re- 

ults of this study do not depend upon the enrichment of the 

uel. Additionally, exploration of thermo-mechanical performance 

eyond known attainable burnups is essential as many advanced 

eactor concepts depend on enrichments greater than 5%, a fact of 

ecent exploration by Burns et al. [53] . 

.2. Simulation end criteria 

Each simulation case was run until one of two possible out- 

omes occurred: (1) Cladding failure criteria was reached, as dis- 

ussed below or (2) the target average fuel burnup of 80MWd/kgU 

as achieved. An average fuel burnup of 80 MWd/kgU was se- 

ected as the goal average burnup in this work. Since equally en- 

iched UO 2 fuels are capable of more than 60MWd/kgU, the selec- 

ion of 80MWd/kgU was a burnup goal based on the higher ura- 

ium density of U 3 Si 2 [54] . 

.2.1. Cladding failure criteria 

Cladding failure for U 3 Si 2 -SiC is defined as reaching a maxi- 

um mSiC cladding hoop stress of 173 MPa, the average character- 

stic failure stress of mSiC determined by Deng [55] . Zr4 cladding 

ailure was taken as an irradiated hoop strain limit, determined 

y Jernkvist to be 1.3% [56] . These measures of failure are sam- 

led from the entire cladding in the case of Zr4, but only from the 

onolithic portion of the cladding in the case of SiC. 

.3. Simulation response 

.3.1. Fuel temperature 

In Fig. 4 , maximum, average, and minimum temperatures were 

alculated to indicate the temperature distribution in the fuel to 

igh burnup. Maximum homologous temperatures (T max /T m 

) with 

elting points of 3138 K and 1938 K for UO 2 and U 3 Si 2 , respec-

ively, were calculated to indicate the margin to melt within each 

uel. 

Although the U 3 Si 2 -SiC fuel concept has lower maximum fuel 

emperatures, it operates at a higher homologous temperature 
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Fig. 4. Fuel temperature as a function of average burnup. 
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). Irradiative degradation of the SiC cladding is responsi- 

le for the large increase in temperature at low burnup. This effect 

s particularly evident in the case of U 3 Si 2 -SiC in which the startup

 max /T m 

increases to above 0.5 during the first 10 MWd/kgU. 

learly, although U 3 Si 2 -SiC generally has a lower steady-state max- 

mum operating temperature, its margin to melt is much lower 

han that of UO 2 -Zr4 since T max /T m 

remains much higher than 

O 2 -Zr4 for the entire simulation. Unfortunately, from the perspec- 

ive of margin to fuel melt, U 3 Si 2 -SiC seems to provide no addi-

ional accident tolerance than the status quo. 

Performance of UO 2 -SiC is substantially worse than the other 

uels and only reaches about 50 MWd/kgU before the failure crite- 

ia for the SiC cladding has been reached. It is noteworthy that, af- 

er accounting for differences in power density, cladding thickness, 

nd units of burnup; the temperatures and delay in cladding con- 

act in this simulation is comparable to those seen by Singh et al. 

57] . While the UO 2 -SiC simulation ends in the event of cladding 

ailure, U 3 Si 2 -SiC and UO 2 -Zr4 perform identically in this regard as 

he simulations ran to completion without cladding failure. While 

 3 Si 2 -SiC appears to have some minor benefit at high burnup, in 

iew of the temperature performance shown in Fig. 4 , it is hard to

ecommend U 3 Si 2 -SiC as a replacement for UO 2 -Zr4. 

The chosen nominal power history is conservative to allow the 

se of 24-month cycles. However, since the ability to effectively 

s

6 
onduct heat at higher temperatures is an advantage of U 3 Si 2 fuel, 

wo additional power densities were simulated to explore the ex- 

ent of U 3 Si 2 -SiC’s acceptable power limits. Fig. 5 below, shows a 

omparison between the nominal case, 25% and 50% higher power. 

U 3 Si 2 ’s thermal conductivity allows for significant increases in 

ower at the expense of very little decrease in margin to melt. 

owever, despite this advantage, the 25% and 50% power increases 

oth resulted in cladding failure at 68 and 38 MWd/kgU, respec- 

ively. At typical core power, peak power densities of more than 

0 kW/m are common for steady-state lead PWR rods. For exam- 

le, the full core U 3 Si 2 -SiC simulation of He, et al. found maxi- 

um LHGR to be 35.5 kW/m [11] . In light of this, Fig. 5 indicates

hat U 3 Si 2 -SiC would certainly fail at these powers and cannot 

e recommended for high-power applications without increases in 

ladding gap or other modification of the design. These results sug- 

est that limiting LHGR to less than 25 kW/m is necessary to pre- 

ent contact and avoid premature cladding failure. 

