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The monotonic and high-frequency (100 Hz) fatigue behav-
ior of two Nicalon-fabric-reinforced SICON matrix com-
posites was investigated at room temperature. The matrix
composition was varied by the addition of BN and SiC
particulate fillers, to contain shrinkage from processing by
polymer infiltration and pyrolysis (PIP). The composites
had strong fiber/matrix bonding, which resulted in sub-
stantially less frictional heating than observed with weakly
bonded composites. Both composites exhibited fatigue run-
out at 10" cycles at[80% of the monotonic strength. Com-
parison with existing fatigue data in the literature (for the
same composites) at 1 Hz shows no change in fatigue life;
i.e., no frequency effect was observed. Most of the stiffness
reduction in the composites occurred in the first fatigue
cycle, whereas subsequent decreases in moduli were attrib-
uted to limited fiber cracking. The major driving force for
failure was the localized debonding of transverse and lon-
gitudinal plies at the crossover points in the fabric, which,
when linked, resulted in interlaminar damage and failure
in the composite.

Temperature increases during fatigue have also been ob-
served in thermoplastic-polymer-matrix composites, although,
in polymers, the viscoelastic nature of the matrix is the primary
mechanism responsible for heatihghe temperature associ-
ated with frictional sliding in CFCMCs has been documented
in hot-pressed Nicalon™ (Nippon Carbon Co., Tokyo, Ja-
pan)/CAS Il composites and chemical-vapor-infiltrated
C/SiC10-11At a frequency of 85 Hz and aR ratio (0 min/0 max)
of 0.04 in C/SiC, a temperature increase of 50 K was observed.
Large temperature increases have also been observed by
Koch and GrathwoRP in 100 Hz fatigue of Tyranno/C/SiC
composites.

The effect of loading frequency on the high-frequency fa-
tigue behavior of a Nicalon/CAS Il glass-matrix composite
showed that, unlike monolithic ceramics, fatigue life of this
composite decreased rapidly as the loading frequency in-
creased? During fatigue, wear occurs along debonded fi-
ber/matrix interfaces. By lubricating the interface, it was shown
that dramatic increases in the fatigue life of this composite
system could be obtainéd.It is believed that, by producing a
damage-tolerant CFCMC with strong fiber/matrix bonding,
fatigue properties can be enhanced, because of inhibition of
. L . . fiber/matrix sliding.

I N MANY potential applications such as turbine engines and  The emphasis of processing research in the ceramic-matrix
gas heat exchangers, continuous-fiber-reinforced ceramic-composite (CMC) area has increasingly shifted from high-
matrix composites (CFCMCs) will encounter cyclic-fatigue  temperature and’ high-cost fabrication techniques to lower-
loading at high frequencies (75 Hz or highér}. Although temperature and less-expensive processing techniques to obtain
most of the work in the area of fatigue of CFCMCs has con- gmga|| amounts of residual porosity. Polymer infiltration and
centrated on low-frequency behavfor,it has been shown that  hyrolysis (PIP) is an attractive processing route, because of its
high frequencies can exacerbate the accumulation of damaggejatively low cost. Moreover, this approach allows near-net-
during the cycling of these composites. _ shape molding and fabrication technology that is able to pro-
In CFCMCs with weak bonding between the fibers and the qyce almost fully dense composités8In PIP, the fibers are
matrix, energy dissipation via frictional sliding occurs during  jnfijtrated with an organic polymer. The polymer is heated to
cyclic loading? This energy dissipation may result in a sub- fajrly high temperatures (700°~900°C) and pyrolyzed to form a
stantial temperature increase in the composite, because of thg.eramic matrix. Because of the relatively low yield of polymer
repeated frictional sliding between the fiber and the matrix at 1o ceramic, several infiltrations are used to densify the com-
the fiber/matrix interface. Thus, the temperature increase in the posite. A large amount of shrinkage and cracking in the matrix
composite can be used as a damage parameter and, by relatingccyrs during the pyrolysis process; particulate fillers are
the amount of temperature increase to a given damage stategqged to the polymer to reduce shrinkage and to stiffen the

one can predict when a given specimen will fail. matrix material in the composité.

