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Abstract

Accident-tolerant fuels (ATFs) are designed to increase coping time following an accident scenario
while preserving or improving current steady-state reactor operational performance. A potential ATF
concept is using silicon carbide (SiC)-SiC-composite claddings. Fuel-performance simulations were
conducted on a SiC-SiC-based cladding concept utilizing a multilayered approach for improved
performance. This cladding concept is referred to in this paper as “the duplex concept” as it is a duplex
structure composed of a monolithic SiC layer placed on the outside of an inner SiC-SiC composite layer.
The monolithic SiC layer is used to provide gas tightness to the rod and protect the SiC-SiC-composite
layer from exposure to the coolant. A liquid metal is added to the fuel-cladding gap for improved thermal
transport between the fuel and the cladding. In this work, the BISON fuel-performance code was used to
conduct fuel-performance simulations on the cladding concept. Comparisons are made with a current
prototypic fuel-rod design consisting of uranium dioxide (UQ,) fuel enclosed in Zircaloy-4 cladding
under four relevant conditions. For condition I (normal operations) two representative steady-state cases
were considered, one with a constant rod average heat rate, and one with an initially higher heat rate. For
condition II events, a pellet-cladding interaction (PCI) ramp case was simulated to analyze potential
anticipated operational occurrences. Condition III/IV transient responses during a loss of coolant accident
(LOCA) and a reactivity-initiated accident (RIA) were also simulated. This computational study
demonstrated that for normal operating conditions, the SiC concept cladding performed as well as the
baseline for the standard-power cases evaluated. The ramping evaluations indicate potential for earlier
fracturing of the SiC-SiC composite cladding compared to the Zircaloy-4 cladding due to the temperature
gradient and the subsequent differential thermal conductivity degradation and swelling across the
composite thickness. In condition III/IV events the SiC-SiC duplex concept remains intact after a 700 J/g
RIA similar to Zircaloy-4 fuel systems. Under LOCA conditions, the duplex concept showed significantly
improved performance, remaining intact in contrast to Zircaloy-4 which ballons and bursts.

Keywords: silicon carbide (SiC), accident-tolerant fuel (ATF), cladding, light-water reactor (LWR),
nuclear, BISON computing code, fuel performance

1 INTRODUCTION AND BACKGROUND

Currently licensed fuel designs in the United States (U.S.) for the light-water reactor (LWR) fleet uses
uranium dioxide (UQ,) fuel, enclosed within a zirconium-alloy cladding. Years of research, accompanied
by over 60 years of reactor operational experience, have steadily generated technological advancements,
as well as an extensive experience base, of both material response and performance in commercial and
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test-reactor data for steady-state and transient conditions. However, the earthquake and subsequent
tsunami at the Fukushima Daiichi nuclear power generating station, coupled with recent material
advancements, have provided a strong motivation for the industry and regulatory agencies to develop new
fuel designs with an emphasis on improving performance, safety, and reliability in both operating and
accident scenarios. These new fuel designs are referred to as accident-tolerant fuels (ATFs).

Silicon carbide (SiC) has been investigated for use in both fission and fusion applications and has
been considered as a candidate material for ATF cladding in LWRs [1][2]. High-purity, crystalline SiC is
a very stable material under neutron irradiation, undergoing only minimal swelling and strength changes
to 40 dpa and higher, which represents many times the exposure for fuel life in a typical LWR. In
addition, SiC retains its mechanical properties at high temperatures and reacts more slowly with steam
than zirconium alloys. However, monolithic SiC alone has low fracture toughness, making it unsuitable
for nuclear-cladding applications where fuel containment is essential and a coolable geometry must be
maintained, especially under transient or off-normal conditions. The solution is to employ an engineered
composite structure to address this brittleness, using strong SiC fibers that reinforce a SiC matrix to form
a SiC-SiC composite. Compared to monolithic SiC, these composites offer improved fracture toughness
and pseudo-ductility. High-purity, radiation-tolerant SiC composites for nuclear applications are typically
fabricated using chemical vapor infiltration (CVI) [3][7].

SiC-based cladding properties are highly dependent on the processing route used, particularly for any
fiber-reinforced composite layers. In addition, while SiC-SiC composites undergo pseudo-ductile fracture,
rather than brittle failure. During this pseudo-ductile fracture, extensive microcracking occurs, which can
lead to a loss of hermeticity. Microcracking can occur at strains less than 1% [4][28], below the level at
which zirconium-alloy cladding would exhibit any plastic deformation. Accordingly, careful development
of SiC-based cladding designs is needed to mitigate microcracking and ensure hermeticity.

