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1. INTRODUCTION 

The US Department of Energy Office of Nuclear Energy (DOE-NE) Fuel Cycle Research and 
Development (FCRD) Advanced Fuels Campaign is developing enhanced accident-tolerant fuel (ATF) 
concepts to replace the standard urania fuel in zirconium alloy cladding (UO2/Zircaloy) system used in 
existing light water reactors (LWRs) [1–3]. Candidate ATFs should improve performance during beyond 
design basis accidents (BDBAs) by increasing the amount of time available for mitigation actions, 
reducing the rate and/or extent of heat and hydrogen production during high-temperature (HT) steam 
oxidation, and/or reducing severe accident consequences by enhancing fission product (FP) retention. 
Numerous approaches have been developed to accomplish one or more of these objectives. Two basic 
pathways involve (1) changing the cladding to enhance performance during severe accidents, and/or (2) 
changing the fuel to either directly improve performance or overcome obstacles introduced by changing 
the cladding material. Possible cladding changes include coating the standard Zircaloy cladding with a 
thin ceramic or metallic layer to decrease oxidation rates or changing the cladding material entirely to an 
alternate material (e.g., iron-based alloys or ceramic composites). All proposed ATF concepts require 
analysis to demonstrate that they maintain adequate performance during normal operation and anticipated 
transients (anticipated operational occurrences and design basis accidents) while achieving worthwhile 
performance improvements in severe accident scenarios [4].  
 
Silicon carbide (SiC)-based ceramic composite cladding is an ATF cladding concept being researched at 
Oak Ridge National Laboratory (ORNL) and elsewhere. This work focuses specifically on 
thermomechanical fuel behavior and performance aspects of fully ceramic SiC/SiC fiber/matrix 
composite cladding as an alternate cladding material in pressurized water reactors (PWRs). Modeling and 
simulation efforts in this study focus on using the BISON code developed at the Idaho National 
Laboratory (INL) to simulate SIC PWR cladding including testing some basis approaches to modeling the 
material properties of SiC composite cladding tubes. These are early efforts intended to demonstrate key 
capabilities in establishing SiC models in BISON including material model functionality and code use for 
duplex composite cladding tubes. Future work should expand on these efforts by (1) developing more 
sophisticated, more accurate material models, (2) updating the material models in BISON as more 
knowledge of SiC composites becomes available through experimental testing efforts, and (3) using 
engineering-scale simulations to assess the behavior and expected performance for a variety of different 
possible SiC-based composite cladding designs that may vary geometry, materials, or the number and/or 
arrangement of layers in the tube. This work should also be extended to the assessment of BWR fuel 
cladding and channel boxes. 
 
This report serves as the deliverable fulfilling milestone number M2FT-15OR0202331 within Work 
Package FY15-15OR0202233 at ORNL for the DOE-NE Advanced Fuels Campaign. 



 

2 

  



 

3 

2. BACKGROUND 

SiC-based ceramic matrix composites (CMCs) [5–8] are being developed and evaluated internationally as 
potential LWR cladding options. These development activities include interests within both the DOE-NE 
LWR Sustainability (LWRS) Program and the DOE-NE Advanced Fuels Campaign. The LWRS Program 
considers SiC ceramic matrix composites (CMCs) as offering potentially revolutionary gains as a 
cladding material, with possible benefits including more efficient normal operating conditions and higher 
safety margins under accident conditions [9]. Within the Advanced Fuels Campaign, SiC-based 
composites are a candidate ATF cladding material that could achieve several goals, such as reducing the 
rates of heat and hydrogen generation due to lower cladding oxidation rates in HT steam [10]. This work 
focuses on the application of SiC cladding as an ATF cladding material in PWRs, but these work efforts 
also support the general development and assessment of SiC as an LWR cladding material in a much 
broader sense. 