In this study, the fatigue behavior of an eight-harness satin-
weave Nicalon-fiber-reinforced SICON matrix composite
made by PIP was investigated. Two matrix variations were
tested: one composite had a BN filler and the other had a SiC
filler. The fibers were coated with a proprietary boron-
containing coating that created a strong bond between the fi-
- _ bers and the matrix. A debond stressldf500 MPa was ob-
SRR I ) S i T, aned o fher pshout e T w5 conddeaby

. -95-1-0206, ional Science Foundation (NSF), under NIgNEr than that observed for conventional Si IC materials
Cogrtéignhé% e?tN{Eégsg;nsi\%nual Conference on Ceramics and Composites, Coco with & Carbon Inte-rf-ace' Contrary o the Wldegpread belief th-at
Beach, FL. Jan. 1996. posttes. aaweak_ fiber/matrix interface is needed for optimum monotonic

and fatigue properties in CMCs, it will be shown that the strong
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interface in Nicalon/SiCON composites can provide both high
monotonic toughness and excellent fatigue life.
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Table I. Density and Percent Porosity of of the load train was conducted by the specifications delineated
Nicalon/SiCON Matrix Composites in the provisional ASTM standard for the monotonic tensile
Composite Density (g/ch) Open porosity (%) testing of continuous-fiber-reinforced ceramic-matrix compos-

ites?? At a load of 1 kN (equivalent to <500 microstrain), the
amount of bending in the specimen was <5% of the tensile
uniaxial strain. Experiments were conducted at a minimum
stress of 10 MPa and a loading frequency of 100 Hz (100
cycles per second). A water-cooled chamber was used to main-
. . . . . tain a constant temperature around the specimen during
The monotonic and high-frequency fatigue behavior was in- e experiments. Temperature measurements of the specimen
vestigated at room temperature. The temperature increase iNyere conducted using an infrared pyrometer, and a high-
the test specimens, because of frictional heating, and the St'ff'frequency extensometer was used to measure strain. The
ness reduction during the fatigue tests were monitored to char-gyge |naded specimens were machined using conventional dia-
acterize the damage state of the composite. Scanning electrony, g4 tooling to a length of 111 mm, with a gauge length of 33

microscopy (SEM) was used to identify microstructural mm “petails of the testing and gripping procedures are given

Nicalon/SiCON, BN filler 2.107 5.17
Nicalon/SiCON, SiC filler 2.215 5.08

damage that occurred during fatigue. elsewherd0.11.13,14
Specimen gauge sections were polished and surface replicas
Il. Experimental Procedure were taken at intermediate points of the test, in an attempt to

observe any progression in damage. The fatigue test was

As mentioned in the introduction, the Nicalon/SICON com- stopped and the replica was taken at intermediate and/or maxi-
posites were processed by using PIP. The woven eight-harnesgnum loads, because, at the minimum load, any potential matrix
satin-fiber fabric was coated with a proprietary boron- cracks could close. The specimen was also removed from the
containing interface, stacked, and infiltrated. The volume frac- grip periodically and the gauge section was examined via SEM.
tion of fibers in the composite was nominally 50%. The com-
posites were infiltrated with a mixture of polymer and filler m
particles during the first infiltration, whereas nine or ten sub- )
sequent infiltrations were made with polymer only. One com- ) ] ]
posite had 20% BN particles in the matrix, whereas the second(1) As-Received Microstructure of the Composites
composite had 40% SiC particles. The polymer-pyrolyzed Filler composition profoundly affected the degree of pro-
amorphous ceramic matrix consisted of a mixture of silicon, cessing-related cracking in the matrix. The matrix with BN
carbon, nitrogen, and oxygen. filler was relatively crack free, compared to the matrix with

