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ABSTRACT

A dynamic crack-growth model using discrete, two-dimensional fiber bridges developed for ceramic
composites containing nonlinear, creeping fibers in an elastic matrix is used to develop a crack growth
mechanism map.  In addition to nonlinear creep, fiber oxidation and fiber/matrix interphase oxidation are
treated and discussed.  The model aids in the development of a crack-growth mechanism map based on
available experimental crack growth data as a function of temperature and oxygen concentration and in terms
of proposed crack-growth mechanisms; fiber relaxation (FR), interface removal (IR), viscous sliding (VS),
oxidation embrittlement (OE), and fiber stress rupture (SR).  Transitions between the various mechanisms
are identified and discussed.
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INTRODUCTION

PNNL was among the first to identify and study time-dependent bridging in ceramic composites [1-3] 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].  An
approach to modeling dynamic time-dependent crack bridging has emerged from the work of Bückner [5]
and Rice [6] based on the use of weight-functions to calculate crack-opening displacements [7].  Once a
relationship [8,9] between crack-opening displacement and bridging tractions from crack-bridging elements
is included, a governing integral equation obtains 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 [5-7,10].  Begley et al. [11] first developed a
dynamic model and applied it to a variety of time-dependent bridging cases for linear creep laws [12-14].
Recently, a more appropriate bridging relation for creeping fibers has been developed by Cox et al.[9] that
provides axial and radial stresses in creeping fibers with linear and non-linear creep laws.
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We have developed a similar bridging law for non-linear creeping fibers that also considers the case for
interface removal due to oxidation.  We treat discrete fiber bridges as opposed to a bridging force
distribution and we employ a nonlinear (in time and stress) creep law to compute bridge extensions.

ENVIRONMENTAL EFFECTS: MODEL and MECHANISM MAP

Compliance of A Frictionally Bonded Fiber (Bridge)

We introduce an expression for the compliance of a bridging fiber, Φb, using the assumptions of frictional
bonding with a weak, debonding interphase.  The frictionally bonded fiber involves an unbonded or free
length, lfree, and a debonded or frictionally bonded and sliding length, ldeb, for a fiber bridging a crack of
opening ut, as shown in Fig. 1.

ldeb Slipτ

ut crack
opening
displacement

Pf

Bonded
2rf

Matrix MatrixFiber

Debonded

lfree

Figure 1.  Schematic of frictionally bonded fiber acted upon by force Pf due to debonding and sliding across
a Mode I crack with opening ut.  The lengths ldeb and lfree are shown.

The free length of fiber, which is not subject to frictional forces, is assigned a compliance, Φb
l, and the

portion of the fiber subjected to a frictional sliding resistance along length ldeb due to Pf is assigned a
nonlinear compliance, Φf 

n, such that     δb b
l

b
n= +Φ ΦP Pb b

2  [15], where Pb is the 2D normalized bridge force and
δb is the bridge displacement.  As suggested by Cox et al. [9] one could include a time-dependent debonding
from fiber contraction due to Poisson effect and creep deformation, which provides an additional time-
dependent fiber compliance term.

Fiber Relaxation due to Creep (FR)

The time-dependent extension of a fiber bridge at elevated temperatures obeys a power-law creep equation
[16] for Nicalon-CG and Hi-Nicalon fibers as
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where A is a constant, t is time, Q is an activation energy for creep, R and T have their usual meanings, n is
the stress exponent, and p is the time-temperature exponent.  The unbonded length given by lfree creeps at the
bridging stress applied to the fiber.  The debonded length of the fiber creeps at a stress that varies over the
debond length, which is found by integration.  The creep extension of a bridge becomes
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for the free length of fiber and
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for the debonded length when the axial fiber stress is given by
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where t is the total creep time, ∆t is the time step, and z is the axial distance along the fiber measured from
the crack face.  Time, t, is referenced to the inception of each bridge into the bridging zone and is tracked
separately for each bridge.