As a step to expedite the licensing process required before any ATF concept can be deployed, the
thermal-mechanical fuel performance of advanced SiC-SiC cladding concepts in condition I (normal
operations), condition II (anticipated operational occurrences (AOOs)) and condition III/IV (design basis
accidents/transients (e.g., LOCA, RIA)) will have to be assessed. This paper evaluates the performance
of a full-length fuel-pin design with SiC-SiC cladding incorporating different features meant to mitigate
the potential for a loss of hermeticity due to microcracking using the BISON fuel-performance code [5].
The SiC-SiC clad fuel-pin design uses a monolithic outer layer of SiC, and a low melting point liquid-
metal bond between the fuel and the cladding. This architecture can be seen in Figure 1 and can be
characterized as a duplex architecture. The impact of this architecture on the fuel temperature, plenum
pressure, SiC-SiC cladding stress, and SiC-SiC cladding strain will be assessed using the BISON
simulations and compared to those of a standard zirconium-alloy cladding.

Liquid Metal Bond

SiC/SiC Cladding

Quter Monolith

Figure 1. Fuel-pin design with duplex architecture.



2 Model Description

2.1 Geometry

The simulations will model a SiC-SiC clad fuel pin with a 9.5 mm outer diameter and a 365.76-cm-
high fuel column with a 25.4 cm plenum dimensions consistent with a standard 17x17 PWR assembly [6].
For the duplex cladding architecture, radial dimensions used in the simulation are shown in Table 1 and
compared with the standard Zircaloy-4 (Zr-4) pin.

Table 1. Radial dimensions and Internal Pressure of the fuel pins (units: mm).

SiC-SiC Duplex  Standard 17x17 Zr-4

Pin Pin
Fuel pellet outer radius 3.95 4.095
(mm)
Cladding inner radius 4.05 4.184
(mm)
SiC-SiC-composite outer 4.65 Not applicable
radius (mm)
Cladding outer radius 4.75 4.75 (outer radius)
(mm)
Plenum Pressure (MPa) 0.1 MPa 2.0 MPa

For ceramic composite materials like SiC-SiC tubing, thicker materials will be more challenged from
thermal- and irradiation-swelling loads, while thinner materials will be more challenged from mechanical
loads. No attempts are made as a part of this initial study to optimize the geometry of the duplex
architecture to maximize its performance. It is acknowledged that more optimized geometries could have
an impact on the results. It is also possible that the ability to fabricate a composite architecture within a
given dimensional tolerance with reliable material properties may limit the fuel-rod design such that the
dimensions used in this study are unrealistic. However, it is the purpose of this study to illustrate the
strengths and weaknesses of the duplex architecture in different operating conditions relative to a standard
Zr-4 pin such that later design efforts can optimize the geometry around fabrication limitations and
necessary performance in operating conditions.

The BISON fuel-performance code represents these geometries using an axisymmetric (2D-RZ) finite
element mesh of the fuel rods. In this representation, a mesh of one-half of the fuel rod is modeled with
azimuthal symmetry being assumed about the cylindrical centerline of the rod. The mesh of the duplex
SiC-SiC composite cladding and baseline Zr-4 cladding with the fuel are shown in Figure 2. The duplex
cladding mesh had 1000 elements in the axial direction; radially, the CVD SiC and composite SiC layers
had two and four elements, respectively. The baseline Zr-4 cladding had 1000 and four elements in the
axial and radial directions, respectively. The liquid tin bond reduces the available plenum and this
decrease in the plenum has been accounted for in the simulation for calculation of plenum volume and
plenum pressure.
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Figure 2. Meshes of (a) Zr-4 and (b) duplex SiC cladding models.

2.2 Constitutive Models

Cladding material undergoes deformation in several different ways in a reactor environment. Under
the effect of irradiation, the material may swell (increasing volume), grow (with conserved volume), or
experience enhanced creep due to applied loads over long times. Simultaneously it may undergo regular
thermal expansion as well as elastic and plastic deformation in response to applied loadings. The total
strain (e) can be expressed as the sum of swelling/irradiation growth (es), creep strain (e.), thermal
expansion strain (e;), elastic strain (e.), and plastic strain (e;), as indicated in Equation (1):

e=e;+e. te t+e,+e (1)

Using Hooke’s law, as shown in Equation (2), the stress in the cladding is calculated where s is the
stress and D is the elastic stiffness of the material:

s =De, )

