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THE EFFECTS OF AN AGGRESSIVE ENVIRONMENT ON THE
SUBCRITICAL CRACK GROWTH OF A CONTINUOUS-FIBER CERAMIC
COMPOSITE

C. H. Henager, Jr. and R. H. Jones
Battelle, Pacific Northwest Laboratory, Battelle Blvd., Richland, WA 99352

Time-dependent crack growth measurements of ceramic composites in aggressive
environments are being conducted on materials consisting of CVI SiC reinforced
with Nicalon fibers (SiC/SiCf_) having C and BN fiber-matrix interfaces. Crack
velocities are determined as a function of applied stress intensity. Results have been
obtained for crack velocity-stress intensity relationships in pure Ar and in Ar plus
2000 ppm 02 atmospheres a',"1100 °C. A 2D micromechanics model is used to
represent the time-dependence of observed crack bridging events and is able to
rationalize the observed phenomena.

INTRODUCTION

Ceramic matrix composites (CMCs) potentially offer high-strength,
corrosion-resistant, high-temperature materials having a fracture resistance adequate
for use as structural materials. Reinforcement of a brittle ceramic matrix material by
brittle fibers or whiskers contributes to fracture resistance by reinforcement pullout,
crack bridging, crack deflection, and mauix micro-cracking [1]. Fracture toughness
values in the range of 20 to 30 MPa_/m can be achieved for continuous fiber-
reinforced materials. However, the use of CMCs in systems requiring long-term
environmental stability demands resistance to corrosion and time-dependent crack
growth [2-7]. Time-dependent crack growth (subcritical crack growth) likely
controls the long-term life of these materials when pre-existing flaws are present.
Thus, methods of life prediction require an understanding of the processes
controlling the time-dependent failure of CMCs.

Environmental effects on subcritical crack growth at elevated temperatures
are specific concerns for CMC materials. CMCs rely on the intrinsic properties of
the matrix, as well as the reinforcing materials, for corrosion resistance and high-
temperature utility. Crack wake bridging by long fibers in continuous fiber
reinforced CMCs dominates the mechanical response of these materials [1].
Therefore, the time-dependent response of the bridging zone at elevated
temperatures would appear to be the dominant mechanism affecting subcritical crack
growth in CMCs. Crack bridging reinforcements will be exposed to the
environment and will be highly stressed. The environment can affect the bridging
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reinforcements by penetration down the reinforcement-matrix interface. Fracture
resistance due to crack bridging may be degraded due to environmental damage of
the reinforcement-matrix interface. Degradation of the bridging reinforcements and
the exposed fiber/matrix interface may increase subcritical crack growth velocities
and decrease component lifetimes.

There is no data on the subcritical crack growth rates of CMC materials as a
function of temperature or environment. Thus, this study has focussed on acquiring
crack velocity data as a function of stress intensity, temperatth-e, and environment.
Data are presented for subcritical crack growth measured in a chemical-vapor
infiltrated (CVI) _SiC matrix material containing 8 laminates of Nicalon fiber cloth
using tests at 1100*C in gaseous environments.

EXPERIMENTAL PROCEDURES

Composites consisting of Nicalon fiber cloth (0"/90 °) and CVI I3-SiC with
both carbon (C) and boron nitride (BN) interfaces were tested. The composites are
8-ply material, 4 mm thick, fabricated by RCI of Whittier, CA. Interfaces of 1.0

I.tm C and 0.4 I.tmBN (nominal thicknesses) were deposited on the Nicalon fibers

before the I3-SiC CVI fabrication step. Single-edge-notched bend bar (SENB)
specimens with dimensions of 4 mm x 5.5 mm x 50 mm were prepared. The SENB
specimens were tested in 4-point bending using a fully articulated SiC bend fixture.
The tests were performed inside a sealed mullite ceramic tube using a split clamshell
furnace. A gas mixing manifold and gas flow controllers were used to establish and
control the gas atmospheres during the test. Pure Ar and pure 02 gas were mixed in
the desired quantities using an MKS Type 147B four channel mass flow/pressure
programmer with an MKS Type 250B pressure controller. The gas mixing ratios
were set using a Thermox oxygen analyzer, and the manifold pressure was
feedback-controlled to achieve a gas flow rate of .-1.6 x 10-6 m3/s.