2.1 SILICON CARBIDE DEVELOPMENT PROGRAM 

SiC fiber/SiC matrix ceramic composites (SiC/SiC composites) are attractive nuclear structural materials 
due to their exceptional HT capability, radiation tolerance, neutron transparency, and availability as 
specialty industrial materials. Given that there is no degradation of strength up to at least 1400°C and very 
low HT steam oxidation rates, SiC/SiC composites are among the leading candidates to replace Zircaloy 
as accident-tolerant LWR fuel and core constituents. However, the viability of SiC/SiC composites as 
LWR fuel cladding or core components requires the consideration of numerous development and 
feasibility issues. One such issue is whether SiC/SiC composite cladding can retain fission products. This 
requires demonstrating joining techniques that do not degrade due to service conditions (e.g., neutron and 
gamma particle radiation fields, appropriate temperatures, and coolant LWR chemistry environments) and 
limiting micro-cracking, which has a high statistical probability of occurring in these brittle materials at 
relatively low levels of stress [11]. Detailed thermomechanical models that account for the temperature- 
and irradiation-dependent behavior of SiC/SiC composites are needed to estimate the stress distributions 
in these structures, with specific attention paid to the significant phenomenological and behavioral 
evolution differences between SiC/SiC composites and metallic materials such as Zircaloy. The resulting 
stress and strain distributions can be used to estimate failure probabilities in these structures. Another 
important area to consider is the hydrothermal corrosion of SiC-based materials in high-temperature and 
high-pressure water. SiC forms silica under these conditions, which subsequently dissolves into the 
coolant water; this SiC corrosion rate varies based on coolant chemistry conditions and increases during 
irradiation. Finally, due to most historical SiC data coming from neutron irradiation experiments 
conducted at higher temperatures, an effort must be undertaken to examine low temperature (200–400 °C) 
irradiation effects as total radiation damage levels appropriate for expected service conditions in LWRs.  
This paper reports the latest results in the areas identified above and sets the direction for future focused 
research towards viable application of SiC/SiC CMCs as LWR fuel cladding or core components. 
 
Multiple potential applications invite a broad interest in SiC composites that has led to a Systematic 
Technology Evaluation Program (STEP) for LWR SiC/SiC composite cladding. This STEP plan frames a 
strong materials technology development program focused on addressing critical feasibility issues and 
advancing the technology readiness levels of key aspects of SiC cladding [12]. A plethora of SiC 
composite cladding design concepts have been proposed, and some have been partially tested or analyzed 
[13–16], but no single generally accepted reference design candidate exists for this class of cladding 
material; therefore, systems analysis efforts examining both PWRs [17] and boiling water reactors 
(BWRs) [18] have focused on high-level assessments of SiC-based cladding using smeared properties 
(e.g., density) that more than suffice for neutronic analyses. While demonstrating that SiC/SiC composite 
cladding concepts may achieve promising neutronics performance, these studies also identified fuel 
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reliability as a potential challenge [19]. Section 2.2 summarizes the neutronic assessment of SiC/SiC 
composites as a candidate PWR cladding material. 
 
This work aids assessment of the predicted thermomechanical fuel performance of SiC composite 
cladding in PWRs by establishing properly functioning material models for SiC using the best material 
property data available, with a focus on LWR-relevant irradiation conditions (e.g., temperatures) and 
demonstrating their use in the simple thermomechanical fuel performance calculations performed. This 
work also helps establish a foundation for future assessment of candidate LWR SiC composite cladding 
designs using both realistic and conservative assumptions for irradiation conditions such as power 
histories and operating temperatures. 

2.2 NEUTRONIC ASSESSMENT OF SILICON CARBIDE FOR PWR CLADDING 

Early neutronics analyses of PWR ATF cladding concepts [17, 19] included a SiC cladding material 
based on a generic SiC/SiC composite that represents a range of concepts investigated for use in 
LWRs [14, 20, 21]. They also included a generic ferritic iron-chromium-aluminum (FeCrAl) alloy, which 
is another candidate ATF cladding material, as well as Zircaloy and historic 304SS cladding materials as 
reference points for comparisons. The reference case geometry for these analyses was based on a 
Westinghouse 17 × 17 PWR fuel rod. This section (Section 2.2) summarizes results from these previous 
efforts and cites them appropriately; no new work was performed. 
 
