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The influence of cyclic loading frequency on the tensile
fatigue life of a woven-carbon-fiber/SiC-matrix composite
was examined at room temperature. Tension-tension
fatigue experiments were conducted under load control, at
sinusoidal frequencies of 1, 10, and 50 Hz. Using a stress
ratio (0',,,/0 . of 0.1, specimens were subjected to maxi-
mum fatigue stresses of 310 to 405 MPa. There were two key
findings: (1) the fatigue life and extent of modulus decay
were influenced by loading frequency and (2) the post-
fatigue monotonic tensile strength increased after fatigue
loading. For loading frequencies of 1 and 10 Hz, the fatigue
limit (defined at 1 X 10° cycles) was approximately 335
MPa, which is over 80% of the initial monotonic strength of
the composite; at 50 Hz, the fatigue limit was below 310
MPa. During 1- and 10-Hz fatigue at a maximum stress of
335 MPa, the modulus exhibited an initially rapid decrease,
followed by a partial recovery; at 50 Hz, and the same stress
limits, the modulus continually decayed. The residual
strength of the composite increased by approximately 20%
after 1 X 10° fatigue cycles at 1 or 10 Hz under a peak stress
of 335 MPa. The increase in strength is attributed in part to
a decrease in the stress concentrations present near the
crossover points of the 0° and 90° fiber bundles.

L

IBER-REINFORCED ceramic-matrix composites are under

development for use in advanced gas turbines, as structural
members in aircraft, and as heat exchangers. Cyclic loading
typically decreases the time-to-failure of continuous-fiber-rein-
forced ceramics, at both ambient'” and elevated**'® tempera-
tures. The fatigue experiments conducted to date with these
composites have typically been performed at loading frequen-
cies of 10 Hz and lower. Recent fatigue studies, conducted at
loading frequencies above 10 Hz, have shown that the tension—
tension fatigue life of fiber-reinforced ceramics decreases as the
fatigue loading frequency is increased.'' This finding is of prac-
tical interest since many components such as structural mem-
bers in aircraft and gas turbine components can be subjected to
a spectrum of loading frequencies, ranging from a few hertz to
several thousand hertz. The frequency dependence of fatigue
life has been attributed, in part, to the accelerated rate of micro-
structural damage caused by internal heating that occurs during
the fatigue loading of ceramic-matrix composites.''™* The
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mechanism responsible for frictional (internal) heating involves
the cyclic slip of fibers along debonded fiber—matrix interfaces.
For woven composites, slip along fiber—fiber interfaces can also
contribute to frictional heating.

C-fiber/SiC-matrix (C,/SiC) composites'*!* are under con-
sideration for use in applications requiring a low-density, high-
toughness structural material; with surface coatings to prevent
oxidation of the C fibers, elevated temperature use is possible.
These composites are processed by chemical vapor infiltration
of SiC into woven-fiber cloth (typically a 2D weave of T-300
carbon fibers). Because of the large thermal expansion mis-
match that exists between the fibers and the matrix, C;/SiC
composites may contain extensive processing-related matrix
microcracking. This initial microcracking and associated
interfacial debonding makes these composites susceptible to
internal heating during fatigue loading. The amount of heating
can be significant. For example, in earlier room-temperature
fatigue studies with 0°/90° C,/SiC composites, the surface tem-
perature of fatigue specimens increased by approximately 4°C
at a sinusoidal loading frequency of 10 Hz, and by 32°C at 85
Hz (for stress limits of 250 and 10 MPa).'? Since the local tem-
perature along the various interfaces in a composite will be
much higher, the extent of microstructural damage and, hence,
fatigue life, could be influenced by loading frequency.

To our knowledge, the fatigue behavior of initially micro-
cracked fiber-reinforced ceramics has not been studied (earlier
work by Holmes and Shuler"® on C,/SiC composites addressed
frictional heating only). The present study addresses the fatigue
behavior of C,/SiC composites at ambient temperature.
Answers to the following questions are sought (in a general
sense these questions also pertain to the fatigue of other initially
microcracked composites):

(1) Is there a frequency dependence of fatigue life and
microstructural damage accumulation?

(2) Is the initial matrix microcracking stable, and how does
the microcrack density change with maximum fatigue stress?

(3) Does the presence of initial microcracking in a brittle-
matrix composite necessarily imply poor fatigue life?

(4) How is the residual strength of the composite affected
by fatigue loading?

II. Experimental Procedure

(1) Material and Specimen Geometry

The composites used in this investigation were processed by
chemical vapor infiltration (CVI) of SiC into woven 0°/90° car-
bon-fiber preforms. Preforms were made from T-300 carbon-
fiber cloth, with 1000 fibers per strand. The composites, pro-
cessed as 200 mm X 200 mm panels, had a [0/90], 5 fiber layup
(26 total plies, each with a single 0°/90° cloth) and a nominal
fiber content of 45 vol%. As is typical of multiple-ply compos-
ites, not all plies were perfectly aligned in the panels; sectioning
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remnants from the panels showed that several of the plies were
typically off axis—by as much as 8°. The bulk density of the
infiltrated panels ranged from 1.93 to 1.98 g/cm®. This com-
pares with a theoretical density for this system of 2.54 g/cm?,
giving a porosity content of approximately 22%.