The SiC-SiC-composite is elastically orthotropic, and the constitutive equation (2) can be expressed
in component form as Equations (3), (4), and (5) where r, y, and 0 are subscripted:
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Heat flow through and out of the cladding are computed using the standard Fourier’s law, as given in
Equation (6), and the convective boundary condition at the surface, as shown in Equation (7),
respectively, where q is the heat flux vector, k is the thermal conductivity tensor, NTis the gradient of the
temperature, ¢ is the heat flux perpendicular from the surface, Ty is the surface temperature, and 7}, is the
ambient temperature.

q = —kNT (6)
q = h(Ts - Ta) (7)

2.3 Material Properties

Conducting accurate thermal mechanical simulations requires the use of accurate material models.
For the simulations with the standard Zr-4 clad fuel pin standard material properties from the BISON
theory manual are used [18]. For the duplex SiC-SiC clad pin a description of the material models used is
described in the following sections. Table 2 summarizes the dependence of SiC-SiC properties on the
temperature and irradiation.

Table 2. Dependence of SiC-SiC properties on the temperature and irradiation.

Material Property Temperature Dependence Effect of Irradiation
Specific heat capacity Dependent [8] Negligible [8]
Thermal conductivity Dependent [10],[20] Strong effect [8],[7]
Coefficient of thermal expansion ~ Dependent [7] Negligible.

Young’s moduli 7 Dependent [10],[9] Dependent [10],[9]
Proportional Stress Limit Not dependent Not dependent
Irradiation swelling Dependent [7] Dependent [7]
Oxidation . Dependent [10] Not considered.

2.3.1 Specific Heat Capacity

The specific heat of the SiC-SiC-composite is deemed to be identical to that of monolithic SiC
because the effect of a carbon interphase can be neglected [7]. The specific heat varies significantly with
the temperature while its dependence on the irradiation dose is negligible. The temperature-dependent
specific heat of the SiC-SiC-composite is expressed in Equation (8), as proposed by Snead et al. [8].

3.1946 x 107

Cp=925.65 + 037727 —7.9259 x 107°T% —=— 7

(®)

where C, is the specific heat (J/kg-K) and T is the temperature (K).



2.3.2 Thermal Conductivity

Thermal conductivity of SiC-SiC composites is strongly dependent on the nature of the material
(impurities, grain size, etc.), the temperature, and the irradiation dose. Thermal diffusivity for a non-
irradiated SiC composite is based on the summarized data presented in Koyanagi et al. [10]. A linear
interpolation for the thermal diffusivity values (e.g., 4.5 x 10° m?s-! at 25°C, 2.875 x 10 m?s'! at 300°C,
2.125 x 10° m?s’! at 800°C) is performed to obtain the thermal diffusivity values at any temperature. For
temperatures outside the range of 25-800°C, the diffusivity value of the range limit is used. The
degradation of thermal conductivity due to irradiation is accounted for and is based on the model
presented in Snead et al. (2007) [8]. The major equations of this model are presented below. Further
details of this model can be found in Snead et al. [11].

1

+ Rirradiation )

kirradiated kunirradiated
— vol
Rirradiation =15.11 €swelling (1 0)

where R qdiation 1S the thermal resistance due to irradiation-induced changes in the material and e}’@lemng
is the irradiation-induced volumetric swelling. Equation (10) is based on Stone et al. [12]. The density of
the SiC-SiC composite was assumed to be 2800 kg/m?.

Thermal conductivity of chemical vapor deposited (CVD) SiC is modeled using the same model as
the one used for the SiC-SiC composite [11]; however, the values for kypnirradiated and Rirradiation are

different, as shown in Equations (11) and (12).

1
Kunirradiated =
unirradiated = _0,0003 + 1.05°107°T (I
Rirradiation =0.00135 + 6-13els;3/lelling (12)
k = 7.511 + 2.088 " 107°T — 1.450 " 107°T% + 7.668 " 10~°T3(3b) (13)

2.3.3 Coefficient of Thermal Expansion

The coefficient of thermal expansion for the SiC-SiC composite has a strong dependence on
temperature but is negligibly affected by irradiation. In this analysis, the dependence of the coefficient of
thermal expansion on the temperature modeled using Equation (14) is:

a =3.8289 x 107°T° — 1.2209 x 107°T? + 1.4350 x 1072T — 0.7765 (293 K < T < 1273 K) (14)

where « is the thermal expansion coefficient (10-%/K).

The coefficient of thermal expansion for the monolithic SiC is also significantly dependent on
temperature and is provided in Equation (?):

_ [3:8289 x 107°T% — 1.2209 x 107°T? + 1.4350 x 107°T — 0.7765 (298 K <T < 1273 K)|
~|5x10°° (1273 K <T) @)

2.3.4 Young’s Moduli and Stress Limits

SiC-SiC-composite elasticity has directional dependence due to the orientation of fiber tows and
specific architecture. For this analysis, the composite layer is considered to have orthotropic elasticity
with the elastic constants listed in Table 3.

