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OBJECTIVE 
 
Time-dependent and dose-dependent properties of SiC-composites include retained strength, 
dimensional stability, and creep-crack growth [1], which have been partly addressed by a dynamic crack 
growth model developed to predict composite lifetimes due to growth of internal cracks in these materials 
[2–4].  However, crack growth models have not been able to include dose-dependent swelling data until 
the development of a modified four-cylinder model [5].  The synthesis of these models will provide a more 
detailed understanding and improved predictive capabilities with respect to time-dependent mechanical 
properties of SiC-composites under neutron irradiation.   
 
SUMMARY 
 
Pacific Northwest National Laboratory (PNNL) was among the first to identify and study time-dependent 
bridging in ceramic composites [6–8] and we have proposed a crack growth mechanism map based on 
available experimental data as a function of temperature and oxygen partial pressure for continuous fiber 
composites with carbon interphases [4].  Once a relationship between crack-opening displacement and 
bridging tractions from crack-bridging elements is determined, a governing integral equation is obtained 
that relates the total crack opening, and the bridging tractions, to the applied load.  The solution of this 
equation gives the force on the crack-bridges and the crack-opening displacement everywhere along the 
crack face [3].  This relation is rendered time-dependent by including appropriate bridging fiber creep laws 
and interface removal kinetics, if oxidation is an issue.  For fusion environments, both thermal and 
irradiation-induced fiber creep are included but oxidation is not considered here.  Since the frictional 
sliding stress, τ, is an input parameter for this dynamic model the results from our 4-cylinder model allow τ 
to be dose-dependent.  The bridging model can be used to determine the effects of pyrocarbon type on 
composite mechanical properties in radiation environments.   
 
A continuous fiber composite is simulated by four concentric cylinders [9].  The surrounding composite is 
the outermost cylinder, while the matrix, fiber coating, and fiber are the remaining cylinders, with the fiber 
being the innermost cylinder.  The cylinders are subject to three independent boundary conditions; 
axisymmetric temperature change, ΔT(r) , uniaxial applied stress, σoz , and biaxial applied stress, σor , 
where r and z are the radial and axial components referred to cylindrical coordinates (r, θ, z).  Stress 
relaxation was not allowed during irradiation or during cooling from the fabrication temperature and all 
components remain elastic and perfectly bonded.  The fiber, matrix, and surrounding composite were 
treated as isotropic materials, while the pyrocarbon coatings were considered to be transversely isotropic 
[10].  The boundary conditions for the four-cylinder problem and solution are presented in [9, 10] as the 
solution to eight simultaneous equations.  Solution details when dose-dependent swelling terms are 
included in this model can be found in Ref. [5].   
 
Several different cases were studied under simulated neutron irradiation at 1273K to 1473K using a dose 
rate of 10 dpa/year for a SiC-composite with SiC Type-S fibers.  Time-dependent crack growth 
considering fiber creep under thermal and thermal plus radiation-induced was modeled under the 
assumptions of a constant sliding stress.  This was then compared using the variable sliding stress results 
from the 4-cylinder model.  For all models values of the domain radii for the 4-cylinder model were chosen 
to match microstructural information for CVI SiC/SiC composites.  The fiber coating thickness was 100 
nm, which is representative of pyrocarbon thicknesses.  The stresses were computed out to 20 dpa, or 2 
years of irradiation.  Fiber thermal creep parameters for Hi-Nicalon Type-S SiC fibers were obtained from 
DiCarlo et al.†, while radiation-induced creep parameters were obtained from the work of Scholz and 
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Youngblood [11] for Sylramic SiC fibers, which is a fine-grained SiC fiber comparable to the Type-S fiber.  
These creep parameters are shown in Table 1.  The dynamic crack growth model reveals that Hi-Nicalon 
Type-S composites are thermal-creep resistant at 1273K but that using the assumed radiation-induced 
fiber creep law results in high crack growth rates, where the radiation-induced fiber creep is the dominant 
deformation mechanism.  These crack growth results are shown in Fig. 1 for a composite bar in 4-point 
bending at 1273K to 1473K with an assumed crack in the bar loaded to 10 MPa√m and with an assumed 
sliding stress value of 20 MPa.  The sliding stress is then allowed to vary according for both HDIC and 
LDIC pyrocarbon interfaces of 100-nm thickness.  For both pyrocarbon materials there is a dose at which 
“turn around” occurs in their swelling and growth curves.  Initially there is densification of the pyrocarbon 
and net radial shrinkage, which acts to reduce the sliding stress.  At “turn around,” pyrocarbon shrinkage 
stops and net radial swelling begins, which acts to put the fiber-matrix interface into compression and 
increase the sliding stress.  The sliding stress begins at 20 MPa at t = 0 and decreases with increasing 
tensile σrr but is not allowed to decrease below 5 MPa.  These predicted crack growth curves are shown 
in Fig. 2.  Crack growth is initially more rapid compared to the constant sliding stress case when this detail 
is included, but then begins to decrease after “turn around” as the sliding stress begins to increase with 
increasing dose.  Although the total crack length is longer for the variable sliding stress case, the crack 
growth rate has dropped below the rate for constant sliding stress after a dose of about 10 dpa.   
 

Table 1.  Properties used in calculations (typical values) 

Young’s Modulus 
(GPa) Poisson’s ratio CTE  (10-6C-1) 

Materials Axial 
 EL

Transverse 
ET  

Axial 
νL  

In-plane 
νT  

Axial
 α L

Transverse
 

α L
Type-S SiC fiber 420 420 0.2 0.2 4.0 4.0 
SiC matrix 460 460 0.22 0.22 4.5 4.5 
HDIC* 80 80 0.23 0.23 5 5 
LDIC** 80 80 0.23 0.23 5 5 

*High-density isotropic carbon 
**Low-density isotropic carbon 

 

 
 

Fig. 1.  Crack growth curves due to fiber thermal creep only (solid lines) or thermal plus radiation-
induced creep (dashed lines) at 1273K to 1473K.   
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Fig. 2.  Crack length as a function of time showing the effects of including a dose-dependent sliding stress 
in the dynamic crack modeling at 1273K.  Total time in seconds is for 2 years or 20 dpa.   
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