The subcritical crack growth (SCG) studies were performed using stepped
load tests with load holding carded out at 1100*C in argon and argon plus 2000
ppm 02. To establish the matrix cracking loads and peak loads, SENB specimens
were tested to failure at 1100°C in Ar at a strain rate of 1.6 x 10-5 s-1. The SCG
SENB specimens were then loaded below the matrix cracking stress, typically at an
applied stress intensity of 7-8 MPa_/m, to begin the test. The specimens were held
at each load for _000 s and the lo_d was then increased to correspond to a stress
intensity increase of about 1 MPa_/m. This loading continued until a load drop was
observed and the test was stopped. SCG specimens that were tested in Ar plus
2000 ppm 02 were brought tip to temperature in pure Ar.

RESULTS

SENB specimens of each of the C and BN interface CMCs were tested in 4-
point bending at 1100°C in Ar to calculate a peak load fracture toughness value,
KQ, and to calculate a crack glowth resistance curve, the R-curve. KQ is calculated
from
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KQ = Cmax a0'5 Y(ot) (1)

where amax is the outer-fiber bending stress at peak load, a is the crack length, ot is

the thickness normalized crack length, and Y(ot) is the geometry factor for the
SENB specimen in pure bending [8]. KQ values of 17.3 and 15.1 MPa_/m were
obtained for the C- and BN-interface materials at 1100*C in Ar, respectively.

It is more appropriate to calculate fracture toughness as a function of crack
length in composite materials to determine the R-curve. This curve was calculated
by using the measured specimen compliance to give a crack length and then using

eq. 1 to calculate K. The SENB compliance depends on ot as [9]

C(ot) = C(0) + (y,(ot))2 dot
BE/0 (2)

where C(0) is the compliance of an unnotched bar in 4-point bending given by [I0],

and B is the specimen width, E" is E/(I - v2), and Y'(ot) is given by

y,(ot) 3S1 o_1/2y(ot)
(3)

S1 is the lower support span of the bend fixture and W is the specimen thickness.
The measured compliance of the notched specimen during the linear portion of the
load-deflection curve is used to calculate the value of E'. The calculated R-curve

indicated that K increased from 10 MPa_/m to --27 MPa_/m as ot increased from 0.3
to 0.5.

Each SCG test consists of a series of 1000 s-constant-load tests in 4-point
bending at a constant temperature. The load-displacement curve for a typical test is
shown in Figure 1 and the displacement-time curve for one of the 1000 s-exposures
at constant load is shown in Figure 2. The logarithmic-shaped curve in Figure 2
indicates that the specimen displacement, and thus the crack opening displacement,
undergoes a transient period of rapid displacement and attains a steady-state rate of
displacement. The slope of the steady-state region beyond the transient is
proportional to the crack velocity.

Writing 6 = P C(ot), where 8 is the displacement and P is the load, can be
used to give

= bY c(ot))=p v da_t iOot_)t = --W _ot dt (4)

which is then used to derive the following expression for da/dt (Vc)
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da= Vc= 8Wdt
P c'(eO (5)

where Vc is the crack velocity. C'(_) is calculated using eq. (2) and dS/dt is the
slope of the displacement-time curve in the steady-state region. The crack length is
calculated from the measured specimen compliance by inverting eq. (2).

The data for the C- and BN-interface materials, when plotted as crack
velocity versus applied stress intensity (V-K curves), reveal a stage II region where
the crack velocity is essentially independent of the applied stress intensity (Figures
3 and 4) followed by a stage III, or power-law breakdown region, at high stress
intensities. Presumably, a stage I threshold region exists at lower stress intensities,
but is not observed in this data.

The breakdown region, stage III, exhibits a strong dependence on applied
stress intensity and is always followed by a load drop and large crack extension on
the next load increase. In some cases, the specimen fails before accelerated cracking
is observed (Figure 4). The stage II region exhibits a very weak dependence on the
applied stress intensity. The data reveal a slight increase in stage II crack velocity
due to the presence of 2000 ppm oxygen in the gas. Also, the stress intensity
required for the onset of stage III is shifted to lower value of the vpplied stress
intensity. The shift is more pronounced for the BN-interface material compared to
the C-interface material.

DISCUSSION AND MODELLING OF RESULTS

Subcritical crack growth data for monolithic ceramics does not show any
stage II behavior, rather the crack velocity is observed to be a strong function of
applied stress intensity [4-7]. This is usually expressed as a power-law such as V =
AKn, with the exponent on K in the range of 10 to 30. The observed stage II region
exhibits a very weak dependence on applied stress intensity with exponents less
than one. This behavior suggests that subcritical cracking in CMC materials is
controlled by crack-bridging by the continuous fibers in the crack wake. The
bridging zone acts to screen, or shield, the crack-tip from the applied stress
intensity. Over the region of increasing K as a function of increasing crack length, a
bridging zone is established for these materials and acts to screen the crack-tip from
the applied stress intensity, Kapp. A nearly constant crack-tip stress intensity, Ktio,
is established as the bridging zone develops and R-curve behavior is observec'l.
Eventually, the bridging zone saturates and cannot continue to shield the crack-tip
from Kaop. Ktip increases on increasing Kapp once this limit is reached and cracking
is accele-rated l:esulting in the stage Hl break-down region.