Porosity was measured by using the Archimedes method SiC filler, as shown in Fig. 1. However, the addition of SiC to
(water displacement). Typically, in large parts made by PIP, the matrix was not as effective in containing shrinkage during
the outside of the material is well infiltrated and, thus, has less pyrolysis, which resulted in cracks through fiber bundles, as
porosity than the inside or the bulk of the material. In this shown in Fig. 1(b). The filler network obtained during filler-
study, however, reinfiltration has been conducted on the tensile controlled pyrolysis, which has been described in the introduc-
bars themselves, so infiltration is homogenous throughout thetion, was observed in the microstructure of both composites
specimen, because of smaller dimensions, especially the thick-(Fig. 2).
ness of the specimen. Table | shows the density and percent ) ) )
porosity of the BN- and SiC-filler composites. (2) Monotonic Tensile Behavior

Testing was conducted using a high-frequency servohydrau- Figure 3 shows monotonic tensile curves for the two com-
lic load frame (MTS Systems, Eden Prairie, MN). Alignment posites. The composite with BN filler had a higher strength;

Results and Discussion

Fig. 1. As-received microstructure of the composites with (a) BN filler, which was relatively crack free, and (b) SiC filler, which is not as effective
in containing shrinkage during pyrolysis, resulting in cracks through the fiber bundles.
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because tests on unidirectional composites in the same matrix
show linear stress—strain behavior to failure with little strain at
fracture?? Thus, a strong interface, coupled with the woven
nature of the fiber architecture, can lead to high strain to failure
and high strength of these composites. The precise nature
of these mechanisms is described in the next section, which
addresses fatigue behavior.

(3) Fatigue Life
The stress—cycleSEN) curves for the composites are shown
in Fig. 4. At high cycles £10°), a clustering of failures in the
two materials was observed; i.e., the fatigue lives of the two
materials in the high-cycle regime were approximately the
same. Slightly below the monotonic strength (e.g., 20 MPa
below the ultimate tensile strengit (), the fatigue life of the
composite wa$110* cycles.
Both composites show fatigue runout af t@cles at a stress
of 200 MPa, which is close to 80% of the monotonic tensile
strength. This high value for the fatigue limit is comparable to
Fig. 2. Optical micrograph of filler network obtained during filler-  that of Nicalon/SiC materials with a carbon interfefce.2324
controlled pyrolysis in BN- and SiC-filler composites. However, the magnitude of the tensile strength of Nicalon/SiC
materials is onlytlL60—-200 MPa, compared to 300—-350 MPa
for Nicalon/SICON composites.
Lara-Curzioet al® studied the Nicalon/SICON composite
however, in the linearly elastic region of the material, a lower with SiC filler at lower frequencies (1 Hz) and, because of a
stiffness was observed, compared to that of the composite withlonger test duration at 1 Hz, determined that no failures &t 10
the SiC filler. Clearly, the addition of the SiC filler increased cycles was a satisfactory endurance limit. In this study, endur-
the modulus of the matrix and, therefore, the modulus of the ance limits of the composite were measured at @&fcles;
composite was also increased. Although the reinforcement vol- however, failures were observed at fatigue lives as high as 7 x
ume fraction and architecture in both composites was the same,10° cycles. TheS-N curve obtained in this study is very similar
the SiC composite had a lower strength. An explanation for this to that of Lara-Curzicet al.?®> which indicates that there is no
behavior is provided in Section 1) (“Damage Mechanisms”). significant effect of frequency on the fatigue life of this com-
Because the fiber was very strongly bonded to the matrix, posite. One reason for this phenomenon may be the strong
the well-documented mechanisms of matrix cracking, followed interfacial bonding between the fiber and the matrix, such that
by fiber debonding and crack deflection and finally fiber pull- fiber/matrix wear during fatigue is inhibited. In composites
out, did not apply in these composites. Instead, because of thewith a weak fiber/matrix bond, wear rates at the interface are
woven nature of this material, the occurrence of a distinct much faster at higher frequencies, which results in more pre-
proportional limit in the monotonic curves was attributed to mature failures. Because there seems to be no effect of fre-
localized matrix cracking and debonding between longitudinal quency in this composite system, testing at higher frequencies
and transverse fiber bundles at the crossover points in the wo-is a more attractive way of testing the composite for higher
ven fabric. More credence can be given to this mechanism lifetimes in a shorter amount of time.
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Fig. 3. Monotonic tensile curves for BN- and SiC-filler composites.
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Fig. 4. Stress—cyclesN) curve for the composites tested in fatigue  F19: 5. Severe cracking of a transverse bundle that crosses over a
at a frequency of 100 Hz. longitudinal bundle in a specimen that was fatigued.
(4) Damage Mechanisms taken from a failed specimen, because they could not be

