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SUMMARY

This report presents the results of a parametric thermo-mechanical parametric analysis of SiC/SiC
cladding performed using the BISON fuel performance code. In this analysis different steady state linear
heat rates (LHR) (18kW/m, 22kW/m, 26kW/m and 30kW/m) and initial fuel rod-gap thicknesses (50um,
65um, 80um and 95um) were considered along with three different model implementation of fuel creep.
These include 1) no fuel creep 2) fuel creep based on the Hagrman model and 3) fuel creep based on a
modified model. The fuel rod geometries used in this analysis are representative of a generic 17 x 17 fuel
rod assembly used in a Westinghouse PWR.

The results show that the LHR and initial gap thickness between the fuel and the cladding have a
significant impact on the fuel rod-cladding gap closure time. The LHR was found to be the major
governing parameter for the time at which gap closure occurs. For fuel operated at higher LHRs, the
modeling results indicate that the initial gap thickness is the most significant factor in gap closure. Fuel
creep has negligible effect on gap closure in general, although with the Hagrman creep model the gap
closes a little earlier than that for either the no fuel creep or Modified creep model. Fuel creep had
negligible effect on the cladding stresses prior to contact between fuel rod and cladding, but significantly
influence the stresses after the contact. The predicted stresses for Modified creep model were greater than
those predicted by the Hagrman creep model. Fuel creep had negligible effect on the temperature
distribution in the cladding but significantly impacted the axial and radial displacement of the cladding.
The Modified and Hagrman creep model did not show any significant difference in the predicted radial
and axial displacement of the cladding.
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THERMO-MECHANICAL ANALYSIS OF SIC/SIC
CLADDING WITH BISON INCLUDING FUEL CREEP

1. INTRODUCTION

The Fukushima Daiichi nuclear power plant accident spread safety concerns over existing nuclear
reactors around the globe. In efforts to enhance the safety of nuclear power plants extensive research and
development work is being conducted to improve the accident tolerance of fuel-cladding systems [1, 2]. Due
to its high temperature strength, relatively higher chemical stability, reasonable fracture toughness and
stability under neutron irradiation, SiC/SiC composite materials are promising candidate material for
accident tolerant fuel cladding systems in light water reactors (LWR) [3, 4]. In addition to its application in
LWRs, SiC/SiC composites have potential structural and insulation applications in other nuclear energy
systems, such as the Very High Temperature Reactor (VHTR) [5, 6], Gas-Cooled Fast Reactor (GFR) [7],
Molten Salt Reactor (MSR), sodium fast reactor (SFR), and fusion reactors [8, 9].

Within the SiC cladding concept there are several types: fully composite cladding, composite layer
and a monolithic SiC or a metal layer at the inside and/or outside as layered structures. This work focusses
on a fully SiC/SiC composite cladding concept with UO, fuel. There are several fuel concepts being studied
and analyzed; however, this report is focused on the cladding performance. Therefore UO, fuel, for which an
extensive knowledge base is available, is considered as the fuel material in this work.

Studies have been conducted focusing on evaluating the viability of SiC/SiC from different
perspectives including neutronics [10-13] and high-temperature water corrosion [14-16]. Earlier studies [17,
18] showed that swelling of the cladding delayed closure of the fuel rod gap and the resulting effects of fuel
rod-cladding interaction. These studies also provided insights about the relatively high fuel rod temperature
(compared to fuel temperatures with traditional Zirconium alloy cladding) resulting from the decreased
thermal conductivity of irradiated SiC.