.3.2. Plenum pressure and fission gas release 

There is no validated fission gas release (FGR) model for U 3 Si 2 ; 

owever, the FGR model developed by Barani et al. [29] demon- 

trates what is generally expected from U 3 Si 2 based on rate param- 

ters informed by density functional theory. In Fig. 6 , the results 

how no FGR through 80 MWd/kgU. Although, the high-burnup 
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Fig. 5. Fraction of melting point in U 3 Si 2 -SiC for increasingly higher power density. 

Fig. 6. Plenum pressure and fission gas release over average burnup. 
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GR of U 3 Si 2 is unknown, the Barani FGR model for U 3 Si 2 provides

GR values similar to those established via post-irradiation exami- 

ation at low burnup [5] . 

UO 2 -SiC FGR is significantly higher than all others due to its ex- 

essively large temperature gradient. Considering the added risk of 

as leakage due to microcracking in SiC, UO 2 is not recommended 

hen paired with SiC cladding. In this respect, U 3 Si 2 has the ad- 

antage, primarily due to its higher thermal conductivity that low- 

rs average fuel temperatures at high burnup causing a decrease 

n the mobility of fission gasses. Importantly, the UO 2 fission gas 

odel does not account for high-burnup structures and is not ac- 

urate past approximately 50 MWd/kgU. However, even at this 

oderate burnup, the improved FGR performance of U 3 Si 2 is ev- 

dent. 

The reality of having essentially zero U 3 Si 2 FGR is questionable 

t such high burnups. Such a result can be understood in terms of 

he model lacking certain physical phenomena, such as increased 

as mobility, as a result of microcracking in the fuel or larger driv- 

ng forces from fission-gas-degraded thermal conductivity. BISON 

O 2 material models include these effects, which are partially re- 

ponsible for its higher FGR. Since high burnup FGR data are un- 

T

7 
vailable for U 3 Si 2 , a FGR model coupled to cracking as well as 

hermal conductivity degradation would be a valuable addition to 

he simulation of U 3 Si 2 performance in BISON. 

Despite U 3 Si 2 having a much lower FGR, the swelling model de- 

eloped by Barani shows similarly low swelling. The present sim- 

lation indicates that U 3 Si 2 -SiC is expected to swell approximately 

alf as much as UO 2 -Zr4, which is in keeping with expectations set 

y post-irradiation examination at low burnups. As mentioned pre- 

iously, the long-term effect of low FGR on fuel swelling in U 3 Si 2 
eeds to be investigated further at higher burnup before such out- 

omes are to be believed. 

.3.3. Cladding hoop stress 

Considering the vast material differences between CMC SiC and 

r4, the distribution of stress through the SiC cladding is expected 

o be uneven. Fig. 7 below indicates the maximum and minimum 

ladding hoop stresses over burnup for the three fuel combina- 

ions. 

For the U 3 Si 2 -SiC and UO 2 -SiC simulations, tensile stresses 

ithin the cladding are maintained within the SiC-SiC layer while 

he mSiC remains under compressive stress until contact occurs. 

his 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. 
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s a driving factor in microcracking, which has important implica- 

ions for cladding hermeticity under load. Since the mSiC is main- 

ained under compressive stress, Fig. 7 illustrates that tensile stress 

ithin the SiC-SiC cladding will increase greatly during shutdown. 

lthough the mSiC remains under compressive load, the SiC-SiC 

ayer is placed under tensile stresses exceeding 100 MPa. Consid- 

ring that a round robin study of tubular CMC SiC properties indi- 

ates a PLS of about 92.8 MPa, cracking of the SiC-SiC is expected 

nder normal operating conditions [42] . 

Fig. 7 makes it apparent that combinations of low thermal con- 

uctivity fuel and cladding, like UO 2 -SiC, provide unacceptable per- 

ormance under typical LWR conditions. This is especially true 

hen the cladding is susceptible to brittle failure during PCMI. Ad- 

itionally, although there is some minor fuel temperature benefit 

rom the U 3 Si 2 -SiC fuel, there is no notable performance benefit in 

erms of cladding performance during normal operation. 

.4. Pellet cladding mechanical interaction 

Due to the low power densities and temperatures for U 3 Si 2 - 

iC, no PCMI was found to have occurred during the prior sim- 

lation. However, certain physical effects upon the fuel were not 

ncluded as part of the simulation, such as radial fuel relocation 
8 
aused by shuffling and inversion of the fuel rod between cy- 

les. Because of this, insufficient stresses were created to evalu- 

te conditions in which thermal creep of U 3 Si 2 may be signif- 

cant. Under such physical processes it is conceivable that de- 

pite U 3 Si 2 ’s relatively lower amount of fuel cracking, fragments 

f the fuel may relocate to create contact between the fuel and 

ladding. 