K observed during the test.
d Thus, the damage evolution process is envisioned to occur as
follows. Because of strain mismatches between transverse and
longitudinal bundles, matrix microcracking occurs at the con-
tact points between the two types of bundles. This damage
occurs at low stresses, with pronounced damage occurring at
the proportional limit stress. Stress relief in the transverse
bundle may also occur through the formation of microscopic
matrix cracks or cracks that emanate from processing pores.
In the composite with the BN filler, with an increase in
damage, the localized debonded sites and cracks resulted in
interlaminar cracking and failure, as shown in Fig. 6. Inter-
laminar failure during compressive fatigue in woven CFCMCs
has also been reported in C/SiC composite®.

Unlike most unidirectional and woven CMCs with weal
fiber/matrix interfaces, transverse cracks were not observe
during cycling. These observations were taken based on sur-
face replicas as well as SEM examination of the gauge length
of the specimen of the composite.

To explain the damage mechanisms, we must first examine
the strong interfacial bond between the fiber and the matrix in
this composite system. Because of the strong nature of bond-
ing, any matrix microcracks are either arrested by fibers or
propagate through the fibers, without debonding or crack de-
flection at the fiber/matrix interface. However, fiber cracking
will only occur if stresses are high enough for fiber fracture,
and, because of the soft nature of the matrix, cracks will not
necessarily propagate in a catastrophic fashion. Furthermore,
matrix cracks may also be deflected by the particulate filler in
the matrix before reaching the fiber/matrix interface.

A decrease in the tangent modulus may be attributed to
debonding of the longitudinal and transverse bundles, which
results in debonding of the plies. The wavy parts of the bundles
are prone to debonding, because of strain mismatch betwee
plies. Several studies of two-dimensional fiber-fabric-
reinforced polymer-matrix composites have documented simi-
lar mechanism3&%-28 These weave crossover regions may D :1—5 @
debond if the stresses exceed the bond strength between E E,
bundles. With a higher applied stress, it is likely that the
debonded region increases. Figure 5 shows severe cracking ofvere E; is the initial modulus, taken from the linearly elastic
a transverse bundle that crosses over a longitudinal bundle in aportion of the loading curve, anl is the modulus at a given
failed specimen that was fatigued. These observations werenumber of cycles. Figure 7 shows that, in both composites, the

(5) Stress—Strain Hysteresis and Modulus Reduction
From stress—strain hysteresis measurements and modulus re-
duction data, it was determined that the majority of damage in
the composite during fatigue occurred during initial loading.
amage was quantified by defining a normalized damage
parameteiDg, which is given by-3*

near fracture surface

\ 0.5 mm
away from fracture surface

Fig. 6. SEM micrograph of interlaminar cracking and failure during fatigue, resulting from the linkage of localized debonded sites at crossover
points between longitudinal and transverse bundles.
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Fig. 7. Damage versus cycles in (a) the BN-filler composite and (b) the SiC-filler composite. In both composites, the majority of damage occurred
in the first cycle.

majority of damage occurred in the first cycle. A similar ob- The irreversible damage that occurred in the first cycle or
servation has been reported for 1 Hz fatigue of the same com-loading ramp can be attributed to debonding and microcracking
posite system’ The higher the initial loading stress (also the at crossing points of longitudinal and transverse bundles, as
cycling stress), the higher the degree of damage. Subsequentescribed previously. This damage mechanism is in distinct
cyclic damage after the first cycle was rather limited. At a contrast with the fatigue behavior of unidirectional
stress level slightly above the proportional limit, the modulus Nicalon/CAS, for example, where the fiber/matrix bonding is
decrease after the first cycle was more gradual, attaining aquite weak (debond stress @400 MPa and an interfacial slid-
saturation point atlL(f cycles. ing stress £) of 8-10 MPa)3? Hysteresis loops in the latter
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system show an S-shaped behaiét which is characterized  fracture all seems to occur during fatigue, after very localized
by changes in the interfacial shear stress at the fiber/matrix matrix cracking. The SEM micrographs in Fig. 10, taken from
interface during loading and unloading. Furthermore, in aspecimen of an interrupted fatigue test, show localized matrix
Nicalon/CAS, an increase in the modulus is observed at high cracks that have propagated through the fibers.