Edge-loaded tensile specimens (Fig. 1(a)) were machined
from the panels using diamond tooling. The microstructure of
the panels is shown in Fig. 1(b). As mentioned in the introduc-
tion, thermal expansion mismatch between the fibers and matrix
causes extensive processing-related matrix microcracking in
CVI C,/SiC composites. These cracks had an average spacing
of 20 pm along the minor faces (edges) of virgin specimens.
The specimens had a gage length of 33 mm and a gage-section
volume of approximately 624 mm?®. To allow surface replicas of
matrix cracking to be obtained,’ the specimen edges (minor
faces) were polished using SiC paper and diamond paste to a
final finish of ! pwm. The polishing was performed by hand
using a 10-mm-diameter mandrel that was wrapped with SiC
paper or diamond-impregnated nylon cloth and rotated at 100
rpm. The polishing procedure can be summarized as follows:
(1) 600-grit SiC for 10 min, (2) 45-um diamond paste for 10
min (mylon cloth), (3) 6-pum diamond paste for 10 min (nylon
cloth) and, (4) 1.0-pm diamond paste for 10 min (nylon cloth).

(2) Test Procedure

Monotonic tension and tension—tension fatigue tests were
conducted at room temperature on a servohydraulic load-frame*
that was equipped with edge-loaded grips.'® A clip-on exten-
someter with a gage length of 33 mm was used to determine

Acetyl cellulose film, 0.08 mm thick. Energy Beam Sciences, Inc., Agawam, MA.
*Load frame Model No. 810, Material Test Systems (MTS), Minneapolis, MN.
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gage-section strains.¥ To prevent slippage, the extensometer
knife edges were bonded to the specimen using a cyanoacrylate
adhesive (“Superglue™). The ambient temperature was 22 +
0.2°C and the relative humidity ranged from 55% to 65%. To
prevent heat flow from the grips to the specimen, water cooling
was used to maintain the temperature of the grips at 22°C (note
that one of the grips was mounted on a hydraulic actuator which
would cause heat flow to the specimen if grip cooling was not
employed).

The room-temperature monotonic tensile behavior of fiber-
reinforced ceramics and glasses can be strongly influenced by
loading rate. This loading rate dependence, first observed in
Nicalon/CAS" and Nicalon/SiC'* composites, is caused by
time-dependent phenomena such as subcritical crack growth,
interfacial debonding, and the relief of residual stresses. Pernot
and Zawada'® recently observed a similar rate dependence of
monotonic tensile behavior for Nicalon/1723 glass composites
that were loaded monotonically to failure under load control or
displacement control. Based upon results from these previous
studies, monotonic tensile testing of the C,/SiC composite was
conducted at a loading rate of 50 MPa/s.

Fatigue testing was performed under load control at sinusoi-
dal loading frequencies of 1, 10, and 50 Hz. All fatigue experi-
ments were performed using a stress ratio (0,,,,/0n,,) 0f 0.1. For
loading frequencies of 1 and 10 Hz, specimens were subjected
to maximum fatigue stresses of 335 to 405 MPa; at 50 Hz, max-
imum stresses of 310 to 385 MPa were studied. Specimens were
loaded to the maximum fatigue stress at a rate of 100 MPa/s,

‘Extensometer Model No. 632-27B-20, Material Test Systems (MTS). Modified for
a 33-mm gage section.

(b)

Fig. 1. (a) Edge-loaded tensile specimen used to investigate the monotonic tension and tensile fatigue behavior of C,/SiC composites. Although this
geometry proved satisfactory (over 90% gage-section failures), less complicated edge-loaded specimen geometries with the same gage length have
been found to perform equally well for the ambient and elevated-temperature monotonic tension and tension—tension fatigue testing of C/SiC com-
posites.'® (b) SEM micrograph showing fiber architecture and porosity present in the gage section of a virgin specimen (the processing-related matrix

microcracking is not observable at this magnification).
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followed immediately by cyclic loading at the desired fre-
quency. Fatigue runout was arbitrarily set at 1 X 10° cycles,
which corresponds to 277.8 h of testing at 1 Hz, 27.8 h at 10 Hz,
and 5.6 h at 50 Hz. Acetate-film replicas of the specimen edges
were taken at periodic intervals to quantify the change in matrix
crack density that occurred during fatigue. In all instances, rep-
licas were obtained by stopping the fatigue test and maintaining
a stress of 10 MPa on the specimen while taking the replicas.
Although crack definition could be slightly improved by main-
taining a higher stress on the specimen while taking replicas,
preliminary trials had shown that substantially higher stresses
(e.g., 50 to 100 MPa) caused crack growth during the roughly 3
to 5 min required to obtain a replica (this was particularly evi-
dent during the initial stages of fatigue, where the crack spacing
had not yet reached a saturation level characteristic of the par-
ticular fatigue stress). The values for crack spacing reported in
this paper represent the mean value obtained by measuring the
distances between at least 200 crack pairs.

As noted in the Introduction, fiber-reinforced ceramics can
undergo significant internal heating during fatigue loading.
Since internal heating could exacerbate the accumulation of
microstructural damage, the temperature rise of the specimens
was recorded during the fatigue experiments. An infrared
pyrometer,' focused at the center of the specimen gage section,
was used for the temperature measurements. Data from the
pyrometer were stored at 1-s intervals throughout the fatigue
experiments. Further details concemning the equipment and
experimental approach used for similar fatigue and frictional
heating experiments can be found in Ref. 7.