Fiber/Matrix Interphase Removal by Oxidative Volatilization (IR)

When the fiber/matrix interphase is a material that can undergo a gaseous reaction with oxygen then
interphase removal in oxygen-containing environments becomes important.  Previous research has shown
that the following interphase recession data applies to the typical 0/90 plain weave CVI-SiC/SiCf materials
with a CVI carbon interphase [17]
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where lox is the recession distance along the fiber/matrix interphase from the crack face into the composite in
m/s, T is temperature in K, PO2 is fractional oxygen concentration, and t is exposure time.  We assume that
ldeb is maintained at its value determined by τ and the load on the fiber.

Oxidation of the Bridging Fiber (OE and VS/OE)

Exposed bridging fibers will undergo oxidation at elevated temperatures according to [18]
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where fibox is the oxide thickness grown on the fiber in m, T is temperature in K, PO2 is fractional oxygen
concentration, and t is exposure time in s.

Fiber Stress Rupture (SR)

Exposed bridging fibers will obey time-dependent stress rupture relationships as [19]

    Ln ( Ln( ) . / ) ( ( ) )σ βf E R RT t C= − +[ ]2 3
(7)

where σf is fiber strength in MPa, and E, β, and C are fitted parameters from single fiber rupture tests in air.

Crack Growth Mechanism Map

The proposed mechanism map is shown in Fig. 2.  Fiber creep relaxation (FR) dominates at high
temperatures and low oxygen concentrations, as expected, since creep activation energies are high (~ 600
kJ/mol) and oxidation activation energies are low (~ 50 kJ/mol).  Crack extension is dominated by interface
removal (IR) for oxygen concentrations less than ~ 0.1 when the temperatures are not extreme.  We observe
both kinetic and activation energy changes in our experimental data consistent with this hypothesis.  We
define the transition from FR to IR by the locus of points where the crack growth from each mechanism is
equal.  At higher oxygen concentrations, the fiber/matrix interphase oxidizes and is replaced by a glass phase



and either oxidation embrittlement (OE) or viscous sliding (VS) mechanisms may occur.  We propose that
interphase glass formation and channel pinch-off (fiber-matrix bonding) at intermediate temperatures where
the resultant glass phase is brittle results in OE and the fibers fail since they can no longer slide relative to
the matrix.  We define the transition from IR to OE as the locus of points where the fiber/matrix channel
pinches-off and OE occurs in a finite crack growth increment (2.5 mm in this case). At higher temperatures
the glass phase is viscous, not brittle and VS occurs.  When the glass phase has a high viscosity, fibers can
fail by rupture since the local fiber/matrix bonding leads to stress concentrations [20], rather like replacing an
interface with a low frictional sliding stress with a higher one.  It follows that there will be a temperature
above which this stress concentration will not fail the fibers but this will depend on the details of the
compositionally dependent glass viscosity.  The transition from OE to VS/OE is schematic since we do not
yet know the glass viscosity nor have we implemented a viscous sliding treatment for the model, although
such treatments exist [21].  Fiber oxidation also results in loss of strength, which leads to embrittlement via
fiber stress rupture (SR) [16,22,23].  Fiber stress corrosion should be accounted for by the SR mechanism
since this data was obtained in air.  Since predicted fiber stresses in the crack wake of a dynamic crack are on
the order of 800 MPa or smaller, SR is difficult to achieve until temperatures above about 1400K.
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Figure 2.  Suggested dominant crack growth mechanisms based on experimental data and model results.  The
plotted points correspond to experiments with Nicalon-CG composites and the map is fashioned using data
appropriate for Nicalon-CG fibers.

DISCUSSION

The materials included in the map, and indicated by the plotted points (Fig. 2) are 2D woven SiC/SiC
composites with Nicalon-CG fibers at ~ 40% by volume.  Lewinsohn et al. [4] discuss the map concept, the
materials, and the experimental data more fully.  However, we have observed that temperature and oxygen
concentration play the most important roles in determining the operable crack growth mechanisms.



Therefore, it was imperative to include oxidation in the dynamic crack model in addition to the nonlinear
fiber creep.  However, additional modeling remains and more experimentation is planned.