Recent studies [19-21] captured the stresses that develop from differential swelling as a result of the
high radial heat flux, low thermal conductivity of irradiated SiC, and the highly temperature dependent
swelling of SiC. Ben-Belgacem et al. [19] presented a numerical analysis of pure SiC/SiC composite
cladding. The results showed development of significant stresses over a short time, mainly due to the
temperature dependent swelling of the material. The analysis showed that a considerable stress variation
across the thickness of the cladding exists and the stress direction is opposite to that present in a metallic
cladding. Stone et al. [21] analyzed stresses in three SiC cladding concepts (fully composite, inner
composite and outer monolith, and inner monolith and outer composite) for saturated swelling conditions
using an analytical model. The maximum stress occurred during the cold shutdown condition. Of the three
concepts, the inner composite and outer monolith SiC showed the lowest failure probability with the
properties assumed in the study. Lee et al. [20] presented an analytical model for evaluating the stress
distribution in the triple layered SiC cladding (monolith inner layer, composite middle layer, and monolith
outer layer) under conditions of saturated swelling. It was found that the temperature dependent swelling
introduced significant tensile stresses at the inner region of the cladding. The authors also analyzed a double
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layered SiC cladding with an inner composite layer and outer monolith layer. The double layered SiC
cladding design showed a significantly lower failure probability compared to the triple layer design. The
strain associated with this differential swelling was shown to dominate the stress profile in the cladding soon
after the onset of irradiation. This profile differs widely from metallic cladding.

The current work described in this report focuses on the thermo-mechanical analysis of fully
composite SiC/SiC cladding with spatially varying boundary conditions that exist in pressurized water
reactors (PWRs) and, to an even greater extent, in boiling water reactors (BWRs). These conditions include
parametric axial variation in linear heat rate (LHR), neutron fluence, coolant temperature and fuel creep
behavior. Besides evaluating the displacement and stress distribution in the cladding, this study also
investigates the mechanical interaction of the fuel rod with cladding by varying the fuel rod gap thickness
and LHR, as well as the influence of the three different model implementations of fuel creep. These include:
1) no fuel creep 2) fuel creep based on the Hagrman model and 3) fuel creep based on a modified model. In
this study, we have used BISON, a finite-element-based nuclear fuel performance code [22].

2. METHOD

2.1 Constitutive Model

SiC/SiC composites undergo temperature dependent swelling under irradiation. This swelling strain,
denoted here as ¢, saturates early at around ~1 displacement per atom (dpa) for irradiation temperatures
below about 1000°C. The magnitude of the swelling strain has inverse temperature dependence. The non-
uniform temperature distribution in the cladding leads to differential swelling across the thickness of the
cladding, which in term cause an increase in stresses. The material undergoes irradiation creep (%) under the
influence of these stresses and irradiation. Thermal strain in the material is denoted as &". Besides the
swelling, creep and thermal expansion/contraction, the material also undergoes elastic deformation which is
accounted for by the elastic strain (£°). Thus, the total strain is composed of the elastic strain, swelling strain,
creep strain and thermal strain as shown in equation (1). The stress-strain relationship is based on Hooke’s
law (equation (2)). The stresses are updated for each time increment in the numerical solution through
equation (3).

stotal — se + 8c + SS + sth (1)
o = D¢’ (2)
Ac = DAg® + ADg® (3)

where D is the elastic stiffness matrix and D is the mean elastic stiffness matrix during the numerical
solution step increment. D is a function of dose and temperature. The next section discusses the material
properties.

2.2 Material Properties
2.2.1  Material Properties for SiC/SiC Composite

Table 1 shows the dependence of SiC/SiC composite material properties on irradiation dose and
temperature, considered in this analysis.
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Table 1: Dependence of SiC/SiC composite material properties of cladding on irradiation and temperature.

Temperature dependence Effect of Irradiation
Coefficient OT thermal Dependent [23] Negligible [23]
expansion
Creep strain -
(Irradiation creep Dependent [24] Irradiation el?‘ze:]t phenomena
compliance)
Swelling strain Dependent [25, 26] Irradlatlon[gféfegg]p henomena
Specific heat capacity Dependent Negligible
. Dependent, basis for modeling Strong effect, basis for
Thermal conductivity exists [23, 25] modeling exists [23, 25]
. Dependent, basis for modeling .
Elastic constants exists [23, 25] Minor effect, known [25]

Swelling: CVD SiC and CVI SiC/SiC shows very similar swelling properties [27, 28]. Figure 1 shows
variation of swelling with fluence for CVD SiC at various temperatures. In the analysis presented herein
CVI SiC/SiC composites were assigned same swelling properties as for CVD SiC shown in Figure 1.