III. Results and Discussion

(1) Monotonic Tensile Behavior

At room temperature, the woven C,;/SiC composite exhibits
nonlinear stress—strain behavior from the onset of loading (see
Fig. 2). Extension of the processing-related matrix microcrack-
ing and accompanying interfacial debonding, along with the
progressive fracture of fibers at higher stresses, are responsible
for the nonlinear behavior and decrease in modulus observed
during monotonic loading. Based upon the results obtained
from three experiments, the ultimate strength of the composite
ranged from 415 to 425 MPa and the failure strain ranged from
approximately 0.8 to 0.9%. These data are consistent with val-
ues obtained by others for 0°/90° C,/SiC composites with simi-
lar fiber fractions and densities.*

Model No. 5402, Everest Interscience, Fullerton, CA.
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Fig. 2. Typical room-temperature monotonic tensile behavior of
[0/90] 35 C;/SiC at a loading rate of 50 MPa/s.
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(2)  Fatigue Life—SN Curves

The room-temperature fatigue life of the C,/SiC composite is
shown in Fig. 3 as a function of maximum fatigue stress and
loading frequency. Above 335 MPa, progressive fatigue fail-
ures were observed at all loading frequencies. Considering the
wide scatter in the fatigue data, there was no apparent differ-
ence in the fatigue life at 1 and 10 Hz. The fatigue life at 50 Hz
was, however, consistently lower for all stress levels. At load-
ing frequencies of 1 and 10 Hz, fatigue runout (1 X 10° cycles)
was observed at a peak stress of 335 MPa; at 50 Hz this stress
caused failure in approximately 1 X 10° cycles. At 310 MPa,
which was the lowest stress examined at 50 Hz, failure occurred
within 300000 cycles. For purposes of discussion, 335 MPa
will be defined as the fatigue limit for 1- and 10-Hz fatigue. It
should be noted that 335 MPa is close to 80% of the average
monotonic tensile strength found for virgin specimens. As a
function of the ultimate strength, this number is quite impres-
sive compared to other fiber-reinforced ceramics.'*'" Although
the 50-Hz fatigue limit is obviously lower than the fatigue limit
at 1 and 10 Hz, a lack of specimens precluded additional testing
to more accurately define the 50-Hz fatigue limit. Possible
mechanisms for the reduction in fatigue life at 50 Hz are dis-
cussed in a later section.

Slow crack growth under static loading is known to occur in
monolithic ceramics.”'* To determine if failure of the C./SiC
composites could be attributed to slow crack growth, rather
than mechanical cycle-by-cycle fatigue damage, a specimen
was loaded to a stress of 375 MPa and held for 28 h (28 h
roughly corresponds to the duration of a fatigue test conducted
for 1 X 108 cycles at 10 Hz). Under cyclic loading at a peak
fatigue stress of 375 MPa, failure occurred in less than 4 h for
all loading frequencies. The statically loaded specimen did not
fail, even though the stress was significantly higher than the
mean stress of 206 MPa imposed on the fatigue specimens.
Clearly, cyclic loading accelerates the damage process.

(3) Microstructural Damage

(A) Change in Matrix Crack Density: During fatigue
loading the processing-related matrix cracks will extend and, in
parallel, new cracks will form until a constant matrix crack den-
sity is established (a constant crack spacing will occur only if
the fatigue stress is sufficiently low enough to avoid extensive
fiber fracture and eventual composite failure). The equilibrium
crack spacing is influenced by external variables such as maxi-
mum fatigue stress, stress range, and temperature. To determine
how the density of matrix cracks was influenced by maximum
fatigue stress, surface replicas were taken at periodic intervals
during the 1- and 10-Hz fatigue tests. Measurements of crack

450 —rrmErrTTT T Ty
[0/90], 35 C¢/SIC
425 | Oun (Virgin Material) R = 0.1, 22°C, air -
®e O )
S 400 - E
= a»
& 375 | A O ® E
g A ™
& 350+ A e
O 1Hz .
325 |- ® 10 Hz n
A 50 Hz
A
300 FUERTITT AR TTTT STt AR ETTT BTSRRI BAE NI
10° 102 104 106
Cycles

Fig. 3. S-N curve showing the influence of peak fatigue stress and
sinusoidal loading frequency on the room-temperature fatigue life of
0°/90° C,/SiC composites. For loading frequencies of 1 and 10 Hz,
specimens survived 1 X 10° cycles at a maximum stress of 335 MPa
(duplicate experiments were conducted at this stress level). The fatigue
life was consistently lower at 50 Hz.



2330 Journal of the American Ceramic Society—Shuler et al.

spacing were not made during fatigue at 50 Hz, since periodic
interruption of the fatigue experiments to obtain replicas would
interfere with the internal heating (discussed in Section III(6)),
which could play a role in the development of microstructural
damage. At 1 and 10 Hz, where the temperature rise was much
lower, the disruption of frictional heating by periodic unloading
to obtain replicas would have a minimal impact on microstruc-
tural damage accumulation (note that the cyclic energy dissipa-
tion, and hence temperature rise during fatigue loading, is
linearly proportional to the loading frequency’—the tempera-
ture rise at 50 Hz is roughly 50 times greater than it is at 1 Hz).

