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Abstract

SiC continuous-fiber composites are considered for nuclear applications but concern has centered on the differential
materials response of the fiber, fiber/matrix interphase (fiber coating), and matrix. In our study, a continuous-fiber com-
posite is simulated by four concentric cylinders to explore the magnitude of radial stresses when irradiation swelling of the
various components is incorporated. The outputs of this model were input into a time-dependent crack-bridging model to
predict crack growth rates in an environment where thermal and irradiation creep of SiC-based fibers is considered. Under
assumed Coulomb friction the fiber–matrix sliding stress decreases with increasing dose and then increases once the pyro-
carbon swelling reaches ‘turn around’. This causes an initial increase in crack growth rate and higher stresses in crack
bridging fibers at higher doses. An assumed irradiation creep law for fine-grained SiC fibers is shown to dominate the radi-
ation response.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

SiC-based continuous-fiber composites are con-
sidered for nuclear applications as structural
components, but concern has centered on the differ-
ential materials response of the fiber, pyrocarbon
fiber/matrix interphase (fiber coating), and matrix
under irradiation [1]. A modeling approach using
concentric cylindrical regions to simulate continu-
ous-fiber composites to give the stress distribution
in each region was developed to explore thermo-
mechanical loading effects [2–5]. This model pro-
vided an elastic solution to the fiber, fiber–matrix
interphase, matrix, and far-field composite regions
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for thermo-mechanical strains and irradiation-
induced strains as a functions of temperature and
neutron dose [5]. The influence of pyrocarbon den-
sity on swelling was shown to determine the radial
stress present at the fiber–matrix interface as a func-
tion of dose for composites containing stoichiome-
tric SiC fibers, which can ultimately influence
composite mechanical properties through the fric-
tional sliding stress, s.

Time-dependent, and thus dose-dependent, prop-
erties of interest for SiC-composites include retained
strength, dimensional stability, and creep-crack
growth [1], which have been addressed partly by a
dynamic crack growth model developed to predict
SiC-composite lifetimes [6–8]. However, crack growth
models have omitted dose-dependent swelling until
the development of the modified four-cylinder model.
.
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The synthesis of these two models will afford a more
detailed understanding and, hopefully, improved
predictive capabilities with respect to dose-dependent
mechanical properties of SiC-composites.
2. Simulation details

2.1. Four-cylinder model

A continuous-fiber composite is simulated by four
concentric cylinders [3] as shown in Fig. 1, with each
cylinder considered a distinct material region num-
bered 1–4 starting from the outermost cylinder as
region 1. The surrounding composite is the outer-
most cylinder, region 1, while the matrix, fiber coat-
ing, and fiber are the remaining cylinders, with the
fiber being the innermost cylinder, region 4. The
cylinders are subject to three independent bound-
ary conditions; axisymmetric temperature change,
DT(r), uniaxial applied stress, roz, and biaxial applied
stress, ror, where r and z are the radial and axial com-
ponents referred to cylindrical coordinates (r, h, 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 compos-
ite were treated as isotropic materials, while the pyro-
carbon coatings were considered to be transversely
Fig. 1. Schematic of four-cylinder model showing coordinate
system and identifying the four regions. Fiber has diameter d and
the coating has thickness c and the remaining radii are computed
from the fiber volume fraction.
isotropic [2]. The elastic solution gives the axial,
radial, hoop stress in all the regions (n = 1, 2, 3, 4) as
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where Cn
ij are the material elastic properties, DT is

the uniform temperature change, and An, Bn, and
En are the coefficients of the solutions of the four
cylinder problem for the appropriate boundary con-
ditions [2,3]. For this problem, B4 = 0 and En = E

for all n. The terms involving bi are defined as
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where aT and aL are the transverse (T) and longitu-
dinal (L) coefficients of thermal expansion for each
domain. Transverse refers to in-plane properties
and longitudinal refers to properties parallel to the
z-axis. The ci terms are defined in each domain as
the radiation-induced stresses as
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The eT and eL terms are determined from swelling
data for each material in the composite.