Table 3. Elasticity constants for the composite SiC layer.



Elastic Constants Value Reference

E, (GPa) 100 Assumed.

E, (GPa) 302.24-1.9148b (b = 45°) [10]

E, (GPa) 160 [10]

Ny, 0.25 Assumed based on [9]
ng, 0.13 Assumed based on [9]
n, 0.13 Assumed based on [9]
Gy, (GPa) 110 Assumed.

G, (GPa) 90 Assumed.

G, (GPa) 90 Assumed.

The effect of irradiation on the elasticity is accounted for using the Equation (15) where D is the
elastic stiffness of the irradiated material and D, is the elastic stiffness of unirradiated material.

D = D,y(1 — 6€¥3%iing)

(15)

SiC composite undergoes microcracking slightly before the stress nears its proportional limit stress.
The microcracking of SiC composite is exhibited as a pseudo ductile behavior in the stress strain response
of the material. The pseudo ductile behavior of composite SiC was modeled using the Hill plasticity
model available in the MOOSE framework [18]]. The values of the parameters used in the model [26, 27]

are listed in Table 4.

Table 4: Parameters used for the pseudo ductility model based on Hill's yield criterion [26, 27].

Parameter Value
F,H 0.5
G 0.25
L,M,N 1.5
Yield stress 70 MPa
Hardening constant 1.5x1010
Hardening exponent 1.0

2.3.5 Irradiation-Induced Swelling

The SiC-SiC composite undergoes swelling when subjected to irradiation. This swelling saturates
around 1-2 dpa depending on irradiation temperature and is inversely correlated with the temperature.
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Figure 3. Volumetric swelling of irradiated CVD SiC and CVI SiC-SiC specimens as a function of
(a) dose and (b) temperature [15].

Katoh et al. [7]describes the transient swelling rate of the SiC composite in Equation (16), assuming
isothermal irradiation.

: 14
— 1 —1/3 _r
S =kgy exp( )/sc) (16)
where S is transient swelling rate (%/s), k, is a rate constant, y is the neutron fluence dose (dpa), and y,. is
a characteristic saturation dose defined as Equation (17),

Ve = 6.7221 x 107 12T* — 1.3095 x 107873 4 9.4807 x 107°T% — 2.7651 x 1073T + 0.51801 (17)

Later, the original expression was modified to account for three dimensional changes, as indicated in
Equations (18), (19), and (20).

S=SS[1—exp(1 —yl)r/g (18)

C:

where S is the volumetric swelling (%), y. is characteristic saturation dose (dpa), and S; is the saturation
swelling (%).

Ye =2.9754 x 10773 — 5.3970 x 107°T% + 3.3342 x 10737 — 0.57533 (19)

Ss =—1.8152 x 1071'7° + 6.9368 x 1078T? — 1.0089 X 107*T + 5.8366 x 1072 (20)

3  Light Water Reactor Simulation Conditions

Fuel-performance simulations were performed for the duplex SiC-SiC clad concept and a baseline Zr-
4 cladding. Two different normal operating conditions were considered: (1) steady-state operation with a
constant rod average linear heat rate of 22 kW/m out to 62 GWd/MTU rod average burnup and,
(2) steady-state operation with a rod average linear heat rate of 35 kW/m for up to 20 GWd/MTU rod
average burnup followed by operation at a rod average linear heat rate of 22 kW/m to 62 GWd/MTU rod
average burnup. A condition II (anticipated operational occurrence) power ramp was simulated following
steady-state operation with a rod average linear heat rate of 22 kW/m for up to 20 GWd/MTU rod average
burnup. After reaching 20 GWD/MTU the fuel rod experiences a power ramp to rod average heat rate of



45 kW/m in 1 hour and then the power held constant at 45 kW/m for the next 12 hours. These power
histories are shown below in Figure 4. The difference between the duplex and baseline irradiation times
to get to the same equivalent burnup is due to the difference in the fuel pellet dimensions.
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Figure 4. The linear heat generation rate assumed for the three analyses.

The first design-basis accident (DBA) considered in this work is an evaluation of an RIA with energy
deposition of 700 J/g. It was performed with a power profile that is Gaussian in shape, with a full-width
half-max of 40 ms. The simulation is performed with beginning-of-life (BOL) RIA on fresh fuel at hot
zero power conditions. The second DBA considered evaluation of LOCAs at the BOL and EOL.