10.%

1%

Swelling

0.1%

0.001 0.01 0.1 1 10
Fast Fluence [dpa]

Figure 1: Swelling as a function of dose at different temperature for CVD SiC; CVI SiC/SiC was assigned same
swelling properties [9].

Thermal conductivity: When SiC/SiC composites are exposed to neutron irradiation, the thermal
conductivity decreases steeply and reaches saturation within a few dpa of fast neutron fluence. The net
thermal resistivity (reciprocal thermal conductivity) can be expressed as a sum of thermal resistivity of the
unirradiated material and increment in the thermal resistivity due to created defects [29].

Kir = Ko' + Kid (4)

K 1: Thermal resistivity of irradiated material
K51: Thermal resistivity of unirradiated material
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K:4:Radiation defect thermal resistivity

A detailed discussion on the properties of SiC/SiC considered in the analysis are presented in reference [30].
2.2.2  Material Properties for UO, Fuel

The reference sources for UO, fuel properties employed in the analysis are provided in Table 2.

Table 2: Material Properties for UO2

Material Properties Model Reference
Thermal Conductivity NFIR [31, 32]
Specific Heat Capacity Fink [33]
Solid Fission Product Swelling MATPRO [34]
Gaseous Fission Product Swelling MATPRO [34]
Thermal and Irradiation Creep MATPRO [34]
Fission Gas Release SIFGRS [35]
Elastic Modulus MATPRO

Poisson's Ratio Constant (0.35)

Thermal Expansion Coefficient MATPRO

Relocation ESCORE [36]
Densification ESCORE [37]

These values are based on data from reference [34] and conservatively estimate the corresponding
properties.

The fuel creep model proposed by Hagrman et al. [34] describes the thermal and irradiation induced creep in
UO, using the equation 5. In this model, the total creep is expressed as a sum of fission-enhanced thermal
creep (first term), thermal creep (second term) and fission-induced creep (third term). A, are the constants,
Q, are the activation energies (J/mol), F is the fission rate (fissions/m®.s), o is the stress (Pa), k is the
Boltzmann constant (eV/K), T is temperature (K), D is theoretical density of fuel (%) and G is the grain size

(um).

—Q —Q . =

sﬁgte;] = %Ge W) + (Af—imo‘*'%(ﬁ) + A7Foe(k—T3) 5
Although fuel stoichiometry can affect the activation energies, the current analysis considers considers only
the oxide-to-metal ratio of 2. In this analysis the grain size has been considered to be constant 10um. The
fission-induced creep is considered to be temperature independent for lower temperature [38, 39], however,
the experimental data are not consistent [40]. Solomon et al. [39] consolidated the experimental results of
Perrin et al. [41] and using the Bohaboy et al. model [42] arrived at the equation 6 which did not have the
temperature dependent exponential factor in the fission-induced creep term. This fuel creep model expressed
in equation 6 is referred as the Modified Creep model in the document henceforth.
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A+ AF (9 A as (7P 4 AgFo (6)

-fuel

& = —FFF—F—F—- e KT + _—
total (A3 +D)G20 (A6 +D)0
Table 2 shows the values of these model parameters used in the analysis presented herein.

Table 2. Constants for the fuel creep [43] [44] and modified fission-induced creep [39]

Parameter Value Units
A, 0.3919 um*-Pa™-s™*
A, 1.31x 10™ um?*-m*-Pa’*
As -87.7 dimensionless
A, 2.0391 x 107 Pa*°-s!
Ag -90.5 dimensionless
A, 3.72264 x 10°% m*-Pa’*
Ag 1.49977 x 10°%° m*-Pa’*
Q. 3.903 eV
Q, 5.725 eV
Q3 0.225 eV

Considering the uncertainty in literature regarding the temperature dependence of the fission-induced creep
of UO,, the analysis has been performed with both the models: Hagrman model which has temperature
dependent fission-induced creep, and modified creep model which does not include temperature dependence
of fission-induced creep. In order to understand the influence of fuel creep on cladding stresses, analysis has
been also performed without considering creep in the fuel model.