The SiC and FeCrAl materials offer several advantages relative to using Zircaloy in an LWR including 
significantly slower oxidation kinetics in HT steam [3,22,23,10] and superior HT strength for the metallic 
candidates. However, their use in LWRs also introduces several challenges in that FeCrAl absorbs more 
neutrons than Zircaloy when maintaining the same thickness, and SiC composites may require increased 
cladding thicknesses that would both increase neutron absorption and displace fuel loading volume. The 
low thermal conductivity in SiC also leads to elevated fuel temperatures [6, 24], as well as a large 
temperature gradient across the cladding that in turn induces large thermal stresses across the cladding 
thickness [13]. Table 1 summarizes several important parameters for Zircaloy, FeCrAl, and SiC including 
elemental composition, density, and macroscopic thermal neutron absorption cross section (Σ ) taken 
at a neutron energy of 0.253 eV.  

Table 1. Summary of relevant data for  
key cladding material options, adapted from [17] 

Clad material Density (g/cm3) Composition (wt %)  (cm−1) 

Zircaloy 6.56 98.26 Zr, 1.49 Sn, 0.15 Fe, 0.1 Cr 0.0028 

FeCrAl 7.1 75 Fe, 20 Cr, 5 Al 0.0634 

SiC 2.58 70.08 Si, 29.92 C 0.0021 

 
Depletion analyses determined combinations of cladding thickness and enrichment that would enable 
each clad material option to achieve the same cycle length as Zircaloy. If the cladding thickness were 
varied, a constant pellet-clad gap thickness was maintained by varying the fuel pellet diameter directly 
with the clad inner diameter change. Three specific cases of interest were considered for each candidate 
alternate clad material with regard to matching the Zircaloy cycle length [19]:  
 

I. What cladding thickness would be required if the reference 4.9% enrichment were maintained? 
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II. What enrichment would be required if the reference cladding thickness (571.5 μm) were 
maintained? 

III. What enrichment would be required if the clad thickness were set to a reasonably conservative 
value (350 μm for iron-based alloys, ~900 μm for SiC)? 

The resulting cladding thickness and enrichment combinations for each case are summarized in Table 2 
and illustrated in Fig. 1. Combinations of enrichment and clad thickness are to the left and upward of the 
linear trend line shown for each material in Fig. 1 that is expected to meet or exceed the PWR cycle 
length requirements [17,19]. Reduced neutron absorption in SiC cladding enabled an enrichment of less 
than 4.9% to match the Zircaloy cycle length with the reference clad thickness (Case II), but increased 
SiC cladding thicknesses (Case III) would require enrichment increases due to decreased fuel pellet 
diameters. All of these results are based primarily on neutronic performance. Some simple and high-level 
thermomechanical fuel performance considerations helped establish rough guidelines for minimum 
FeCrAl thickness and possible SiC thicknesses needed, but explicit thermomechanical fuel performance 
analyses are needed to show whether these cases would likely achieve failure probabilities low enough for 
commercial applications.  

 

Fig. 1. Fuel parameter combinations that match cycle 
length of PWR with Zircaloy. [17,19] 

Table 2. Fuel parameter combinations that match 
cycle length of PWR with Zircaloy [19] 

Material 

Case I Case II Case III 

Clad 
thickness 

(μm) 

Uranium 
enrichment

(%) 

Clad 
thickness

(μm) 

Uranium 
enrichment

(%) 

Clad 
thickness 

(μm) 

Uranium 
enrichment 

(%) 

Zircaloy 571.5 4.9 571.5 4.9 571.5 4.9 

FeCrAl 302.2 4.9 571.5 5.86 350 5.06 

SiC 606.7 4.9 571.5 4.81 889 5.5 
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Table 3 summarizes the data slightly differently for the reference Zircaloy case, as well as Case III for 
FeCrAl and Case II for SiC. In addition to reporting the enrichment and cladding thickness combinations 
that matched the standard UO2/Zircaloy cycle length, it also provides the specific power used in each case 
and the resulting discharge burnup after 1500 effective full power days (EFPD). The data in this table 
illustrate that the increased heavy metal (HM) loading in the FeCrAl case due to thinning the clad led to a 
lower specific power demand on the fuel, which correspondingly resulted in lower discharge burnup 
when operating for the same fuel endurance lifetime (1500 EFPD). 

