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Ceramic Matrix Composites: Collaborations

Monbusho: full range of properties and irradiation studies
EU: He effects, irradiation creep, HFR irradiations
DOE/BES: fundamentals of dynamic crack growth, 
environmental effects, displacement damage and defect 
processes.
DOE/NE: Nuclear Energy Research Initiative: model radiation 
stability (fiber/matrix stress), thermal conductivity and crack 
growth, define optimum material.
DOE/Naval Reactors: material performance for a gas cooled 
fission reactor
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Positive Attributes of SiC/SiC Composites 
for Nuclear Applications

Beta phase of SiC exhibits excellent radiation stability.
Si and C are low-activation elements, impurities are low.
Excellent high-temperature properties, fracture toughness (25 
MPa m 1/2), creep strength, etc.
Excellent high-temperature corrosion resistance.
Thermal shock and fatigue far superior to monolithic 
ceramics.
Aerospace material developments benefit nuclear 
applications.
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SiC Swells Due to Irradiation

∆V
V

= 2.36 exp(36.70T) − 5.49 exp(− 896T)

∆V
V

= (1 −
1

exp(Ψ)
){3.5607 − 2.47x10−3(T − 273.2)}

production annealing
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Critical Issues Associated With the Use of SiC/SiC 
Composites in Nuclear Environments

Primary Issues
Thermal conductivity
Radiation stability
+ fibers-polymer derived
+ interphases - C, porous
+ matrices - CVI and polymer 
impregnated
Transmutations
Hermetic behavior
Joining technology
Irradiation enhanced creep

Secondary Issues
Chemical compatibility
+ carbon interfaces
Thermal fatigue and shock
Lack of a database
Long-term thermal stability
Design codes
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Suggested SiCf/SiC parameters and properties for design analysis of SiCf/SiC -based power 
plant for the long term (20-30 years in the future, or more). (from the January 2000 
International Town Meeting on SiCf/SiC Design and Material Issues for Fusion Systems) 

Key SiC/SiC Properties and Parameters Suggested Value

Density
Porosity
Young’s Modulus
Poisson’s  Ratio
Thermal Expansion Coefficient
Thermal Conductivity in Plane
Thermal Conductivity through Thickness
Maximum Allowable Combined Stress
Maximum Allowable Temperature (Swelling Basis)
Maximum Allowable SiC/LiPb Interface Temperature
Min. Allowable Temperature (Thermal Conductivity 
Basis)
Max Allowable SiC Burnup or Other Lifetime 
Parameter

≈ 3000 kg/m3

≈ 5%
≈ 200 –300 GPa

0.16 – 0.18
4 µm/m/°C

≈ 20 W/m ─K
≈ 20 W/m ─K
≈ 190 MPa
≈ 1000ºC
≈ 1000°C
≈ 600°C

Design Dependent
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Thermal Conductivity Values
Comparison of the Fiber Values With Those for Monolithic CVD-SiC 

11

1010

100100

10001000

200200 400400 600600 800800 10001000 12001200 14001400
Temperature (K)Temperature (K)

Th
er

m
al

 C
on

du
ct

iv
ity

 (W
/

Th
er

m
al

 C
on

du
ct

iv
ity

 (W
/ m

K
m

K )
) K1100 graphiteK1100 graphite

CVDCVD--SiCSiC

TyrannoTyranno SASA--BB

HiHi--NicalonNicalon type Stype S

HiHi--NicalonNicalon

NicalonNicalon CGCG



8/22/200
1

8

0

0.2

0.4

0.6

0.8

1

0.1 1 10 100 1000

K
( W

/c
m

-K
)

Elapsed Time (hrs)

Zone C
 (240-270 C)

Zone A
(490-510 C)

Zone B 
(690-720 °C)

Morton CVD SiC for all Zones
(Numbers are initial estimates)

thermocouple
failure

TRIST-TC1 

•  Saturation conductivity
--> ~10 W/m-K @250-500°C
--> ~35 W/m-K @ 700°C
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Thermal Conductivity of Irradiated SiC/SiC
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Three Models – NERI Collaboration

1. Hasselman-Johnson (1987), H-J
⇒ interface conductance, h [W/(cm2K)]

2. Effective Medium (Markworth, 1993), EM
⇒ coating thickness and conductivity

3. Transverse Anisotropic (Youngblood, 2001), TA
⇒ anisotropic carbon coating (Ka, Kc)
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Results So Far – Transverse 2D Keff

1. Good agreement of H-J and EM model predictions with experimental 
results for unirradiated 2D-woven composites.
• Strong dependence on continuous phase Km