Crack growth appears to be controlled by FR above the composite matrix-cracking threshold at elevated
temperatures in inert environments.  PNNL and others have determined composite deformation rates[1,2,24-
35] and activation energies under these conditions and they match quite well with activation energies for
fiber creep, about 500 – 600 kJ/mol.  Our dynamic crack growth model agrees reasonably well with
measured crack growth rates and these activation energies.

When oxygen is introduced during the crack growth testing the deformation rates increase and the activation
energy decreases to about 50 kJ/mol, in agreement with carbon oxidation processes.  Significantly, the crack
growth kinetics change from nonlinear to linear since now the bridge compliance is dominated by the linear
portion as lfree + lox approach and exceed ldeb.  Again, our model agrees well with these changes in both
kinetics and activation energies.  The transition between the FR and IR mechanisms is defined as the locus of
points where the crack growth rates of each mechanism are roughly equal.  This was determined by choosing
an oxygen concentration where the crack velocity doubled compared to the velocity without any oxygen.
This curve is steep as shown in Fig. 2 due in part to the high activation energy of the fiber creep process.  It
is bounded at high temperatures by fiber stress rupture mechanisms.

Transitions from IR to either OE or VS/OE mechanisms are shown.  We find that there is a competition
between specimen failure due to IR relative to the time for pinch-off and OE to occur.  The dynamics are
handled by removing those fibers from the bridging zone that have an oxide thickness greater than some
critical value, such as the interphase thickness.  However, this transition is crack length (specimen size) and
interphase thickness dependent.  The size effect occurs since OE depends on total fiber exposure time, which
is dependent on crack length.  Interphase thickness effects arise due to our criterion that pinch-off occurs
prior to the onset of OE.  The computations shown here are for an interphase thickness of 150 nm.  Other
plausible OE mechanisms only require a critical oxide thickness that is not interphase thickness dependent
[36,37].  However, such mechanisms will still exhibit a specimen size effect or history effect.
Transitions from OE (pinch-off with brittle glass phase) to VS/OE (non-brittle, viscous glass phase) depend
on the viscosity of the glass which is strongly dependent on glass composition.  Thus, these transitions are
not rigorously defined here and will have to wait for future work.  By incorporating existing models of
viscous interphase mechanics, we will be able to understand the effects of viscosity on fiber stress
concentrations.

The database for fiber stress rupture is mainly limited to tests in air so dependence on oxygen concentration
is lacking.  SR competes with OE and IR at temperatures higher than about 1373K for oxygen concentrations
near 0.2  The onset of SR occurs at 1373K in air during dynamic crack growth according to our model and
this onset is predicted to shift to 1423K for lower oxygen concentrations.  Without detailed data as a function
of oxygen concentration, we cannot be more quantitative.  The map suggests that SR shifts to higher
temperatures as the oxygen concentration decreases.  The boundary between FR and SR is suggested to
occur at the fiber thermal limits.  There is a need for additional stress rupture data as a function of oxygen
concentration.

SUMMARY

We developed a dynamic crack-growth model with the following features: 1) it is based on the weight-
function method using discrete fiber bridges, 2) it contains nonlinear bridge extension laws based on fiber-
creep kinetics for Nicalon-CG and Hi-Nicalon fibers, 3) it contains bridge extension laws for the case of
interphase removal, and 4) it provides fully dynamic crack tracking using a critical-stress-intensity
propagation criterion.  The model reproduces the time-dependent crack-growth kinetics observed



experimentally in specimens of Nicalon-CG and Hi-Nicalon 0/90 woven composites.  The transition from
nonlinear crack growth kinetics to linear growth kinetics is also reproduced by the model by comparing
crack growth rates under FR or IR domination.  By implementing a simple “fiber removal” algorithm, where
the criterion for removal is based either on a critical oxide thickness or stress rupture threshold, we can also
map out transitions between crack growth due to OE and SR.  The model is useful in helping us develop and
understand crack growth mechanisms and to design improved composite materials.
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