2.3 Modeling and Analysis

A parametric analysis was performed to identify the effects that initial fuel rod gap thickness, LHR and fuel
creep model have on the gap closure behavior and cladding stress development. The analysis was performed
using an axisymmetric FE model of the fuel rod and cladding. Fuel is modeled as smeared pellets. The
values used for these parameters are shown in Table 3. The LHR shown in the table are rod average LHR.
The local LHR in the fuel rod is a product of rod average LHR and the axial power profile peaking factor.
This analysis was performed using the fuel performance code BISON [22].

Table 3: Parameters considered in the analysis.
Linear heat rates (kW/m) Initial gap (um)  Fuel creep model

18 50 No creep

22 65 Hagrman model
26 80 Modified model
30 95

A section of the fuel rod and cladding mesh geometry used in the parametric analysis is shown in Figure 2.
The geometric dimensions for the model were representative of a generic 17 x 17 fuel assembly from a
Westinghouse PWR and are shown in Table 4. Second order quadrilateral elements with 8 nodes were used
to generate the mesh of the fuel rod and cladding. The cladding was meshed with 5 elements in the radial
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direction and 900 elements in the axial direction. Fuel rod was meshed with 11 elements in the radial
direction and 1200 elements in the axial direction.

Table 4: Dimensions of the fuel-rod and cladding considered in the analysis.

Geometry Dimension
Claddln_g outer 475 mm
radius
Cladding wall
thickness 572 pm

Cladding height 4.0m
Fuel rod stack

height 3.658 m
Top plenum gap
height 0.232m
Bottom p'lenum 0.105 m
gap height
Fuel rod Cladding

Figure 2: A section of the axisymmetric finite element model of fuel rod and cladding.

The initial plenum pressure was set to 2 MPa. An external pressure of 15 MPa, generated due to
pressurized coolant, was applied at the external surface of the cladding. A thermal boundary condition for
convection was applied at the cladding external surface. These boundary conditions can be expressed as:

kVT =q = h(T—T,) )

where k, T g, h, and T, represent thermal conductivity, temperature, heat flux, convective heat transfer
coefficient, and bulk coolant temperature, respectively. The convective heat transfer coefficient is assumed
to be 30 KW/m?K.
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Figure 3 shows the axial power profile applied to the fuel considered in these analyses. This profile
is expressed as the ratio of local power at a given axial location to the fuel rod average power. Only
‘Frictionless” mechanical contact was considered in these analyses.

1.4 -

o
o]
1

o
o
1

Axial power profile peaking factor in
fuel rod

0 T T T 1
0 1 2 3 4

Cladding height (m)

Figure 3: Axial power profile peaking factor in fuel rod considered in the analysis.

3. RESULTS

3.1 Gap Closure — Dependence on Linear Heat Rate, Initial Gap
Thickness and Fuel Creep

Parametric analysis was performed using BISON for different steady state LHR (18kW/m, 22kW/m,
26kW/m and 30kW/m) and initial gap thicknesses (50um, 65um, 80um and 95um). The fuel creep had little
effect on the variation of gap thickness with burnup (see Figure 4). Figure 5 shows the burnup level and
reactor operation time at gap closure for each LHR and initial gap thickness considered in the analysis. A
few conclusions can be drawn from the results shown in Figure 5: 1) a larger initial fuel rod-cladding gap
closes after a greater burnup 2) gap closure is significantly delayed for lower LHR and 3) fuel creep slightly
expedites the gap closure.

Figure 4 shows the gap thickness as a function of burnup for the different models of fuel creep. The
gap closes slightly earlier using Hagrman creep model compared to that with Modified creep model or
without creep. It can be noted from Figure 4 that there is a significant decrease in the fuel rod—cladding gap
at the startup of the reactor. This decrease in the gap is caused by the much greater thermal expansion of the
fuel compared to that of cladding. An increase in the gap thickness after the initial decrease in the gap is due
to the swelling of SiC/SiC cladding under neutron irradiation as shown previously [19], and fuel
densification. When the swelling in the cladding becomes saturated (~ 1 dpa) the fuel rod-cladding gap
decreases at a constant rate due to fuel relocation and swelling (steady-state swelling due to fission
products).