2.2. Dose-dependent sliding stress

The data of Kaae [9] was used to provide swelling
data for three pyrolytic carbons as a function of
fast-neutron fluence. Irradiations were performed
in HFIR-PTP, where the spectrally averaged dpa
cross-section is 158 barns and the damage rate is
28 dpa/efpy (effective full power year) or
1.4 · 1023 total n/cm2/efpy [10]. The experimental
results were reported in [9] as a function of dose
in units of 1025 n/m2 for E > 29 fJ (or 0.18 MeV).
Conversion to dose in dpa was accomplished by
determining the fraction of neutrons with E >
0.18 MeV to be 0.23, then the dose conversion fac-
tor is 1025 n/m2, E > 29 fJ, is equivalent to 0.87 dpa.

These curves are shown in Fig. 2 for two types of
pyrocarbon, denoted as high-density isotropic
carbon (HDIC) and low-density isotropic carbon
(LDIC) [9]. Using the material constants listed in



Fig. 2. Longitudinal and transverse radiation-induced strain as a
function of neutron dose in dpa for two types of pyrolytic carbon
used as typical fiber coatings (HDIC and LDIC).

Fig. 3. Predicted (a) radial and (b) sliding stresses at fiber–matrix
interface for Type-S fiber composites with the indicated carbon
coating of 100 nm subjected to neutron irradiation at 1273 K and
with the assumed coefficients of friction as indicated.
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Table 1, the four-cylinder model predictions for the
radial stress as a function of dose and pyrocarbon
type are shown in Fig. 3(a) for an assumed
100 nm-thick pyrocarbon layer. The radial stress
that develops as a function of dose is a quantity at
the individual fiber level that can influence compos-
ite mechanical properties through changes in the
frictional sliding stress. Assuming that the material
obeys Coulomb’s friction law, the frictional sliding
stress can be related to the radial stress as

s ¼ �lrrr; ð4Þ
where s is the frictional sliding stress, l is the coef-
ficient of friction at the fiber–matrix interface due to
the pyrocarbon interphase, and rrr is the radial
stress. This equation connects the output of the
four-cylinder model with fiber bridging mechanics,
and the sliding stress as a function of dose is shown
in Fig. 3(b) for an assumed range for the coefficient
of friction, l = 0.05, 0.1, or 0.2 [11,12]. This data
provides an additional dose-dependent parameter
for our dynamic crack growth model.
Table 1
Properties used in calculations

Materials Young’s modulus (GPa) Po

Axial, EL Transverse, ET Ax

Type-S SiC fiber [17] 420 420 0.2
SiC matrix [18] 460 460 0.2
HDICa [9] 80 80 0.2
LDICb [9] 80 80 0.2

a High-density isotropic carbon.
b Low-density isotropic carbon.
2.3. Dynamic crack growth model

A 2D dynamic crack growth model has been
developed at Pacific Northwest National Labora-
tory (PNNL) based on subcritical crack growth
isson’s ratio CTE (10�6 C�1)

ial, mL In-plane, mT Axial, aL Transverse, aL

0.2 4.0 4.0
2 0.22 4.5 4.5
3 0.23 5 5
3 0.23 5 5



Table 2
Fiber creep parameters

Fiber type and condition Creep lawa A (MPa�1 s�1) K (MPa�1 dpa�1) n p Q (kJ/mol)

Type-S thermal e ¼ ArntpExp �Qp
RT

� �
0.0667 1.4 0.61 425

Sylramic irradiation e ¼ K _/rt 4.7 · 10�6 – – 50

a r is stress in MPa, t is time in seconds, Q is activation energy in kJ/mol, A is a constant, and K is irradiation creep compliance for
Sylramic fibers. Constants n and p are stress and time-temperature exponents, respectively.

Fig. 4. Crack growth curves due to fiber thermal creep only (solid
lines) or thermal plus radiation-induced creep (dashed lines) at
1273–1473 K.
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experiments on SiC/SiC composites at elevated tem-
peratures [13–15]. Once a relationship between
crack-opening displacement and bridging tractions
from crack-bridging elements is determined, a gov-
erning 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 [7]. This relation is rendered time-dependent
by including appropriate bridging fiber creep laws.
For fusion environments, both thermal and irradia-
tion-induced fiber creep are included. Since the fric-
tional sliding stress, s, is an input parameter for this
dynamic model, the results given in this paper allow
s to be dose-dependent, which can modify the resul-
tant fiber bridging mechanics.