• For f < 0.5 and Kf/Km < 10, H-J agrees with FEM within ± 5%
• For “thin” coating, H-J = EM, i.e., h = Kc/t

2. To improve Keff

• High Km, Kf, Kc + stability
• Anisotropic Kc may be useful
• 3D architecture

~
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Thermal Conductivity of 2D-SICf /SIC

HasselmanHasselman and Johnson* derived an expression for the effective and Johnson* derived an expression for the effective 
transverse thermal conductivity (transverse thermal conductivity (KKeffeff) of a ) of a uniaxialuniaxial fiber composite with fiber composite with 
thermal barriers (fiber/matrix thermal barriers (fiber/matrix debondsdebonds):):

KKeffeff = K= Kmm[([(KKff /K/Kmm -- 1 1 –– KKff /ah)f + (1 + /ah)f + (1 + KKff /K/Kmm + + KKff /ah)] / /ah)] / [1][1]

[(1 [(1 –– KKff /K/Kmm + + KKff /ah)f + (1 + /ah)f + (1 + KKff /K/Kmm ++KKff /ah)]/ah)]

matrix thermal conductivity matrix thermal conductivity KKmm (W/(W/mKmK) ) 
fibers thermal conductivity fibers thermal conductivity KKff (W/(W/mKmK))
fiber radius  fiber radius  a     a     (m)(m)
fiber volume fraction  fiber volume fraction  ff
interfacial conductanceinterfacial conductance h         (W/mh         (W/m22K)K)

*D.P.H. *D.P.H. HasselmanHasselman and Lloyd F. Johnson, and Lloyd F. Johnson, J. Comp. Mater.J. Comp. Mater. 21 (1987) 508.21 (1987) 508.
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Experiment:  Hi-Nicalon/Amorphous 
PIP-SiC at 400°C
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Transverse Thermal Conductivity for SiC/SiC 
Composites- Model Predictions

Results of Hasselman-Johnson Model
Predicts a strong dependence on fiber/matrix interface conductance, h for 
unirradiated material.
Radiation produced defects reduce thermal conductivity and dependence on h
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2D-Dupont HiNic/“Thick” PyC/ICVI-SiC
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High Thermal Conductivity 
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Fiber K-1100  P-55  Nicalon 
Type-S

Kth (W/m-K@RT) ~950        120           15
Diameter (micron) 10          10           13
Tensile Strength (GPa)     3.1         1.9           2.6
Tensile Modulus (GPa)    965        379           420
Density (g/cc) 2.2         2.0           3.2
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•  �At fusion-relevant temp., SiC/g:

--> irradiated TC exceeds max for SiC

Comparison of Thermal Conductivity Degradation in 
SiC/SiC and SiC/graphite Composites 
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CVD SiC
CVD growth

0.12 µm
C-interface

Hi-Nicalon fiber

•  poorly graphitized carbon

•  thin silica layer at interface

Carbon Interphase
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Hi-Nicalon fiber

0.5 µm

SiC-interlayer

C-interlayer

CVD SiC
matrix • thin pyrolitic layer applied 

followed by SiC interlayers

• four interlayers make up 
interphase

Multilayer SiC Interphase
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Pyrolitic C Multilayer SiC

Porous SiC

Bending Curves
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ave
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292 (3 tests)Regular Nicalon™
359 (7 tests)Hi-Nicalon™
416 (2 tests)Type-S Nicalon™

Type-S Nicalon
Composite

High Nicalon
Composite

Ceramic Grade 
Nicalon Composite10 mm

20 mm
2.3 x 6 x 30 mm

FCVI SiC Matrix, C-interphase, Plain Weave Composite
~ 1 dpa, HFIR irradiation

ORNL / Kyoto U.

FCVI SiC Matrix, C-Interphase, Plain Weave Composite
~ 1 dpa, HFIR Irradiation
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US/Monbus ho “Jupiter” Program

Bend Strength of Irradiated, 
Advanced SiC Composite

Bend strength of irradiated
“advanced” composites show
no degradation up to 10 dpa

1st- and 2nd generation 
irradiated SiC/SiC
composites show

large strength loss after 
doses >1 dpa
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Analysis of Radiation Induced Stress -
NERI Collaboration
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Stresses Due to Irradiation

Axial fiber stress always highest.
Pressure at interphase boundaries similar. 
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BURNOUT OF Si AND C IN ARIES-IV



8/22/200
1

25

CONCENTRATION OF IMPURITIES IN SiC
IRRADIATED IN ARIES-IV
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Preceramic Polymer Precursors

Preceramic polymer 
precursors are 
polymers that can be 
converted to inorganic 
compounds such as 
SiC, SiCN, SiBCN, etc.
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Joint Fabrication and Processing
Substrate: CVD SiC (Morton Advanced Materials)
Joint Precursor: allyl-hydridopolysilane, 42 wt.% SiC*

surfaces cleaned with hexane in ultrasonic bath
aHPCS paste applied to SiC plates (25 x 3 x 4 mm)
plates clamped together in furnace boat
pyrolysed at 850˚C, 1h.  1˚C/min
furnace cooled
reimpregnated with unfilled polymer, pyrolysed      
under same conditions. 