It can be noted from Figure 5 that for higher LHR the slope of the burnup/time at gap closure vs.
initial gap thickness curve is greater; indicating that at higher LHR the increase in gap thickness is more
effective in delaying the gap closure compared to that at lower LHR.
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Figure 4: Gap thickness as a function of burnup for a steady-state linear heat rate of 18kW/m and
initial gap thickness of 50um.
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Figure 5: Burnup and time at gap closure vs. initial gap thicknesses for different LHRs and cases of fuel with
and without creep. ‘creep’ in figure legend refers to Hagrman creep model.
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3.2 Stress Temperature Distribution and Displacement of Cladding

3.2.1  Variation of Stresses and Temperature with Time

This section discusses the stress distribution and its variation in the cladding. These results were
obtained from 2D axisymmetric models. Figures 6 — 8 show the hoop stresses, axial stresses and temperature
in the cladding, respectively, as a function of time at the axial mid-plane of the cladding. Results are shown
at the inner and outer cladding surfaces for three different cases of fuel creep: 1) no fuel creep 2) Hagrman
fuel creep model and 3) Modified fuel creep model. The case with no fuel creep is incorporated in the
analysis to understand the contribution of fuel creep to stress relaxation in the cladding.

As shown in Figure 6, both hoop and axial stresses are compressive at reactor startup because of the
external pressure of 15 MPa in the PWR coolant. Due to the inner region of the cladding being at a higher
temperature than the outer region, the inner region undergoes greater thermal expansion than the outer
region. The outer region, which experiences less expansion, prevents the inner region from expanding. Thus,
the inner region of the cladding is under higher compressive stresses relative to the outer region of the
cladding.

SiC/SiC composite material experiences volumetric expansion due to neutron irradiation, and this
swelling is inversely related to the temperature: swelling is smaller at higher temperature. Initially, when the
thermal expansion of the cladding is greater than the swelling due to irradiation, the inner region of the
cladding experiences greater compressive stresses than the outer region. Later, after about couple of weeks,
the swelling becomes dominant cause of expansion of the cladding compared to the thermal expansion. This
variation leads to higher compressive stresses in the outer region of the cladding relative to the inner region.
Due to continuous release of fission gas, the rod internal pressure rises which leads to rise in the stress level
even after irradiation induced swelling of the SiC cladding saturates. Since fission gas is released at a faster
rate for higher LHR the stresses rise more rapidly for higher LHR.

A sudden rise in the hoop stresses of about 100 MPa for Modified creep model and about 60 MPa
for Hagrman creep model can be noted in Figures 6a, 6¢ and 6d after about 3, 0.5 and 1 year, respectively.
This rise in hoop stress is because of the contact between the cladding and the fuel rod. Figure 7 shows that
the axial stresses do not show a similar rise because the ‘Frictionless’ contact model allows the fuel rod to
slide freely with respect to the cladding in the axial direction without generating any additional axial stresses
in the cladding. The hoop stresses for the case with a LHR of 18 kW/m and initial gap thickness of 80um do
not show a rapid rise in the stresses because fuel rod-cladding contact does not occur for this case. Figure 8
shows that the fuel creep had negligible effect on the temperature of the cladding, especially before 2 year.
After 2 years, the simulation without fuel creep predicts a slightly higher temperature compared to those
with fuel creep.

Figure 7 shows the variation of axial stresses at the axial mid-plane of the cladding as a function of
time. There is no significant difference in the stresses for the three cases of fuel creep.
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Figure 6: Variation of the hoop stress at the inner and outer cladding surfaces at the axial mid-plane of the
cladding as a function of time for different cases of fuel creep.
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Figure 7: Variation of the axial stress at the inner and outer cladding surfaces at the axial mid-plane of the
cladding as a function of time (LHR=26kW/m, initial gap thickness=80um).
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Figure 8: Variation of the temperature at the inner cladding surface at the axial mid-plane of the cladding as a
function of time (LHR=26kW/m, initial gap thickness=80um).