 

Table 3. Fuel specifications for ORNL PWR ATF analyses 

Parameter UO2 
/ Zircaloy 

UO2 
/ FeCrAl 

UO2 
/ SiC 

235U enrichment 4.9% 5.06% 4.9% 

Cladding thickness (μm) 571.5 350 571.5 

Specific power (MW/tHMa) 38.33 34.49 38.33 

Fuel endurance (EFPD) 1500 1500 1500 

Discharge burnup (GWd/tHMb) 57.5 51.7 57.9 
aMW/tHM = megawatts per ton of heavy metal 
bGWd/tHM = gigawatt days per ton of heavy metal 

 

This neutronics assessment of candidate PWR ATF cladding materials indicates that SiC performed well 
using the standard Zircaloy thickness, but large increases in clad thickness would have negative impacts 
on reactivity and fuel temperatures. The assessment also showed that all of the ATF concepts discussed 
require further analysis including stand-alone and coupled thermomechanical fuel performance analysis. 
Further details of the neutronics assessment may be found in the original documents [17,19]. 
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3. METHODS AND MODELS 

The primary purpose of this work was to develop and demonstrate some early implementations of SiC 
material models and fuel pin models for PWR SiC composite cladding. This current effort is therefore 
primarily focused on early development activities and an initial benchmarking exercise. Simple models 
are used in order to demonstrate proper functionality of material models and to establish confidence in 
both the code and the user by proving that calculations for SiC composite cladding produce well-
understood, reasonable answers. Once this foundation has been established, future work and parallel 
efforts can further develop more detailed material models, analyze specific design concepts of interest, 
and assess the impacts of various uncertainties or design changes on the predicted behavior and 
performance of SiC composite cladding. 
 
Thermomechanical fuel performance calculations in this work used the BISON fuel performance code 
[25, 26] developed by Idaho National Laboratory (INL). Efforts that occurred in the recent past [13] or 
that are ongoing have made headway in modeling SiC composite LWR cladding. Some efforts even 
include specific work modeling SiC cladding with BISON. However, the BISON input files and material 
models that are included in the publicly available BISON build do not support extensive modeling of SiC, 
and any improved models that may have been produced by specific organizations for their use were not 
available for this current work. This current work therefore requires a new BISON model and material 
model development. 
 
The models created and run during this work will largely fall into two categories: (1) a simplified 
benchmark problem to test BISON, improve familiarity with it, and perform material property 
investigations; and (2) candidate SiC composite cladding design models used to aid in guiding design 
decisions for SiC cladding. 

3.1 THERMOMECHANICAL FUEL PERFORMANCE MODELING 

The BISON code uses a finite element approach built on the Multiphysics Object-Oriented Software 
Environment (MOOSE) framework [27], which is intended to enable seamless multiscale, coupled 
multiphysics simulations modeling two-dimensional (2D) or three-dimensional (3D) problems.  
 
The MOOSE framework is a finite element based framework designed to enable massively parallel 
multiphysics calculations by solving systems of coupled nonlinear partial differential equations (PDEs) 
using a Jacobian-Free Newton Krylov (JFNK) approach [25,26]. Built upon existing libraries such as 
PETSc and libMesh, MOOSE provides an object-oriented framework intended to minimize the 
development time and effort of applications such as BISON or specific modules embedded within the 
applications that are built on top of MOOSE. In addition, MOOSE provides support for complex, 
unstructured, finite element meshes of various dimensions (1D, 2D, or 3D) using numerous types of 
element shapes (e.g., QUAD or HEX) and shape functions.  
 
BISON is an application written within the MOOSE framework as a fuel behavior code designed to be a 
general tool for 2D axisymmetric or 3D numerical simulations of nuclear fuel performance for various 
types of fuels and problems. BISON’s governing equations consist of a set of fully coupled PDEs that 
enforce the simultaneous conservation of energy, momentum, and species. Conservation of energy uses 
the heat conduction equation, conservation of momentum follows Cauchy’s equation, and conservation of 
species combines several equations including Fick’s law for mass flux and time-dependent species 
concentration equations that account for both sinks (e.g., radioactive decay) and sources [26].  
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Early BISON development work, demonstration of its capabilities through verification and validation 
efforts, and application of the BISON code to problems of interest have all mostly focused on 
UO2/Zircaloy LWR fuels. Material models exist in BISON for UO2 fuel and Zircaloy cladding [25]. Some 
development efforts and application studies have also applied BISON to a variety of other nuclear fuel 
systems of interest including advanced LWR fuel and cladding materials, particle-based fuels, research 
reactor fuels, and metallic fuels being developed for possible future fast reactors [26]. The application of 
BISON to advanced LWR fuels provides a starting place for modeling SiC cladding, though many of the 
material models and input file modeling approaches needed for SiC composite cladding do not exist in the 
publicly available BISON repository and must therefore be developed and tested.  
 