A representative micrograph showing the crack density after
1000 fatigue cycles at a loading frequency of 1 Hz and maxi-
mum stress of 335 MPa is given in Fig. 4. The decrease in mean
crack spacing that occurred during fatigue is plotted in Fig. 5
for a peak fatigue stress of 375 MPa (the inset in Fig. 5 shows
the change in crack spacing at 335 MPa). At 335 MPa the sur-
face crack spacing reached a constant level within the first 100
cycles. The crack spacing at 100 cycles was only 38% of the ini-
tial crack spacing (in other words, the surface density of matrix
cracks was roughly 2.6 times greater than that measured after
processing). At 375 MPa, a stress level which caused specimen
failure, the crack spacing showed a similar rapid rate of
decrease during the first 100 cycles, to 34% of the initial crack
spacing; at this stress the crack spacing remained approximately
constant between 100 and 5000 cycles, after which it decreased
sharply prior to specimen failure. The initial decrease in crack
spacing occurred uniformly throughout the gage section. The
decrease that occurred beyond 5000 cycles was primarily
caused by the formation of additional matrix cracks that were
localized within several narrow bands (roughly 5 mm in length)
which were randomly located along the gage section. As
expected, the highest crack density was found near the final fail-
ure location of the specimen.

(B) SEM Examination of Specimens: The fatigue speci-
mens were examined by optical and electron microscopy to
gain insight into how microstructural damage evolves during
fatigue loading. As a consequence of the woven 2-D fiber archi-
tecture, nonuniform stresses and strains develop in the axial,
width, and thickness directions of the specimen. Because of the
nonuniformity in stress and strain near the crossover points of
the fiber bundles, there is extensive fracture and spallation of
the SiC matrix at these locations (see Figs. 6(a) and (b)). In par-
allel with this damage mode, separation between the fibers and
the infiltrated matrix occurs within the individual fiber bundles
(see Fig. 6(c)). To accommodate the nonuniform strain devel-
oped between neighboring plies, delamination between individ-
ual plies will occur (Fig. 6(d)). Generally, for a given fatigue
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Fig. 4. Optical micrograph of an acetate-film replica showing matrix
crack density after 1000 cycles at 1 Hz under a maximum fatigue stress
of 335 MPa.
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Fig. 5. Decrease in mean crack spacing observed during the fatigue
of C,/SiC at loading frequencies of 1 and 10 Hz for maximum fatigue
stresses of 375 and 335 MPa (inset).

stress, the amount of delamination between plies was consider-
ably higher at 50 Hz compared to that observed at 1 or 10 Hz.
The fatigue process, as opposed to static loading, assists the
damage process by allowing wear to occur between the various
interfaces in the composite (as discussed later, at low fatigue
stresses and loading frequencies, the “damage” process that
occurs during fatigue loading can have a beneficial effect on the
residual strength of the composite).

(C) Influence of Nonuniform Stresses on Microstructural
Damage Modes: 1t is of interest to speculate on the mecha-
nisms responsible for the microstructural damage modes shown
in Figs. 6(a—d) above. As shown schematically in Figs. 7(a—d),
nonuniform stress and strain distributions develop at different
scales along three orthogonal directions. At the macroscopic
scale, the 2-D fiber bundle configuration produces nonuniform
stress distributions along the axial and width directions within
individual plies; the random stacking of the plies produces a
nonuniform stress distribution in the thickness direction of the
specimen (Fig. 7(a)). Nonuniform stretching of plies produces a
shear stress and contact pressure at the contact points between
plies, resulting in delamination between the plies (Fig. 7(b)).
Within individual fiber bundles, cracking of the matrix occurs
as the 0° bundles attempt to align with the tensile loading direc-
tion, and by bending of the 90° bundles which tend to contract
to accommodate movement of the 0° bundles (Fig. 7(c)). On a
finer scale, the straightening of individual 0° fibers and simulta-
neous bending of the 90° fibers produces matrix cracking
between individual fibers and fiber-matrix debonding (Fig.
7(d)). Figures 7(a—d) provide insight into the nonuniform
stresses experienced by the microstructure during tensile load-
ing (monotonic or fatigue). In parallel with the damage caused
by nonuniform stresses, there is a progressive wear of interfaces
that occurs during cyclic loading (see later discussion). More
detailed mechanics analysis of the microstructural damage evo-
lution during fatigue loading is currently under way and will be
described in detail in a future paper.

(4) Cyclic Stress—Strain Response

Typical cyclic stress—strain curves from the fatigue experi-
ments conducted at 10 Hz are shown in Figs. 8(a) and (b) for
maximum stresses of 335 and 375 MPa. Compared to the tan-
gent modulus measured at the end of the initial loading ramp, a
considerable increase in average modulus occurred on the first
fatigue cycle (this increase can be seen in Figs. 8(a) and (b) for
stresses above approximately 150 MPa). Using the first-cycle
modulus as a reference the modulus decreased most rapidly
during the first 1000 fatigue cycles. As indicated by the strain
ratchetting in Figs. 8(a) and (b), this modulus decay was accom-
panied by an increase in nonrecoverable strain.
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Fig. 6. Micrographs showing typical microstructural damage present after fatigue at a loading frequency of 10 Hz and peak stress of 375 MPa: (a)
Damage present along the broad faces of the specimen gage section. Because of nonuniform stress and strain near the crossover points of the fiber
bundles, the SiC matrix fractures and spalls at these locations. (b) Local enlargement of Fig. 6(a), showing SiC damage near the crossover points in the
woven cloth. (c) Damage along minor face of specimen, showing cracking within the transverse fiber bundles. (d) Lower-magnification view of minor

face showing delamination between plies near the final failure location.