To simulate such an occurrence, the relocation of a fragment 

f fuel into the fuel cladding gap is investigated by choosing an 

nitial cladding gap of 30 μm to force PCMI to occur following 

he first cycle. In Fig. 8 below, maximum and average cladding 

tress demonstrate the pseudoelasticity of SiC-SiC during PCMI be- 

inning at 40MWd/kgU. The stress distribution throughout PCMI 

s also provided and indicates that despite the mechanical com- 

liance of SiC-SiC, the mSiC layer stress increases elastically until 

ailure. 

For U 3 Si 2 -SiC, rapid development of tensile stress within the 

ladding is evident during PCMI and causes a stress-based failure 

f the cladding near 48 MWd/kgU. Increases in both maximum and 

verage hoop stress occur; however, maximum stresses are under 

 delay. Although contact occurs just before 40 MWd/kgU, a delay 

f approximately 3 MWd/kgU follows before maximum hoop stress 

egins to increase. This is in part due to the cracking compliance 
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Fig. 8. Cladding hoop stress during simulated PCMI using a 30 μm cladding gap. 
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f the SiC-SiC layer evident in the decreasing slope of the average 

oop stress in Fig. 8 near 40 MWd/kgU. The delay between contact 

nd cladding failure is significant, which indicates that material de- 

ign effort s to improve SiC-SiC compliance have an important role 

n preventing SiC cladding failure. 

Of particular importance is the difference in cladding failure 

mong UO 2 -Zr4, UO 2 -SiC, and U 3 Si 2 -SiC. PCMI for UO 2 -Zr4 oc-

urs through more than 40 MWd/kgU before failure; whereas, for 

 3 Si 2 -SiC the cladding survives for less than 10 MWd/kgU. UO 2 -SiC 

s the least compliant and the cladding fails within 4 MWd/kgU 

f contact. Regardless of the creep differences between UO 2 and 

 3 Si 2 , the brittleness of SiC results in rapid failure of the cladding

ollowing PCMI for both UO 2 -SiC and U 3 Si 2 -SiC. 

In addition to using the 30 μm cladding gap, additional sim- 

lation cases were run for U 3 Si 2 -SiC using 0.1x, 1x, and 10x the

ominal thermal creep rate for the model determined in Section 

 . Nearly identical hoop stresses were obtained in each case, in- 

icating that thermal creep of U 3 Si 2 has little impact on mitigat- 

ng cladding failure during PCMI. Given the low temperature in the 

uel, thermal and irradiation creep of U 3 Si 2 are low regardless of 

tress in the current model. Considering the BISON UO 2 thermal 

reep model is well understood, the rapid failure of SiC for both 
9 
O 2 and U 3 Si 2 suggests that it is unlikely that creep of the fuel 

s capable of compensating for the brittle nature of SiC. Even with 

mproved SiC-SiC layer compliance, stresses in the mSiC layer re- 

ult in rapid failure of the cladding. 

The reader is advised that the thermal creep model for U 3 Si 2 
as developed using compressive creep data between 25 and 

8 MPa. As such, no experimental data were available to inform 

he development of the U 3 Si 2 thermal creep model at fuel stresses 

hat are typical during PCMI. Because of this, the creep behavior 

f U 3 Si 2 at very high stresses is unknown and the PCMI behav- 

or of U 3 Si 2 -SiC in Fig. 8 is an extrapolation subject to skepticism.

e that as it may, in light of the similarly rapid failure of UO 2 -SiC

or which creep is well understood, the PCMI behavior of U 3 Si 2 -SiC 

ppears to be reasonable. 

As discussed in Section 2.1 , primary creep of U 3 Si 2 is not in-

luded in the U 3 Si 2 thermal creep model. Since primary creep 

ould have a significant influence during the high stresses that 

ccur during PCMI, there is substantial need for future experimen- 

al work to explore thermal creep of U 3 Si 2 for stresses exceed- 

ng 100 MPa. Since U 3 Si 2 has many metal-like properties, it may 

e that such a study would uncover significant creep during pellet 

ladding contact and improve the viability of U Si -SiC. 
3 2 



J.A. Yingling, K.A. Gamble, E. Roberts et al. Journal of Nuclear Materials 543 (2021) 152586 

Fig. 9. Maximum fuel temperature response to variations in design parameters. 
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.5. Multidimensional parameter study 