Power profile: The constant power profile assumed for the fuel rod is shown in Figure 5. This power
profile is a representative power profile in the fuel rod with lower power at the ends and higher power
towards the center.
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Figure 5. The linear power peaking factor of the fuel rod assumed for all cases.

The outer surface of the cladding temperature was prescribed using the temperature boundary
condition obtained from a thermal-hydraulics analysis in both steady state and LOCA conditions. For the
RIA case, the cladding temperature was prescribed the same values as for the steady state simulations.
The thermal-hydraulic responses of fuel system was evaluated using the Reactor Excursion and Leak
Analysis Program (RELAP5-3D) system-level code developed at Idaho National Laboratory (INL) [21].




RELAP5-3D employs a partially implicit numerical scheme to solve partial differential equations for
mass, momentum, and energy for a two-phase system based on a nonhomogeneous and nonequilibrium
model. In this study, a typical 4-loop Westinghouse PWR was simulated in RELAP5-3D consisting of
reactor core and primary coolant loops, including coolant pumps, steam generators, a pressurizer, and the
emergency core cooling system. The steady-state conditions were set to generic PWR coolant conditions
with a rated power of 3626 MW, as listed in Table 5.

Table 5. Typical reactor conditions.

PWR
Coolant Mass Flux 2.55 x 106 Ib/ft>-hr (3466 kg/m?>-s)
Liquid water from 550°F (288°C)
Water Condition to 610°F (321°C) at 2250 psi
(15.5 MPa)
Rated power 3626 MW
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Figure 6. (a) Axial temperature profile of cladding outer surface at the steady-state condition. (b) Time
evolution of the peak cladding temperature during the LOCA.

Figure 6(a) presents the steady-state results of the cladding outer surface temperature along the axial
direction during normal operations. The cladding surface temperature that increased along the axial length
is due to the heat transfer to the coolant flowing upward. A small decrease in the cladding surface
temperature is observed in the plenum region.

Figure 6(b) presents the evolution of the peak cladding temperature as a function of time for the
considered LOCA transient. Given the postulated scenario, the cold leg broke at 0.01 s and the scram
initiated due to a low-pressure signal at ~ 3.5 s. The power, then, started to decay, which led to the
decrease of fuel temperature. Shortly afterward, the stored energy along with the decay energy heated up
the fuel to the maximum value during the blowdown phase. Both the fuel and the cladding temperatures
inflected once the core was reflooded, and finally got to the rewetting point. Zr-4 and duplex SiC-SiC
cladding exhibit a similar history of fuel-centerline temperature. High thermal conductivity of liquid
metal gap and high heat capacity of SiC for the duplex concept yielded a slightly lower peak cladding
temperature, despite the low thermal conductivity of SiC which impedes the heat transfer from the fuel.
This profile is sinusoidal in nature with the ends of the rod set 200°C less than the peak at any given time.



4 RESULTS

The fuel-performance comparisons include the time evolution of fuel-centerline temperature, rod
internal pressure, fission gas release (FGR), cladding stresses, and cladding strain. These metrics were
selected to highlight the differences in the performance of the duplex SiC and Zr-4 cladding. The analysis
results for temperature, plenum pressure, and FGR for the first, constant power, case are provided in
Figure 7, and the hoop strains and stress are presented in Figure 8. The analysis results for the second,
higher initial power, case are indicated in Figure 9, and Figure 10. The analysis results for anticipated
operational occurrence case of an early-life PCI ramp case are reported in Figure 11, and Figure 12.

4.1 Operation with Steady Power

Results for the steady-state case are shown in Figure 7. The power for this case was held constant at
22 kW/m for the duration of the simulation. Overall, results can be explained based on the unique design
of the duplex concept which allows for a relatively linear increase in the fuel-centerline temperature due
to the presence of the liquid-metal bond between the fuel and cladding. This bond improves the fuel-
cladding gap conductance such that the heat transfer is similar to the closed-gap Zr-4 cladding baseline
case. The fuel centerline temperature rises constantly till the end of operation due to decreasing thermal
conductivity of the fuel with burnup as shown in Figure 7(a). The RIP versus burnup is presented in
Figure 7(b). The duplex case has starting lower pressure due to the lower initial fill gas pressure. Since the
SiC cladding has liquid metal bonding, the initial plenum volume is also lower than that in the Zr-4
cladding. The expansion of the fuel due to fission product/gaseous swelling presses the liquid metal into
the upper plenum decreasing the available plenum volume for released fission gas. The smaller plenum
volume for duplex cladding results in the RIP increasing at a faster rate in the duplex cladding compared
to the Zr-4 cladding although fissions gas release is lower for the duplex cladding (figure 7c). These
results suggest that there could be an increase in internal pressure with burnups greater than 65
GWd/MTU for duplex as compared to the baseline case. It should be noted that for this simulation, the
propensity for the liquid metal to penetrate into the open porosity of either the SiC cladding or the fuel
was not modeled. The baseline case performance is as expected, with the change in slope of the
temperature at approximately 14 GWd/MTU indicative of fuel-to-cladding mechanical contact being
established. The outer monolithic SiC layer in duplex is expected not to lose any mass due to exposure to
water given the lower coolant temperatures present during normal operation.
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Figure 7. Integral fuel-rod predictions for normal operation: (a) fuel-centerline temperature, (b) rod
internal pressure, and (c) fission gas released.