Both the modulus decrease and the strain ratchetting indicate
the progressive accumulation of microstructural damage. The
increase in modulus found on the first loading cycle is attributed
to the “straightening” of the 0° fibers that occurs near the cross-
over points in the woven fiber cloth (the matrix fracture that
occurs locally near the crossover points provides a mechanism
for the extension and alignment of fiber bundles parallel to the
tensile loading direction).

As expected, for a given loading frequency the extent of hys-
teresis and strain ratchetting increased as the peak fatigue stress
was increased, indicating an increase in the amount of cyclic

damage accumulation.** Compared to 1-Hz fatigue, and for all
stress levels, the hysteresis was larger at 10 and 50 Hz. Similar
hysteresis in the cyclic stress—strain response has been observed
for other fiber-reinforced composites.'”!' Independent of load-
ing frequency, the amount of hysteresis decreased with contin-
ued cycling, suggesting a wear process occurred along the
various fiber/fiber and fiber/matrix interfaces within the
composite.

**Note the decrease in hysteresis indicates a decrease in the energy dissipation per
cycle. The energy dissipation can be readily calculated by multiplying the area
enclosed by a hysteresis loop by the loading frequency.
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Fig. 7. Schematic representations of microstructural fatigne damage observed on different planes within a fatigue specimen. The nonuniform
stresses and strains that develop in woven composites subjected to far-field tensile loading are largely responsible for the microstructural damage. (a)
Nonuniform stresses develop near the crossover points of strands within individual plies which leads to matrix fracture and spallation (see Figs. 6(a)

and (b)). Because the plies are somewhat staggered in the thickness direction,

nonuniform stresses also develop in this direction. (b) As the fiber bun-

dles attempt to align parallel with the tensile loading direction, the local contact force that develops between the plies can initiate ply delamination (see
Fig. 6(d)). (c) At a finer scale, matrix fracture within the fiber bundles (see Fig. 6(c)) occurs as the 0° fiber bundles attempt to align parallel with the

tensile loading direction and simultaneously the 90° bundles undergo bending.

(d) On an even finer scale, cracking and separation between individual

fibers occurs as the 0° fibers align themselves with the tensile loading direction and the 90° fibers undergo bending.

(5) Change in Composite Modulus

The influence of maximum fatigue stress and accumulated
fatigue cycles on the composite modulus is shown in Figs. 9(a)
and (b) for loading frequencies of 1 and 10 Hz. The modulus
exhibited a pronounced sensitivity to small changes in the max-
imum fatigue stress. For example, a continual decay in modulus
was observed during fatigue at peak stresses of 350 MPa and
higher. In contrast, an initial decrease, followed by a plateau
and partial recovery in modulus, was found for fatigue at a max-
imum stress of 335 MPa (note that this is only 15 MPa below
the stress level that caused a progressive decrease in modulus
and fatigue failure). A partial recovery in modulus has also been
observed during the fatigue of other fiber-reinforced ceramic
composites.>’ A possible explanation for this increase in modu-
lus is a partial recovery in interfacial (frictional) shear stress
during long-duration cyclic loading. Although not determined

for the 0°/90° composites studied here, support for this mecha-
nism comes from an earlier study’ that examined the change in
interfacial frictional shear stress that occurred during the room-
temperature fatigue of unidirectional Nicalon/CAS-II compos-
ites. After an initially rapid decrease from 20 to 5 MPa, the fric-
tional shear stress recovered to approximately 6 MPa. The
initial decrease in frictional shear stress is caused by cyclic
wear damage along the numerous fiber-matrix interfaces within
the composite (in woven composites this would include wear
along the interfaces between fiber bundles); a partial recovery
could occur by the accumulation of debris along the fiber/
matrix interface or interaction with humidity in the test environ-
ment. Since several of the plies in the C,/SiC composites were
off axis by as much as 8°, it is also possible that geometric stiff-
ening could have contributed to the recovery in modulus. Geo-
metric stiffening, which would occur through a process
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Fig. 8. Cyclic stress—strain behavior of C;/SiC composites fatigued at a loading frequency of 10 Hz: (a) 335 MPa peak stress; the test was stopped at

1 X 10°cycles. (b) 375 MPa peak stress; failure occurred at 10300 cycles.

involving matrix microcracking and partial delamination
between plies, would allow fiber bundles which are initially off
axis to achieve an orientation closer to the tensile loading axis.
A third mechanism, which would be unique to composites con-
taining woven fiber cloth, would involve extension of the fibers
near the kinks where fiber bundles cross over one another. For
brittle-matrix composites at room temperature, this mechanism
would require that the matrix surrounding the crossover points
be degraded by cyclic loading; this would permit the movement
or sliding of the fiber bundles in a direction parallel to the load-
ing axis (as shown in Fig. 7, a mechanism for this degradation
would involve fiber debonding and matrix fracture caused by
stress concentrations at the kinks, followed by cyclic wear and
abrasion of the fibers and matrix near the crossover points).