3. Results and discussion

Several different cases were studied under simu-
lated neutron irradiation at 1273–1473 K using a dose
rate of 10 dpa/year for a SiC-composite with SiC
Type-S fibers. Time-dependent crack growth
considering both thermal and thermal plus radia-
tion-induced fiber creep was modeled using a dose-
independent sliding stress. This was compared to
model predictions using the variable sliding stress
results. Values of the domain radii for the four-cylin-
der 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 com-
puted out to 20 dpa, or 2 years of irradiation.

3.1. Crack growth due to fiber creep with constant

sliding stress

Fiber thermal creep parameters for Hi-Nicalon
Type-S SiC fibers were obtained from DiCarlo
et al.,1 while radiation-induced creep parameters
1 Private communication from J.A. DiCarlo, NASA Glenn
Research, James.A.DiCarlo@nasa.gov.
were obtained from the work of Scholz and Young-
blood [16] for Sylramic SiC fibers, which is a fine-
grained SiC fiber comparable to the Type-S fiber.
These creep parameters are shown in Table 2. The
dynamic crack growth model reveals that Hi-Nic-
alon Type-S composites are thermal-creep resistant
at 1273 K 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. 4 for a composite
bar in four-point bending at 1273–1473 K with an
assumed crack in the bar loaded to 10 MPa

p
m

and with an initial sliding stress of 20 MPa.
3.2. Crack growth with variable sliding stress

The sliding stress is then allowed to vary accord-
ing to Fig. 3(b) for both HDIC and LDIC pyrocar-
bon interfaces of 100-nm thickness and for the
assumed friction coefficients. 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

http://James.A.DiCarlo@nasa.gov


Fig. 6. Plot of bridging fiber stresses as a function of position in
crack-wake bridging zone and under the assumptions of constant
or variable sliding stress. The time-dependent data is after 2 years
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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 according to Eq. (4). The sliding
stress, s, is assumed to be 20 MPa at t = 0 and
decreases with increasing tensile rrr but s is not
allowed to decrease below 5 MPa. This lower bound
value for s is chosen arbitrarily but fiber surface
roughness effects are thought to prevent s from
completely vanishing even if debonding occurs at
the fiber–matrix interface due to swelling. These
predicted crack growth curves are shown in Fig. 5.
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.
Fig. 5. Crack length as a function of time showing the effects of
including a dose-dependent sliding stress in the dynamic crack
modeling at 1373 K for (a) LDIC interphase and (b) HDIC
interphase and indicated friction coefficient.

of crack growth.
3.3. Effect of fiber bridging forces

Shown in Fig. 6 is a plot of fiber-bridging stress
as a function of bridge position within the crack
wake for time-independent loading, fiber creep with
a constant sliding stress, and fiber creep with
variable sliding stress. The time-independent stress
profile is greatly modified due to fiber creep, which
results in stress relaxation of fibers near the crack
mouth relative to fibers at the crack tip. Incorpora-
tion of the variable sliding stress results in reduced
bridging stresses compared to the constant sliding
stress case and faster initial crack growth. With
increasing dose, however, fiber-bridging stresses
begin to increase rapidly compared to lower dose
or compared to the constant sliding stress case.
Although this acts to reduce the crack growth rate
it may signify an impending problem with fiber fail-
ures with increasing dose if fiber fracture strengths
are attained.
4. Conclusions

The results of two different models that are
linked with a common parameter, the fiber sliding
stress, s, have been combined to the great benefit
of the dynamic crack growth model, which was
lacking detail for the does-dependence of s. Incor-
porating swelling data from two types of pyrocar-
bons, HDIC and LDIC, predicts that HDIC
performs slightly better compared to LDIC as
a fiber–matrix interface material. Pyrocarbon
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swelling, however, is problematic and results in
faster initial crack velocities but slower growth rates
at higher doses. The reduced crack velocity is
encouraging but results in higher than expected fiber
stresses as the sliding stress increases with increasing
dose. This may argue against the use of pyrocarbon
interfaces for fusion reactor environments if fiber
stresses approach fiber fracture strengths. However,
the fast crack growth rates due to irradiation creep
of SiC fine-grained fibers may be of more concern.
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