Figure 8(a-b) shows the variation of hoop stresses and strains at the inner and outer surface of the
cladding. The hoop strain in the SiC cladding is dominated by the swelling and thermal strains with the
swelling strain reaching it saturation value around burnup of 4-6 GWd/MTU. The rapid increase in hoop
strain initially is due to irradiation-induced swelling of SiC and thermal expansion. The hoop strain in the



Zr-4 cladding is initially dominated by the creep strain due to Zr-4 cladding “creep down” ultimately
making a mechanical contact with the fuel pellet at around 14 GWd/MTU. Once the fuel-cladding gap is
closed, cladding deformation is entirely driven by the fuel swelling. This fuel expansion results in
increasing hoop strain in the cladding. For the duplex concept, contact between the fuel and cladding
occurs much later around 58 GWd/MTU.

Figures 8(c-d) shows the hoop stress versus burnup evolution for the two fuel systems. The baseline
case operates under compression due to the coolant pressure acting on the cladding outer surface. The
stress in the cladding begins to turn tensile once mechanical contact occurs at 14 GWd/MTU, and the fuel
begins to exert a mechanical force on the cladding. Upon power down at the end of the simulation, some
of the stress in the cladding is relieved. For the duplex concept, the hoop-stress evolution is driven by
temperature and swelling gradients across the cladding thickness. SiC-SiC composites swell due to
irradiation and the amount of swelling is driven by temperature. Thus, a temperature gradient across the
SiC cladding results in the inner surface being at much lower compressive stresses as compared to the
outer surface. After the fuel-cladding gap closes at 58 GWd/MTU, stresses become tensile as the fuel
pushes against the cladding. The contact with the fuel leads to rapid rise in the stresses in both the
claddings. The stress levels in the inner composite layer is lower than the proportional limit stress of the
SiC composite (~80 MPa [10]), and the stress level in the outer CVD SiC layer is much lower than the
tensile strength of the CVD layer (450 MPa [11]). There are opportunities in fuel cladding design and
cladding gap size optimization to avoid this hard contact.
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Figure 8. Predictions at the axial midplane of the fuel rod for hoop stress and strain. Hoop strain at the
(a) inner and (b) outer cladding surfaces. Hoop stress at the (c) inner and (d) outer cladding surface for the
steady-state power case.



4.2 Two-Cycle Case

For the two-cycle case, an average linear heat rate of 35 kW/m was applied to the fuel rod up to 20
GWd/MTU rod average burnup followed by operation at a rod average linear heat rate of 22 kW/m to 62
GWd/MTU rod average burnup. The analysis results for temperature, RIP and FGR for the two-cycle case
are provided in Figure 9 and Figure 10. As with the steady-state case, the fuel centerline temperature for
the duplex concept behaves as expected due to the improved fuel-cladding gap conductance provided by
the liquid metal bonding as shown in Figure 9(a). The RIP versus burnup is presented in Figure 9(b). As
noted in the previous section, the initial RIP for the duplex cladding is much smaller than the Zr-4
cladding (0.1 MPa vs 2.0 MPa). The initial RIP increase is higher for the Zr-4 cladding compared to the
duplex cladding up to gap closure for the Zr-4 rod after which the rate of increase is higher for the duplex
rod. Even though the net FGR for duplex case is smaller (Figure 9(c)), large difference in the RIP ~6.5
MPa (7 MPa in Zr-4 and 0.5 MPa in duplex) decreases to about 2.5 MPa at the EOL because of the small
plenum volume available in duplex case. The smaller plenum volume results in a smaller amount of gas
needed to generate a certain pressure compared to a larger volume. As expected, the higher initial linear
power results in higher peak fuel-centerline temperatures with a resulting increase in FGR and rod
pressures reflecting the imposed power history for both cases.
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Figure 9. Integral fuel-rod predictions for normal operation: (a) fuel-centerline temperature, (b) rod
internal pressure, and (c) fission gas released.