.5.1. Design parameter variations 

The nominal parameter values used in the above analysis 

emonstrate the expected performance differences among UO 2 - 

r4, UO 2 -SiC, and U 3 Si 2 -SiC. However, despite the effort s involved 

n establishing the nominal case, it is expected that variations 

aused by uncertainties will exist in these parameters. Due to 

ssumptions made while developing models for U 3 Si 2 relocation, 

racking, U 3 Si 2 thermal creep, SiC monolithic and composite irra- 

iation creep, and thermal conductivity, a variation study on these 

arameters was completed in combination with design variations 

n rod geometry due to cladding gap and composite thickness. Ad- 

itionally, variations in SiC irradiative swelling were explored due 

o the large uncertainties in this model. Generally, the range of 

ested values for these parameters reflects the uncertainty in the 

xperimental data from which the BISON models were derived. 

Exactly 11,520 individual simulations were calculated to de- 

elop an understanding of the main effects that each parameter 

ariation has on the simulation responses of maximum fuel tem- 

erature, cladding stress, cladding strain, and plenum pressure. The 

esulting plots of main effects demonstrate the average maximum 

alue of each response with respect to every possible combination 

f parameter variations. This strategy allows succinct display of the 

ean maximum response value expected for any specified system 

arameter. As an indication of how much other parameter varia- 

ions influence the response, error bars are displayed for one stan- 

ard deviation above and below the average maximum calculated 

esponse. 

Variations in composite thickness, gap thickness, composite SiC 

hermal conductivity, fuel creep, transient SiC irradiation creep, 

nd SiC irradiation swelling are the parameter variations investi- 

ated in this study. The mSiC is maintained at a constant 0.2 mm 

s an environmental barrier layer to ensure complete hermeticity 

f the entire cladding package despite SiC-SiC cracking. Since lab 

cale SiC-SiC claddings have been produced with thicknesses as 

ow as 350 μm [9] , it is assumed that production of reliable SiC-

iC is possible at a thickness of 450 μm. Rod diameter is fixed 

n this parameter variation study so varying SiC-SiC thickness and 

ladding gap cause the pellet diameter to change accordingly. 

The range in fuel creep scaling is somewhat arbitrary. However, 

ue to the compressive nature of the experimental creep testing 

eing opposite to the tensile creep found in LWR fuels, a factor of 

0 is likely enough to capture this difference. A ± 12% variation in 

iC-SiC thermal conductivity represents uncertainties from exper- 

mental error and unexpected irradiation damage to the cladding. 

iC-SiC transient irradiation creep is varied by a factor of up to 17 

d

10 
o account for the range of differences between BSR measurements 

nd those found in-pile [37,38] . SiC irradiation swelling is explored 

ver a ± 20% variation. 

In addition to the parameter variations discussed above, cases 

ere run to test variations in fuel relocation and monolithic ther- 

al conductivity. These were found to have a negligible impact 

n every response of interest and are omitted from the figures for 

he sake of brevity. In consideration of the power history used in 

his study, the main effects of the system parameter variations dis- 

ussed below elucidate the range of expected performance of the 

 3 Si 2 -SiC under low-power normal operation and should not be 

xtended to high-power or accident conditions. 

.5.2. Fuel temperature and monolithic sic stress 

As expected, Fig. 9 demonstrates that variations in SiC-SiC ther- 

al conductivity, cladding gap, and SiC-SiC thickness have pre- 

ictable effects on maximum fuel temperature. In other words, 

henomena that improve thermal conductivity result in a lower 

ean maximum fuel temperature. In Fig. 9 , the average maximum 

uel temperature among 11,520 simulations show that very large 

hanges in cladding thickness and cladding gap are possible with 

mall changes to fuel temperature. However, the utility of main ef- 

ects diagrams is found in selecting a design parameter that pro- 

uces a specified system response to determine the constraints 

pon other design parameters. 

For example, according to Fig. 9 , if one desires a maximum fuel 

emperature of around 1050 K, a cladding gap of 60 μm might be 

hosen as a design parameter to achieve that goal. In Fig. 10 , how-

ver, for a 60 μm cladding gap, there is significant variation in 

he mean maximum hoop stress in the monolithic cladding indi- 

ating that severe compromises in other design parameters would 

e necessary to maintain stress within the mSiC at an acceptable 

evel. On the other hand, for a gap of 70 μm this variation in hoop

tress is much smaller and allows more flexibility in choosing other 

esign parameters. Further, a 70 μm gap thickness requires little 

ompromise in fuel temperature. 