Initial assessments of using BISON for LWR fuel performance modeling may be found in the literature, 
including verification and validation work comparing BISON results to other codes and experimental 
data [28], as well as a closer look at how the capabilities and features of BISON handle practical 
applications within LWR fuel performance analysis [29]. Further details of the features, capabilities, and 
use of BISON may be found in the BISON Theory Manual [25] and the BISON Users’ Manual [30].  

3.2 MATERIAL MODELS 

A multitude of different material property correlations and values must be provided for thermomechanical 
fuel performance calculations including items related to heat transfer (e.g., thermal conductivity), elastic 
behavior (e.g., Young’s modulus), and irradiation-induced effects (e.g., volumetric swelling). Many of 
these correlations or values contain functional dependencies (e.g., varying with temperature, density, or 
irradiation damage) and they also may vary strongly between SiC materials fabricated using different 
processes. Properties for pure monolithic SiC produced via chemical vapor deposition (CVD SiC) are 
well established in the literature [24,31]. More recent work has also documented experimental data for the 
material properties of SiC produced through nanoinfiltration and transient eutectic-phase (NITE) 
processing (NITE SiC) [13,32], chemical vapor infiltration (CVI) SiC (CVI SiC) [6], and composites 
encasing SiC fibers (SiCf) in a CVI SiC matrix (SiCm) [5,6]. 
 
The standard version of BISON only contains a creep model specifically developed for CVD SiC; other 
properties of SiC must be modeled using general BISON material models or by developing new material 
models. This work used some of the general material models for simplified SiC material correlations and 
properties but then also developed new material models specific to various forms of SiC, especially CVD 
SiC and composite SiC. 
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4. SILICON CARBIDE BENCHMARK PROBLEM SPECIFICATION 

The BISON material model development, input file development, and mesh generation efforts covered in 
this report focus on a relatively simple benchmark problem was developed in 2014 to allow code-to-code 
comparisons of predictions for SiC-based composite cladding as part of a workshop on SiC modeling 
techniques [33]. While the full specifications of this benchmark do not appear to be publicly available at 
this point, a basic description of the benchmark problem is available and is summarized herein. 
 
This benchmark problem contains a short 2D (R-Z) length of duplex SiC cladding (inner monolith, outer 
composite SiCf/SiCm) without any fuel pellets in it. The problem only examines a steady-state condition, 
without any time dependence. The combination of using a cladding tube without fuel and steady-state 
conditions allows the problem to constrain many potential complications and code differences and focus 
in on narrow issues related to tightly specified SiC cladding behaviors. A visual summary of the geometry 
and boundary conditions of the benchmark problem are provided in Fig. 2.  
 

 
Fig. 2. Illustration summarizing the SiC benchmark problem geometry and specifications [33]. 
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5. RESULTS 

The BISON models developed of the SiC benchmark problem as part of this work effort used CUBIT to 
generate a mesh specific to the problem at hand. Temperature, heat flux, and pressure boundary 
conditions were clearly specified for the problem and were therefore applied in BISON. A 2-D R-Z model 
of the problem was developed and is shown in Fig. 3 was used. A square mesh was applied to both SiC 
cladding layers with the elements sized to divide each cladding layer into 10 radial intervals. 

 
Fig. 3. Close-up view of the top of the 2D  
model for the SiC benchmark problem. 