A comparison of the cyclic change in modulus that occurred
during fatigue at 1, 10, and 50 Hz is shown in Fig. 10 for maxi-
mum fatigue stresses of 335 and 375 MPa. Beyond 1000 fatigue
cycles, the decrease in modulus at 50 Hz was considerably
greater than at 1 and 10 Hz, indicating an increase in the rate at
which microstructural damage accumulates (this result is con-
sistent with the decreased fatigue life at 50 Hz).

As discussed in detail above, during fatigue at 335 MPa the
modulus initially decreases, reaches a minimum, and finally
undergoes a partial recovery. To determine if the observed
increase in matrix crack density was responsible for the initial
decrease in modulus, it is instructive to compare the cyclic rate
of modulus decay with the rate of decrease in matrix crack spac-
ing. These comparisons are shown in Fig. 11 for loading fre-
quencies of 1 and 10 Hz. Although the surface crack spacing
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reached a plateau within 100 cycles, the modulus continued to
decrease until roughly 100000 cycles. This pronounced lag in
stabilization of the modulus, which has also been observed for
unidirectional Nicalon/CAS composites,” indicates that addi-
tional mechanisms contribute to the initial decay in modulus.
Possible mechanisms that could influence the decrease in mod-
ulus include (1) additional crack growth in the interior of the
specimen, (2) progressive interfacial debonding, (3) a decrease
in interfacial shear stress caused by wear along fiber/fiber and
fiber/matrix interfaces, and (4) the progressive fracture of fibers
that have strengths at the low end of the statistical strength dis-
tribution. This latter mechanism would act in parallel with
interfacial debonding and frictional wear, both of which would
cause a progressive transfer of load from the matrix to the fibers
as the frictional shear stress along the interfaces decreases (it is
important to note that as additional load is transferred to the
fibers, the probability of fiber failure increases).

(6) Frictional Heating during Fatigue

The temperature rise measured during 10-Hz fatigue at a
peak stress of 335 MPa is shown in Fig. 12. For fatigue at stress
levels that were low enough to avoid fatigue failure, earlier
studies with C,/SiC"* and Nicalon SiC;/CAS-II"""' composites
had shown that the temperature rise associated with frictional
heating typically exhibits an initially sharp increase, followed
by a peak and gradual decay. Although frictional heating
requires the presence of interfacial debonding, it does not
require that fractured fibers be present, since relative slip can
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Fig. 9. Influence of maximum fatigue stress and accumulated fatigue cycles on the cyclic stress—strain modulus of C;/SiC composites fatigued at
loading frequencies of 1 and 10 Hz. The modulus, determined by a best fit through the upper and lower limits of the cyclic stress—strain curves (see
Figs. 8(a) and (b)) was normalized with respect to the average modulus for the first fatigue cycle.
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Fig. 10. Influence of loading frequency and accumulated fatigue cycles on the cyclic stress—strain modulus of C,/SiC composites: (a) 335 MPa (the
inset shows initial decrease up to 100000 cycles); note the partial recovery in modulus at 1 and 10 Hz and the progressive decay at 50 Hz. (b) 375
MPa. The modulus was normalized with respect to the average modulus measured for the first fatigue cycle.
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Fig. 11. Comparison between the cyclic rate of modulus decay dur-
ing the initial stages of fatigue and the rate of decrease in matrix crack
spacing for 1- and 10-Hz fatigue loading at 335 MPa.

occur along debonded fiber/matrix interfaces and between fiber
bundles and the surrounding matrix; in fact, for low stress lev-
els, where the percentage of fractured fibers is small, the major-
ity of heating is caused by slip of unfractured fibers. In general
terms, the initial increase in temperature rise is caused by the
progressive accumulation of microstructural damage, which
involves an increase in matrix crack density and debonding
between fiber bundles and between individual fibers and the
surrounding matrix; if the applied stress is sufficient to cause
fiber fracture, the slip of fractured fibers will also contribute to
the temperature rise.

Since the temperature rise is related to the microstructural
damage state of the composite, it is interesting to compare the
temperature change that occurs during fatigue with the cyclic
change in modulus. This comparison is shown in Fig. 12 for
fatigue at 10 Hz under a peak stress of 335 MPa. The specimen
temperature increased during the first 25000 cycles to a maxi-
mum of roughly 12°C, and remained approximately constant up
to 50000 cycles, after which it slowly decayed to approxi-
mately 8.5°C at 1 X 10° cycles. The initial decrease in modulus
roughly parallels the increase in specimen temperature; how-
ever, the temperature rise peaks at roughly 25000 cycles,
whereas the modulus reaches a minimum between 100000 and
200000 cycles. The initial increase in temperature is attributed
to the increase in matrix crack density as well as an increase in
the number and length of debonded fiber/matrix interfaces in
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Fig. 12. Temperature rise and change in modulus during the fatigue
of C,/SiC at 10 Hz and a maximum stress of 335 MPa. After an initial
increase, caused by an increase in matrix crack density and interfacial
debonding, the temperature slowly decays. This decay is attributed to
wear along the various fiber/matrix interfaces within the composite.

the composite (note that although the surface crack density rap-
idly stabilizes, further crack growth is possible in the interior of
the composite). The initial decay in temperature is attributed to
additional wear damage along the fiber/matrix interfaces. At a
later stage, the slight recovery in modulus, which as noted ear-
lier has been observed for other fiber-reinforced ceramics, may
be caused by fretting damage along the fiber/matrix interface,
which would increase the average level of frictional shear stress
(note that for load-controlled fatigue, an increase in specimen
stiffness will lead to a proportional decrease in strain ampli-
tude™). Since frictional heating roughly scales with the strain
range, an increase in modulus will cause a proportional
decrease in temperature.