The evidence for bridging zone domination of subcritical crack growth
comes partly from experiments using argon plus oxygen in comparison with pure
argon and partly from a micromechanical model developed for this work. The
addition of 2000 ppm oxygen to the 1100*C argon environment increases the crack
velocity in the stage II regime and shifts the stage II-stage III transition to lower K
values (Figures 3 and 4). The shift to lower K values for the transition to stage III
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Figure 1. Load-displacement curve for typical subcritical crack growth test at
1100°C.
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Figure 2. A displacement-time curve observed for a single load step for a BN-
interfacematerial during a subcritical crack growth test at 1100°C.
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Figure 3. Crack velocity as a function of applied stress intensity (V-K) data for C-
interface material at 1100°C in pure Ar and Ar plus 2000 ppm oxygen.
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Figure 4. Crack velocity as a function of applied stress intensity (V-K) data for
BN-interface material at 1100°C in pure Ar and Ar plus 2000 ppm oxygen•
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crack growth is consistent with a reduction in the closure forces imparted on the
crack faces by the bridging fibers. SEM photomicrographs (not shown here) of the
CMCs exposed to the 2000 ppm 02 plus argon reveal the partial removal of the C
and BN-interfaces due to oxidation of these interface materials at 1100*C. The
removal of this interface material would reduce the shear strength of the interface,
reduce the ability of the matrix to transfer load to the fibers, and reduce the bridging
zone effectiveness.

These same effects are demonstrated using a 2D-micromechanical model of
a crack in a CMC material. The model places a semi-infinite crack in a linear-elastic
body and simulates the bridging fibers by crack closure forces placed along tie
crack face. The forces applied by the fibers to the crack face are calculated using an
explicit frictional bridging model [11] that calculates the fiber load transfer as a
function of distance from the crack-tip. A basic result of the model is the prediction
of crack-tip screening over a range of crack extension (R-curve) when high-strength
fibers and weak interfaces are present•

The 2D-micromechanical model can also be used to explore the time-
dependence of crack growth by allowing the crack-closure tbrces to undergo time-
de.pendent relaxation. A bridged crack of a fixed bridging zone length is simulated
using the model and the crack-closure forces are allowed to vary as shown in
Figure 5. The crack velocities are calculated using an assumed V-K power law
relationship with a stress intensity exponent of 10. A reduction in the crack-closure
(fiber bridging) forces as a function of time, due to either stress relaxation in the
fibers or creep/sliding of the interface, allows the crack to extend during the load
step. The shape of the displacement-time curve (Figure 2) indicates that a
logarithmic relaxation process is occurring. This relaxation process would be faster
for the oxygen containing environment because the fiber/matrix interface is being
selectively removed by oxidation. This process would reduce the fiber/matrix
interfacial shear strength as a function of time. A faster relaxation shifts the onset of
accelerated cracking (stage III) to lower Kaop values and increases the relative crack
velocities in the stage II region (Figure 5). This behavior agrees well with the
experimental findings.

SUMMARY AND CONCLUSIONS

Subcritical crack growth in continuous-fiber CMC materials at 1100*C in
pure Ar exhibits a stage II region where crack velocity depends weakly on the
applied stress intensity. At higher stress intensities the crack velocity is accelerated
and a stage III region is observed where crack velocity depends strongly on stress
intensity. The stage II region corresponds to the development of the fiber bridging
zone in the wake of the crack, lt was shown that crack velocities are increased at
1100*C in Ar plus 2000 ppm oxygen compared to pure Ar. lt was also observed
that the oxygen-containing gas shifted the onset of stage III to lower values of
applied stress intensity. These observations were rationalized using a 2D-
micromechanical model developed to simulate cracks bridged by continuous fibers.
SiC/SiC(f) composites are sensitive to environmental effects because their
mechanical response is dominated by a crack wake bridging zone which is
completely exposed to the environment. More severe environments that corroded
the reinforcing fibers or the interfaces would be potentially very deleterious.
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Figure 5. V-K predictions of the micromechanical model simulating a bridged crack
and allowing the crack-closure forces to relax the indicated amounts in 1000 s.
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