Initial calculations were performed using simplified SiC material property models and values specified 
for the benchmark problem. The radial, axial, and hoop stress profiles taken across the cladding thickness 
at the axial midplane of the tube section were extracted from the output data and are shown Fig. 4. These 
results demonstrate close agreement with results from other codes used to complete the same benchmark 
calculations, thus showing that the BISON model implementation is functioning properly. Radial stress 
results around the axial midplane are shown in Fig. 5, with peak compressive stress values around -24 
MPa. These calculates are at a single point in time and do not have any time-dependence. 

 

   
Fig. 4. Radial (left), axial (center), and hoop (right) stress profiles calculated across the cladding 

tube at the axial midplane of the benchmark problem using simplified material properties. 
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Fig. 5. Radial stress results near the axial midplane (marked with a white line)  

of the SiC cladding benchmark using simplified material properties. 

Calculations were also performed using the same benchmark problem geometry and boundary conditions 
but with updated material models (e.g., thermal conductivity) containing more detail and better fidelity. 
However, most material models remained unchanged, because this benchmark problem was for steady-
state without irradiation and therefore dose/damage-dependent material models were not of any practical 
use. Results from these calculations with the limited updated models are not shown and in some cases 
were not even fully extracted from output data because initial results clearly indicated little if any 
difference between the updated models and the simpler ones for this benchmark problem due to its 
simplistic nature. 
 
For general use in SiC fuel modeling in BISON, updated material models should be developed using the 
best data and fits available in the literature. Damage-dependent material models which are being 
implemented into BISON via parallel efforts at ORNL will offer improved fidelity and new dependencies 
(e.g., radiation damage and 3D effects) and should be continually updated as new data become available 
from ongoing experimental testing efforts. 
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6.  CONCLUSIONS 

Preliminary thermomechanical fuel performance models for SiC-based composite cladding have been 
created in the BISON fuel performance code. Initial calculations using a computational benchmark 
problem with simplified material properties demonstrated that the calculations in this current work 
matched the results from other fuel performance codes and users. This provides some early confidence 
that material models and input development should prove successful within BISON as ongoing work 
develops more complicated models and examines problems more representative of SiC LWR cladding. 
 
Future work in this area will include continual improvement of the monolithic and composite SiC 
material property models being used in BISON, as well as assessments of candidate SiC-based composite 
LWR cladding designs. These assessments could investigate specific concepts with very detailed 
geometry and material definitions; however, some of their best value will likely be found in analyzing 
much broader design decisions such as duplex versus triplex cladding designs, comparing fully ceramic 
composite designs with ceramic-metallic designs, trying to optimize specific layer thicknesses, or even 
trying to help guide technology development efforts by identifying optimal material properties or features 
of the different layers that improve overall fuel performance. They could also be used to explore the 
sensitivity of SiC cladding performance to existing uncertainties in material properties to help prioritize 
what experimental research activities would have the highest impact, which could be especially beneficial 
to the SiC technology development program in today’s reality of budget constraints and multiple parallel 
research priorities. 
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APPENDIX A. REPRESENTATIVE BISON INPUT FILE FOR THE 
SIC CLADDING BENCHMARK PROBLEM 