The maximum temperature rise is plotted in Fig. 13 for the
fatigue experiments performed at 1 and 10 Hz, and also for sev-
eral of the experiments conducted at 50 Hz. Consistent with
previous work on C,/SiC composites,"® the temperature rise
increased as the loading frequency and maximum fatigue stress
were increased. The implications of this temperature rise on
fatigue life are discussed in a later section.

*'For uniaxial fatigue loading, the strain range A€ is related to the nominal stress
range Ao and the axial modulus E, by Ae = Ag/E..
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Fig. 13. Stress and loading frequency dependence of maximum tem-
perature rise for the tension—tension fatigue of C./SiC specimens. In
many instances the short duration of the 50-Hz experiments did not
allow a determination of maximum temperature rise to be made. The
ambient temperature was 22°C.

(7) Influence of Fatigue Loading on Monotonic Tensile
Behavior

The postfatigue monotonic tensile behavior of specimens
that were fatigued to runout at 335 MPa was investigated (only
the specimens fatigued at 1 and 10 Hz survived at this stress
level). As shown in Fig. 14, the stress—strain behavior and ulti-
mate strength found after fatigue loading differed significantly
from that found for virgin specimens. Moreover, for stresses
above roughly 200 MPa, the tangent modulus was higher than
that found for virgin specimens.

To determine if the increase in strength observed after fatigue
could be attributed specifically to the cyclic loading process, a
specimen was subjected to sustained static loading for 28 h ata
stress of 335 MPa (28 h is the time equivalent to 1 X 10° fatigue
cycles at 10 Hz). As shown in Fig. 14, the residual strength after
static loading was approximately the same as that found with
virgin specimens (a similar result was obtained for a specimen
that was statically loaded for 28 h at 375 MPa). The residual
strain offset (see Fig. 14) and average matrix crack spacing
were similar for the static and cyclic loading histories. More-
over, the tensile modulus measured after fatigue and static load-
ing was virtually identical up to the failure stress of
approximately 420 MPa. The similarity in residual strain,
matrix crack spacing, and modulus for the fatigued and stati-
cally loaded specimens leads to an important question; namely,
what is the difference between the local microstructural damage
states for static and cyclic loading that provides the strength
increase after cyclic loading? Since the answer to this question
will provide insight into the microstructural changes that occur
during fatigue loading, it is of interest to speculate on possible
mechanisms. Cyclic loading would tend to relieve the stress
concentration near fiber kinks by a process of matrix fracture
and interfacial debonding, followed by cyclic wear along fiber/
matrix and fiber/fiber interfaces (note that although the surface
crack spacings were similar for static and cyclic loading, cyclic
loading may be required for the propagation of cracks into the
specimen interior). Support for this mechanism was obtained
from microstructural investigation of the specimens that failed
under fatigue loading; these specimens typically showed a ran-
dom distribution of 0° fiber failures within the fiber cloth,
whereas virgin specimens, loaded monotonically to failure,
failed predominantly by bundle rupture near the crossover
points of the 0° and 90° fiber bundles, indicating that stress con-
centration at these locations limits the strength.

(8) Fatigue Life—Discussion

The reduction in fatigue life observed at 50 Hz is in general
agreement with recent experimental results that the tension—
tension fatigue life of unidirectional Nicalon/CAS-II compos-
ites decreased by several orders of magnitude as the loading fre-
quency was increased from 10 to 350 Hz.!' Although it appears
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Fig. 14. Comparison between the initial monotonic tensile behavior
of C,/SiC composites and the tensile behavior after fatigue or static
loading. The fatigue experiment was conducted for 1 X 109 cycles at a
peak stress of 335 MPa (R = 0.1) and loading frequency of 10 Hz. The
static loading experiment was conducted at a nominal stress of 335
MPa for a period of 28 h (28 h corresponds to 1 X 10° cycles at 10 Hz).
Note that the strength after static loading was limited to the monotonic
strength found for virgin specimens.