*(F800 powder from UK Abrasives - Lot No: SZ0802A7)
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Mechanical Testing

Maximum Tensile Stress
4-pt bending

Through-Thickness
• Shear Stress
Asymmetric 4-pt bending
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Results:  Effect of Heat Treatment
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The strength of joints derived from aHPCS is not greatly affected by heat 
treatment (1100˚C, 100h)
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Control of Shrinkage Stress

High shrinkage stresses occur under conditions of high shrinkage stress and  
high joint material viscosity.
Processing schedules must be designed to avoid these conditions.
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Model Implementation for Fiber Creep –
BES Collaboration

Crack

Bridging Fibers

Pinching Forces

Bridging Zone

σfiber = σ(t)

Ktip (t)

Pinching forces now
relax with time

Bridged crack in SiC/SiC
composite
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Effects of Oxygen on Crack Growth

Reactive Transport Modeling 
for Environmental Effects

Optical micrograph of SCG polished
section showing effect of oxygen 
ingress along crack during test at 
1100°C In Ar + O2.



8/22/200
1

33

Micromechanical Modeling Allows 
Prediction of  Component Lifetime
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Model Verification Predictive Capabilities

Irradiation-enhanced 
creep of fibers controls 
crack growth below ≈ 
1073 K

Model predicts crack 
velocity and crack 
length

NOTE: Lifetime predicted for older 
generation material properties.  
More recent materials have 
enhanced lifetimes.
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Proposed Crack Growth Mechanism Map
1 hour

Map shows dominant crack
growth mechanism as a
function of PO2 and 

temperature for various 
exposure times.
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Proposed Crack Growth Mechanism Map
10000 hours

Map shows dominant crack 
growth mechanism as a 
function of PO2 and 
temperature for various 
exposure times.
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Ceramic Matrix Composites: Irradiations

HFIR-14J: Joint US/Japan- 500, 800 C, 10 dpa, fibers, mechanical 
and thermal conductivity test samples
HFIR Rabbit irradiations: 5 dpa, 1000-1200 C, evaluate void 
swelling regime, mechanical and thermal conductivity properties.
HFIR: US/Japan- 500, 800, 1000 C, 10 dpa, same as 14J+joined 
materials, advanced materials.
ATR: collaborative with KAPL, 300 C, 3.5 dpa, thermal conductivity, 
dimensional, bulk density.
HFR: collaborative with EU, 600 C, 950 C, 2.5 dpa, same as ATR, 
uniaxial fiber composite (for fiber K), 2-D and 3-D composite and 
Morton High-Purity CVD SiC
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Back-up Figures (2)

VTL Roadmap for SiC/SiC

Shrinkage Stresses
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VLT Roadmap for SiC/SiC – Active Paths
Develop an understanding of radiation damage in monolithic SiC and SiC 
fibers including the effects of gaseous transmutations. (0.5 FTE, 25%)
Develop an understanding of the complex interplay between radiation 
damage in fibers, interphases and matrix and composite properties. (0.5 
FTE, 25%)
Measure and understand the relationship between composition, processing, 
adhesion and interfacial strength in SiC/SiC joints. (0.3 FTE, 15%)
Develop a thermal conductivity model that accounts for phonon scattering 
from radiation induced defects and interfaces and provide guidance for 
improving the thermal conductivity of SiC/SiC composites. (0.5 FTE, 25%)
Determine critical chemical reactions and reaction rates of SiC with coolants 
and breeders. (0 FTE, collaboration with BES for He+O2)
Demonstrate techniques for production of large components. (0.05 FTE, 5%)
Determine fundamental deformation and fracture behavior of SiC/SiC 
composite material and assemble this information into a comprehensive 
database. (0.05 FTE, 5%)
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Shrinkage Stresses

Gas evolution can be minimized by slow heating.
Coefficient of thermal expansion mismatch small.
Constrained shrinkage can lead to large stresses.
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