3.2.2 Radial and Axial Displacements in Cladding

Figure 9 shows the maximum radial and axial displacement of the cladding as a function of time.
The radial displacements of the cladding for the three cases of fuel creep are same until contact occurs
between the cladding and the fuel rod. After contact the cladding with no creep in the fuel rod shows
significantly greater radial displacement compared to the displacements shown by the cladding with fuel
creep enabled. There is no significant difference between the radial displacements of the claddings with
Hagrman creep model and Modified creep model. Axial displacement also shows a similar trend as found
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for radial displacement except that the axial displacement for cladding with no fuel creep is smaller than
those found for the claddings with fuel creep. There is negligible difference between the axial displacements
of the claddings with the Hagrman creep model and the Modified creep model.
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Figure 9: Variation of maximum radial displacement and axial displacement of the cladding with time

(LHR=26KkW/m, initial gap thickness=80um).

3.2.3 Distribution of Stresses and Temperature along Cladding Height

Figure 10 and 11 show the distribution of hoop and axial stresses along the height of the cladding
(LHR = 26kW/m and initial gap thickness = 80pum) at the end of 2 years. The H1 and H2 labels indicate the
regions of beginning and end of the contact between the cladding and fuel rod. In the region where fuel rod
is not in contact with the cladding, stresses in the cladding are very similar in magnitude for the cases with
creep and without creep. However, in the region of fuel rod-cladding contact there is significant difference:
for the case of no fuel creep, the stresses at the inner surface are much higher than those with fuel creep. The
simulation with Modified creep model predicts stresses which are about 30 MPa greater than those predicted
with Hagrman creep model. At the outer surface, Modified creep model predicts tensile stresses while

Hagrman creep model predicts compressive stresses.

Figure 12 shows the corresponding variation in the cladding temperature at the inner and outer
surface as a function of cladding height at the end of 2 years of irradiation. The figure shows that the effect
of fuel creep on the cladding temperature is very small.
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Figure 10: Variation of hoop stress along the height of the cladding (LHR = 26kW/m and initial gap thickness =
80um) at the end of 2 years for the inner and outer cladding surfaces for different fuel creep models. H1 and H2
indicate the beginning and end of fuel rod-cladding contact.
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Figure 11: Variation of axial stress along the height of the cladding at the end of 2 years for the inner and outer
cladding surfaces for different fuel creep models (LHR=26kW/m, initial gap thickness=80um).
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Figure 12: Variation of temperature along the height of the cladding for different fuel creep models at the end of
2 years (LHR=26kW/m, initial gap thickness=80um).

4. CONCLUSIONS

Thermo-mechanical parametric analysis of SiC/SiC cladding was performed using the BISON fuel
performance code. The analysis was performed considering three different cases of fuel creep: 1) Hagrman
creep model 2) Modified creep model and 3) fuel with no creep. The results show that the LHR and initial
gap thickness between the fuel and cladding have a significant impact on the fuel rod-cladding gap closure
time. LHR seems to be the major governing parameter which determines the time for fuel rod-cladding gap
closure. It was also found that for lower LHR the effect of initial gap thickness on gap closure is greater.

It was found that fuel creep has negligible effect on gap closure in general, although for Hagrman
creep model the gap closes little earlier than for no creep and Modified creep model. The fuel creep had
negligible effect on the cladding stresses prior to the contact between fuel rod and cladding. However, fuel
creep significantly affected the stresses after the contact. The predicted stresses for Modified creep model
were greater than those predicted by the Hagrman creep model. Fuel creep had negligible effect on the
temperature distribution in the cladding but significantly impacted the axial and radial displacement of the
cladding. The Modified creep model and Hagrman creep model did not predict any significant differences in
the radial and axial displacement.

Specific fuel geometries known to cause PCI failures (e.g., discrete fuel cracks and missing pellet
surface defects) have not yet been analyzed for SiC/SiC cladding. These topics will be the focus of
forthcoming work on thermo-mechanical analysis of SiC/SiC cladding.
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