Hoop-strain evolution for both cladding materials are shown in Figure 10(a-b). The Zr-4 case shows
cladding creep down until mechanical contact is established with the pellet at approximately
10 GWd/MTU, after which cladding deformation is entirely driven by fuel swelling. The pellet cladding
mechanical interaction (PCMI) for the duplex cladding occurs at burnup of 35 GWd/MTU. It should be
noted that PCMI for both cladding materials occurs much earlier in the two-cycle case compared to the
constant power case because of higher power cycle (35 kW/m vs 22 kW/m). The decrease in the hoop
strain at burnup of 20 GWd/MTU is due to the drop in power back to the 22 kW/m level. The effect of
power change on hoop strain is significantly less for the duplex case than for the Zr-4 case because for
ceramic materials such as SiC the effect of temperature change on its properties is relatively small.
Similar observations can be made regarding the hoop stress as shown in Figure 10(c-d) as the effect of the
power change is more pronounced on the Zr-4 cladding than the duplex cladding. The stress in the duplex
cladding post PCMI rises more rapidly than in the Zr-4 due to relatively high stiffness of the SiC
compared to Zr-4. The stress after hard contact is tensile but can be avoided with an optimized design.
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4.3 Early-Life PCI Ramp

One of the concerns with the SiC-SiC composites is performance during AOO ramps. In order to
investigate this phenomenon, the AOOs considered in this work consist of an early-life power ramp to
induce the pellet-cladding mechanical interaction (PCMI). The analysis results for temperature, plenum
pressure and FGR for the early-life power ramp are provided in Figure 11.

The baseline (Zr-4) and duplex cases ramp to approximately the same fuel-centerline temperature
with a slight increase through the duration of the case due to the increased gap conductance provided by
the liquid metal in the duplex fuel-cladding gap. Plenum pressure and FGR follow similar trends through
the duration of the ramp for the duplex and baseline cases. The evolution of the hoop stress and strain at
the inner and outer surfaces of the composite layer and baseline cladding for the early-life power ramp are
provided in Figure 12. It is evident from the sharp increase in the strain and stresses during the power
ramp that pellet-cladding mechanical interaction (PCMI) occurs in both cases. Since the stresses in the
composite reach about 80 MPa (Figure 12(c)), there is a possibility of microcracking to occur in the
composite layer. The rise in the hoop stress in the outer layer of the cladding, which is made of CVD SiC,
is much greater than in the composite layer because the elasticity modulus of the CVD SiC is
considerably higher than that of the composite SiC [12],[13].
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4.4 Design-Basis Accidents

The SiC composite claddings are expected to provide excellent passive safety features for DBAs. For
the purposes of this evaluation, two DBAs are studied: RIAs and LOCAs.

The analysis results for temperature, RIP, and hoop stresses and strains for the 700 J/g RIA BOL case

are provided in Figure 13. The peak power for all concepts occurred at 0.5 sec into the transient. The poor
thermal conductivity of UO, resulted in the peak fuel temperature being attained slightly after this time
and maintained at the maximum temperature for the duration of the simulation. Similarly, the peak RIP
was achieved around 0.6 seconds into the transient. Recovery of some thermal expansion over the



remaining approximately 1.4 seconds of the transient resulted in an increase in plenum volume and a
subsequent decrease in plenum pressure. The RIP remained below the external coolant pressure.

The hoop stresses and strains are presented in Figure 13 and evolve as expected for this type of
transient. For the duplex concept, the interior surface of the composite became extremely hot while the
outside surface maintained at a relatively low temperature resulting in a significant thermal strain
differential that caused large compressive and tensile stresses at the interior and exterior surface,
respectively. Since the stress in the composite layer is compressive, microcracking is not expected to
occur. Also, the peak stress in the outer CVD layer is about 230 MPa which is much smaller than the
strength of the CVD SiC (~450 MPa [13]), indicating that a RIA with 700 J/g deposition energy does not
pose any significant risk to the structural integrity of the duplex cladding. The duplex case did not
undergo PCMI during the RIA. The plenum pressure increases greatly for the baseline case compared to
the duplex case, which is mainly because of the relatively high initial plenum pressure for the baseline
case — the plenum gas expands due to temperature rise leading to increased plenum pressure. The baseline
case exhibited PCMI during 0.58 — 0.65 seconds into the transient resulting in an increase in stress and
strain.