Considering variations in mSiC hoop stress, generally a SiC-SiC 

hickness of less than 500 μm and cladding gaps of greater than 

0 μm are recommended. In the absence of mechanical degrada- 

ion, thermal conductivity variations have a small effect on fuel 

emperature. Despite this, SiC-SiC conductivity should not be al- 

owed to degrade below the nominal case as hoop stress variations 

ecome significantly larger and additional compromises to other 

esign parameters would be required to achieve adequately low 

tress within the mSiC cladding. This is especially true consider- 

ng the additional loss of thermal conductivity that would occur 

ue to mechanical damage [41] . In the ranges investigated in this 
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Fig. 10. Maximum mSiC hoop stress response to variations in design parameters. 

Fig. 11. Average of maximum SiC-SiC hoop stress response to variations in design parameters. 
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tudy, fuel thermal creep and cladding irradiation creep are neg- 

igible factors in terms of response variation and performance on 

SiC hoop stress and fuel temperature. Indeed, with the exception 

f composite stress discussed below, thermal and irradiation creep 

as, on average, of minor influence on the various tested system 

esponses. 

.5.3. Composite stress 

In the literature, irradiation creep in SiC simulations has been 

onsidered small. This study applied a linear scale factor to the 

ransient portion of SiC-SiC irradiation creep and found that, ex- 

ept for SiC-SiC hoop stress within the composite layer, irradiation 

reep is of little importance. Previous work indicates that irradia- 

ion creep will have a small deleterious effect on cladding stresses 

uring PCMI [6] ; however, for cases where the majority of simu- 

ations reach design burnup, the effect of irradiation creep can be 

gnored. 

Apart from thin composite layers there are, on average, no pa- 

ameter combinations that prevent hoop stresses that will exceed 

he SiC-SiC PLS and induce cracking. This is especially true in the 

ear-nominal irradiation creep cases. Fig. 11 emphasizes the impor- 

ance of improving knowledge of SiC irradiation swelling as it has 

he largest impact on the mean SiC-SiC hoop stresses attained. Ad- 

itional experimentation to reduce uncertainty within this model 

ould certainly be valuable. 
11 
. Conclusion 

Thermal creep follows the Mukherjee-Bird-Dorn relationship of 

q. (2) along with the creep parameters of Table 2 for stresses be- 

ween 25 and 78 MPa, and temperatures between 1121 K to 1274 K, 

n U 3 Si 2 pellets fabricated by INL circa 2016. U 3 Si 2 thermal creep 

as calculated to be very small during nominal simulation con- 

itions, even in the 10x nominal case. In the nominal simula- 

ion, pellet clad contact was completely avoided through an aver- 

ge burnup of 80MWd/kgU indicating that SiC cladding would be 

echanically viable for use with high thermal conductivity fuels 

uring normal operating conditions and low power density. Per- 

ormance of U 3 Si 2 -SiC at high power density and during PCMI is 

ery poor. UO 2 -SiC underperformed in every metric, emphasizing 

he importance of avoiding combinations of SiC with low thermal 

onductivity fuels. 

Since U 3 Si 2 operates at very low temperatures, it shows little 

ensitivity to design parameter variations except fuel to cladding 

ap, SiC-SiC layer thickness, and SiC irradiation swelling. Fuel creep 

as little influence on reducing the cladding stress due to PCMI. 

hus, because the SiC cladding has little ductility, premature PCMI 

ailures can readily occur if the fuel comes in contact with the 

ladding. Hence, fragment relocation during fuel shuffling, or dis- 

odged pellet chips introduced during manufacture are of particular 

oncern to this fuel concept. 
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Considering these outcomes, a composite layer thickness of less 

han 500 μm and a cladding gap of greater than 70 μm is rec- 

mmended in U 3 Si 2 -SiC fuel designs. Strategies to minimize com- 

osite layer thickness without compromising monolithic layer her- 

eticity are of greatest interest to this concept fuel as they have 

he largest impact on heat transfer and can prevent fuel cladding 

ontact. Strategies to prevent extreme mechanical degradation of 

iC-SiC thermal conductivity will be necessary to prevent failure of 

SiC. Further experimental studies are needed to establish thermal 

reep of U 3 Si 2 under the high stress conditions of PCMI. Experi- 

ental validation of high burnup U 3 Si 2 -SiC PCMI is also needed. 

n the absence of these data, U 3 Si 2 creep compliance appears to 

e insufficient to accommodate the brittle nature of mSiC during 

CMI even with the pseudoplastic enhancement of an inner layer 

f SiC-SiC. Prior to use as a LWR fuel, U 3 Si 2 -SiC requires exper-

mental confirmation where fuel-cladding contact may occur due 

o excesses in power density or burnup. 
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