that most fiber-reinforced ceramics experience a decrease in
fatigue life when subjected to high loading frequencies, the
mechanisms responsible for this decrease may differ depending
upon the particular composite system. In other words, there
may be several mechanisms acting in parallel—the dominance
of a particular mechanism depending upon the fiber architecture
and frictional heating characteristics. For example, in the case
of unidirectional Nicalon/CAS composites, the frequency
dependence of fatigue life is caused by accelerated microstruc-
tural damage that occurs in the vicinity of the fiber/matrix inter-
face at high loading frequencies (in this composite differential
thermal expansion associated with the near-interface tempera-
ture rise increased the amount of radial cracking in the
matrix)."" For the C,/SiC composites, there was a definite
change in failure mode at 50 Hz; compared to fatigue failures at
1 and 10 Hz, failures at 50 Hz exhibited considerably more
delamination between the fiber plies. Because of the relatively
low temperature rise found with C;/SiC composites (at 50 Hz
the bulk temperature rise was 27°C for a peak stress of 335
MPa), it is plausible to assume that interfacial temperature did
not play an important role in the fatigue damage process (e.g.,
by the generation of differential thermal strains which could
further propagate debonding or matrix fracture). This leads us
to speculate on other possible damage mechanisms that would
dominate in woven composites such as C,/SiC. For example, it
is possible that at 50 Hz a different microstructural damage
state evolves during the initial stages of fatigue. This hypothesis
is supported by recent room-temperature fatigue experiments
with 0°/90° CVI Nicalon SiC,/SiC composites which show that
prefatigue at low stress levels and loading frequencies can sig-
nificantly increase the fatigue limit at higher loading frequen-
cies.” It can be inferred from these results that it takes a finite
amount of time to develop a favorable microstructural “damage
state.” High frequency fatigue loading may not allow sufficient
time for a redistribution in internal stresses to occur during the
initial stages of fatigue in brittle-matrix composites with woven
fiber architectures. In the case of C,/SiC composites this favor-
able damage state presumably lowers the residual stresses in the
composite and decreases the stress intensity near matrix cracks.
The possibility also exists that the degree of interfacial wear
increases with loading frequency. This would lead to further
crack extension as the crack bridging force decreases. At this
stage of the research we cannot be more specific about the pre-
cise damage mechanisms. It is clear that additional work is
required to further elucidate the mechanisms of high-frequency
fatigue damage in C;/SiC composites. This effort must include
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an analysis of the stress distribution near the bridging fiber bun-
dles and the failure probability of the segments of the fiber bun-
dles that bridge the many matrix cracks present in C,/SiC
composites.

(9) Summary Remarks

Although one of the primary objectives of this paper was
met, namely to determine if loading frequency influences the
fatigue life of C;/SiC composites, many issues remain concern-
ing the mechanisms that are responsible for the reduction in
fatigue life. In particular, experiments need to be conducted at
much higher loading frequencies to determine if the fatigue life
degrades further at loading frequencies above 50 Hz (as has
been recently observed with unidirectional Nicalon/CAS-II
composites).'' This frequency dependence of fatigue life has
many practical implications, since fiber-reinforced ceramics are
under consideration for use as structural members in advanced
aircraft and gas turbines. These applications will involve low-
amplitude high-frequency fatigue loading at both ambient and
elevated temperatures. At elevated temperatures it is also
important to determine how creep-fatigue interactions will
influence component life and residual strength.

IV. Conclusions

(1) The fatigue limit of 0°/90° C//SiC composites decreases
as the loading frequency is increased. Compared to the fatigue
life at 1 and 10 Hz, the fatigue life was lower at 50 Hz. For load-
ing frequencies of 1 and 10 Hz the fatigue limit was 335 MPa,
which is 80% of the initial monotonic strength of approximately
420 MPa. At 50 Hz the fatigue limit was below 310 MPa.

(2) After aninitial decay, a slight recovery in cyclic stress—
strain modulus was observed during fatigue at 335 MPa under
frequencies of I and 10 Hz,; a progressive reduction in compos-
ite stiffness was found during fatigue above 335 MPa. At the
fatigue limit (335 MPa), the modulus recovered by as much as
10% compared to the first-cycle modulus). Above the fatigue
limit, the rate of modulus decay increased substantially with a
small increase in stress.

(3) For fatigue at a maximum stress of 335 MPa, and for
loading frequencies of 1 and 10 Hz, the matrix crack spacing
decreased rapidly within the first 100 cycles and remained con-
stant thereafter. The decrease in matrix crack spacing occurred
at a higher rate than the decay in modulus, indicating that other
factors contributed to the decay in modulus; probable mecha-
nisms include a decrease in frictional shear stress along the
fiber/matrix interface, internal crack growth and fiber fractures.
For specimens fatigued above the fatigue limit, the crack spac-
ing exhibited a continual decrease from the onset of loading.

(4) Internal frictional heating was observed at all frequen-
cies and stress levels studied. The extent of frictional heating
increased with an increase in maximum fatigue stress and load-
ing frequency. During long-duration fatigue, an initial tempera-
ture rise, followed by a gradual decrease was observed. In
parallel with the decrease in temperature, a gradual decrease in
stress—strain hysteresis was observed; these results support a
process of gradual wear of the fiber/fiber and fiber/matrix
interfaces.

(5) The tensile strength of the composite increased after
low-frequency fatigue at a maximum stress of 335 MPa. After
1 X 10° fatigue cycles at 335 MPa, the ultimate strength was
500 MPa, compared to approximately 420 MPa for virgin spec-

imens. Specimens subjected to static loading at 335 and 375
MPa for 28 h exhibited a residual strength similar to that found

with virgin specimens. It was proposed that the strength
increase is related to a decrease in the stress concentration near
the crossover points between the 0° and 90° fibers.

(6) Insight into the mechanisms of fatigue damage in brit-
tle-matrix composites with woven fiber architectures was
obtained. Fatigue damage is intimately related to the nonuni-
form stress and strain distributions present in woven fiber archi-
tectures. The nonuniformity of stress near the crossover points
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of fiber bundles leads to matrix cracking at these locations as
the 0° bundles attempt to align with the tensile loading direc-
tion. In parallel, delamination between individual plies occurs
by cracking. Cyclic wear damage between the various fiber/
matrix and fiber/fiber interfaces in the composite accelerates the
interfacial debonding process and leads to a redistribution in
internal stresses.
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