The second DBA considered in this work was a LOCA simulation. The simulation thermal-hydraulic
conditions are based on results from the RELAP thermal-hydraulic analyses discussed in Section 3. The
plots of interest include peak fuel-centerline temperature, plenum pressure, and hoop stresses and strains.
The results for the BOL LOCA simulation are shown in Figure 14. For the duplex concept, the exterior
surface of the composite layer went into slight tension but otherwise handles the transient without failure.
The stress in the composite layer reached about 20 MPa, and stress in the CVD layer reached about 75
MPa. These stresses are well below the strengths of the composite (typical proportional limit stress of 80
MPa) and CVD SiC (typical tensile strength of 450 MPa). The baseline concept saw the expected
behavior with an increase in pressure until cladding hoop strain starts increasing sharply resulting in a
larger plenum volume with decreased pressure to the point of rupture. The hoop strains indicate the
likelihood of ballooning as the strains were extremely large. From a safety perspective, the baseline case
would result in less-coolable geometry, due to the ballooning, than the duplex concept. Both cases saw a
significant reduction in the compressive stress once the blowdown phase was completed. Though not
shown in the figure, oxidation resistance was excellent compared to the comparable Zr-4 cladding case.

The results for the EOL LOCA simulation are shown in Figure 15. For this case, the LOCA transient
was executed at the end of the standard-power case resulting in a starting condition of a closed fuel-
cladding gap, degraded thermal conductivity, and elevated plenum pressures. For the duplex concept, the
plenum pressure increased with increasing temperature. The stress in the monolithic and composite layers
remained in tension for the duration of the temperature ramp, but the hoop strains remained small. The
baseline Zr-4 cladding saw the standard, expected behavior with an increasing hoop strain until the
cladding ballooned and failure occurred. The duplex concept survives the transient and maintains its
geometry.
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5 CONCLUSION AND FUTURE WORK

This paper reviewed the current material-performance models and fuel performance using the BISON
fuel-performance code applied to a current ATF SiC-SiC cladding concept compared to a standard Zr-4
cladding baseline case. For the cases performed in this study, the results indicate superior performance of
the duplex cladding compared to the baseline case of Zr-4 cladding. For normal operating conditions, the
duplex concept resolved the low thermal conductivity issue of SiC using a liquid-metal bond in the fuel-
cladding gap. This approach reduced peak cladding temperatures from the base case until gap closure. An
artifact of this approach could result in high plenum pressures as the liquid metal is forced into the
plenum as the fuel-cladding gap closes. Future iterations of this design might incorporate a larger initial
plenum to improve plenum pressures.

LOCA and RIA simulations were also conducted using BISON. In regard to the RIA evaluation, each
fuel-rod concept was subjected to an energy pulse at BOL on fresh fuel. For the duplex concept, the
interior surface of the composite becomes extremely hot while the outside surface is maintained at a
relatively low temperature. This results in a significant strain differential, causing large compressive and
tensile stresses at the interior and exterior surface, respectively. However, the results showed that the 700
J/g energy injection does not pose any significant risk to the structural integrity of the duplex cladding.
RIA transients with larger injected energies or occurring at EOL conditions where the fuel-cladding gap
would be closed or near closure would be more challenging to the duplex cladding survivability. The
results of the LOCA simulation show the duplex concept survives the transient compared to the typical
Zr-4 clad fuel behavior with ballooning and bursting. The Zr-4 cladding hoop strains highlight the
ballooning effect because the strains are extremely large resulting in a less-coolable geometry compared
to the duplex concept. Outstanding oxidation resistance of the monolithic SiC was noted for all the duplex
concept evaluation cases.

Some specific concerns are raised by irradiation swelling and low ductility leading to potential PCMI
issues for AOOs and RIAs. The SiC material is a ceramic material and maintains its strength at elevated
temperatures. However, the stresses in duplex cladding can rise rapidly after fuel comes in contact with
the cladding. This is particularly true for the CVD SiC layer which has Young’s modulus roughly twice
that of composite SiC layer — hence the stress rise rapidly in the CVD layer after fuel pellet cladding
contact. This behavior is seen in the ramping evaluation which shows potential fracturing of the SiC-SiC
composite of duplex and results from the temperature gradient and subsequent differential swelling across
the composite thickness. A design consideration could be to make the composite layer thinner, thereby
reducing the temperature graduate across the cladding thickness and reducing composite swelling. It
should be noted that the results presented here are valid for the modeled geometry of the duplex cladding
which was not optimized for performance. The thickness of the cladding, the relative thickness of the
composite SiC layer and the CVD SiC layer can be adjusted to obtain optimized fuel performance. For
such optimized geometry, the duplex cladding will perform better than the performance reported here.

In this work the infiltration of the liquid metal gap material into the fuel and cladding and the
subsequent effect of their properties was not considered. This effect of liquid metal infiltration should be
incorporated in the future work.
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