#BISON input file for SiC Cladding benchmark problem created by J. Powers (ORNL) 1 
[GlobalParams] 2 
  order = FIRST 3 
  family = LAGRANGE 4 
[] 5 
 6 
[Mesh] 7 
  file = SiC_benchmark_2D_ORNL_Powers.e 8 
  displacements = 'disp_x disp_y' 9 
[] 10 
 11 
[Functions] 12 
  [./pressure_function] 13 
    type = PiecewiseLinear 14 
    x = '0 1' 15 
    y = '1 1' 16 
  [../] 17 
  [./cte_sic_monolith] 18 
  #PiecewiseLinear definition of Temperature vs. CTE specified by benchmark 19 
  #Function has been removed from this input file because it may not be public 20 
  [../] 21 
 22 
  [./cte_sic_composite] 23 
  #PiecewiseLinear definition of Temperature vs. CTE specified by benchmark 24 
  #Function has been removed from this input file because it may not be public 25 
  [../] 26 
[] 27 
   28 
[Problem] 29 
  type = ReferenceResidualProblem 30 
  solution_variables = 'disp_x disp_y temp' 31 
  reference_residual_variables = 'saved_x saved_y saved_t' 32 
  coord_type = RZ 33 
[] 34 
 35 
[Variables] 36 
  [./disp_x] 37 
  [../] 38 
 39 
  [./disp_y] 40 
  [../] 41 
 42 
  [./temp] 43 
    initial_condition = 600 44 
  [../] 45 
[] 46 
 47 
[AuxVariables] 48 
 49 
  [./saved_x] 50 
  [../] 51 
  [./saved_y] 52 
  [../] 53 
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  [./saved_t] 54 
  [../] 55 
 56 
  [./stress_radial] 57 
    order = CONSTANT 58 
    family = MONOMIAL 59 
  [../] 60 
  [./stress_axial] 61 
    order = CONSTANT 62 
    family = MONOMIAL 63 
  [../] 64 
  [./stress_hoop] 65 
    order = CONSTANT 66 
    family = MONOMIAL 67 
  [../] 68 
  [./vonmises] 69 
    order = CONSTANT 70 
    family = MONOMIAL 71 
  [../] 72 
  [./strain_axial] 73 
    order = CONSTANT 74 
    family = MONOMIAL 75 
  [../] 76 
  [./strain_hoop] 77 
    order = CONSTANT 78 
    family = MONOMIAL 79 
  [../] 80 
  [./strain_radial] 81 
    order = CONSTANT 82 
    family = MONOMIAL 83 
  [../] 84 
 85 
[] 86 
 87 
[SolidMechanics] 88 
  [./solid] 89 
    disp_r = disp_x 90 
    disp_z = disp_y 91 
    temp = temp 92 
    save_in_disp_r = saved_x 93 
    save_in_disp_z = saved_y 94 
  [../] 95 
[] 96 
 97 
[Kernels] 98 
  [./heat] 99 
    type = HeatConduction 100 
    variable = temp 101 
    save_in = saved_t 102 
  [../] 103 
 104 
[] 105 
 106 
[AuxKernels] 107 
 108 
  [./stress_radial] 109 
    type = MaterialTensorAux 110 
    tensor = stress 111 
    variable = stress_radial 112 
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    index = 0 113 
    execute_on = timestep 114 
  [../] 115 
  [./stress_axial] 116 
    type = MaterialTensorAux 117 
    tensor = stress 118 
    variable = stress_axial 119 
    index = 1 120 
    execute_on = timestep 121 
  [../] 122 
  [./stress_hoop] 123 
    type = MaterialTensorAux 124 
    tensor = stress 125 
    variable = stress_hoop 126 
    index = 2 127 
    execute_on = timestep 128 
  [../] 129 
  [./strain_radial] 130 
    type = MaterialTensorAux 131 
    tensor = elastic_strain 132 
    variable = strain_radial 133 
    quantity = radial 134 
    execute_on = timestep 135 
  [../] 136 
  [./strain_axial] 137 
    type = MaterialTensorAux 138 
    tensor = elastic_strain 139 
    variable = strain_axial 140 
    quantity = axial 141 
    execute_on = timestep 142 
  [../] 143 
  [./strain_hoop] 144 
    type = MaterialTensorAux 145 
    tensor = elastic_strain 146 
    variable = strain_hoop 147 
    quantity = hoop 148 
    execute_on = timestep 149 
  [../] 150 
  [./vonmises] 151 
    type = MaterialTensorAux 152 
    tensor = stress 153 
    variable = vonmises 154 
    quantity = vonmises 155 
    execute_on = timestep 156 
  [../] 157 
 158 
[] 159 
 160 
[BCs] 161 
 162 
  [./no_z_bottom] 163 
    type = PresetBC 164 
    variable = disp_y 165 
    boundary = 1 166 
    value = 0.0 167 
  [../] 168 
 169 
  [./Pressure] 170 
    #apply coolant pressure to top/bottom of both SiC layers and clad outer surface 171 
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    [./pressure1] 172 
      boundary = '1 2 3' 173 
      factor = 1.50e+07 174 
      function = pressure_function 175 
      disp_x = disp_x 176 
      disp_y = disp_y 177 
    [../] 178 
    #apply internal pin pressure (5 MPa) to inner surface of monolith layer 179 
    [./pressure2] 180 
      boundary = 5 181 
      factor = 5.0e+06 182 
      function = pressure_function 183 
      disp_x = disp_x 184 
      disp_y = disp_y 185 
    [../] 186 
  [../] 187 
   188 
  #Establish BC for outer clad surface temperature of 600K 189 
  [./OuterCladSurfaceTempBC] 190 
    type=DirichletBC 191 
    boundary = 2 192 
    variable = temp 193 
    value = 600 194 
   [../] 195 
   196 
  #Establish BC for inner clad surface heat flux of 500 kW/m^2  197 
  [./HeatFluxBC]  198 
    type=NeumannBC 199 
    boundary = 5 200 
    variable = temp 201 
    value = 5.0e+5 202 
   [../] 203 
 204 
[] 205 
 206 
[Materials] 207 
 208 
  #BISON input file for SiC Cladding benchmark problem created by J. Powers (ORNL) 209 
  # --- SiC MONOLITHIC LAYER ---- 210 
  [./SiC_mono_disp] 211 
    type = Elastic 212 
    block = 2 213 
    disp_r = disp_x 214 
    disp_z = disp_y 215 
    temp = temp 216 
    youngs_modulus = # benchmark-specified value removed, may not be public 217 
    poissons_ratio = # benchmark-specified value removed, may not be public 218 
    stress_free_temperature = 293 219 
    thermal_expansion_function = cte_sic_monolith 220 
    thermal_expansion_function_type = mean 221 
    thermal_expansion_reference_temperature = 293 222 
  [../] 223 
  [./SiC_mono_temp] 224 
    type = HeatConductionMaterial 225 
    block = 2 226 
    specific_heat = # benchmark-specified value removed, may not be public 227 
    thermal_conductivity = # benchmark-specified value removed, may not be public 228 
  [../] 229 
  [./SiC_mono_dens] 230 
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    type = Density 231 
    block = 2 232 
    density = 3200 233 
    disp_r = disp_x 234 
    disp_z = disp_y 235 
  [../] 236 
 237 
  # --- SiC COMPOSITE LAYER ---- 238 
  [./SiC_comp_disp] 239 
    type = Elastic 240 
    block = 1 241 
    disp_r = disp_x 242 
    disp_z = disp_y 243 
    temp = temp 244 
    youngs_modulus = # benchmark-specified value removed, may not be public 245 
    poissons_ratio = # benchmark-specified value removed, may not be public 246 
    stress_free_temperature = 293 247 
    thermal_expansion_function = cte_sic_composite 248 
    thermal_expansion_function_type = mean 249 
    thermal_expansion_reference_temperature = 293 250 
  [../] 251 
  [./SiC_comp_temp] 252 
    type = HeatConductionMaterial 253 
    block = 1 254 
    specific_heat = # benchmark-specified value removed, may not be public 255 
    thermal_conductivity = 2 256 
  [../] 257 
  [./SiC_comp_dens] 258 
    type = Density 259 
    block = 1 260 
    density = 2000 261 
    disp_r = disp_x 262 
    disp_z = disp_y 263 
  [../] 264 
[] 265 
 266 
[Executioner] 267 
 268 
  type = Transient 269 
 270 
  #Preconditioned JFNK (default) 271 
  solve_type = 'PJFNK' 272 
   273 
  line_search = 'none' 274 
  petsc_options_iname = '-pc_type -pc_factor_mat_solver_package' 275 
  petsc_options_value = 'lu       superlu_dist' 276 
 277 
  l_tol = 1e-5 278 
  l_max_its = 100 279 
  nl_rel_tol = 1e-10 280 
  nl_abs_tol = 1e-10 281 
  nl_max_its = 20 282 
   283 
  #start_time = 0 284 
  dt = 1 285 
  end_time = 1 286 
   287 
[] 288 
 289 
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[Postprocessors] 290 
 291 
[] 292 
 293 
[Outputs] 294 
  output_initial = true 295 
  csv = true 296 
  [./exodus] 297 
    type = Exodus 298 
  [../] 299 
  [./console] 300 
    type = Console 301 
    perf_log = true 302 
    output_linear = true 303 
  [../] 304 
[] 305 