cycles; this increase is attributed to an increase in the interfacial The degree of debonding between the bundles was depen-
shear stress. In the present system, no S-shape has been oldent on the applied stress. If the stress level was high enough,
served in the hysteresis loops and the amount of permanentmost of the bundle debonding occurred in the first cycle, as
strain is negligible, which leads us to believe that fiber sliding shown by the large increase in the damage paranigi€Fig.

is not a factor (Fig. 8). Rather, the relative motion of bundles 7). At stresses close to the proportional limit, the damage ac-
in the weave would seem to be responsible for the hysteresis,cumulation was more gradual, which indicates possible pro-
and the “soft” nature of the matrix contributes to very little  gressive debonding of the fiber bundles until the rate of damage

residual strain on unloading. accumulation became increasingly small.
o . . It is instructive to once again compare the behavior of
(6) Frictional Heating Behavior Nicalon/SiCON with that of unidirectional Nicalon/CAS with a

A significant increase in temperature in both composites was Weak fiber/matrix interfacé? In the latter system, the magni-
observed during high-frequency fatigue. A transient stage was tude of heating is quite large, because of frictional sliding at the
observed, where the specimen began to heat up until an equi.fiber/matrix interface, where a large number of small-diameter
librium was achieved with the surrounding environment. When fibers are allowed to slide and dissipate heat during fatigue.
the specimen reaches an equilibrium temperature, any increasé\lso, a bell-shaped temperature curve is obsef¢éd.**This
in temperature can be attributed to incremental damage. Ascurve is attributed to easy slip in the beginning of fatigue
shown in Fig. 9, the transient stage is almost instantaneous.(lower 7) and higher temperature increase, followed by re-
This stage is followed by a region where the temperature re- stricted slip in the latter parts of the test (highgrand lower
mains fairly constant, which indicates a plateau in the damage temperature increase. In the present study, fiber sliding is not a
level of the composite. In the last portion of the fatigue life of Ssignificant damage mechanism. Preliminary fiber pushout stud-
the composite, an increase in temperature is observed, followedes in virgin and fatigued specimens show little changes in
by failure. The length of the plateau region is highly dependent debond stress and interfacial sliding strés.
on the applied stress. At 120 MPa, the plateau region continues )
until fatigue runout of the material. At 240 MPa, the plateau (7) Residual Strength
region is longer than that at 280 MPa, where it is almost absent Samples that survived 1&ycles at 200 MPa were tested
(i.e., the temperature exhibits a continuous increase from the monotonically to determine the effect of fatigue on the residual
onset of equilibrium). Thus, in addition to providing a quanti- strength of the composite. The behavior of the composites also
tative estimate of the energy dissipation in the composite, the provided some insight into the damage mechanisms in the
temperature increase can be used as a damage parameter. composite during fatigue.

Heating seems to have resulted from laminate and ply de- Figure 11 shows the strength of the virgin material and re-
lamination and the accompanying friction between two sur- sidual strength of the BN filler composite after fatigue. The
faces during fatigue. When debonding between the bundlesfatigued specimen had a very small amount of accumulated
occurs, frictional slip between the fiber bundles at the cross- strain and the ultimate strength of the composite was higher
over points in the weave is responsible for slight increases in than that of the virgin material. Furthermore, the stress—strain
the specimen temperature. This mechanism, which results incurve for the fatigued specimen was linear, up to the applied
limited heating, is currently under investigation. Limited fiber maximum fatigue stress. The increase in strength is similar to

300 . . r ——
10°10*
10°
250 | -
200 | initial ra =
—~
o
o
=
<= 150 } -
[2]
(%]
4]
e
n
100 F -
50 | DGC-20BN-11 -
280 MPa - 100 Hz, room temperature
Ceramic Composites Research Laboratory|
December 14, 1995
O 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

" Strain (%)

Fig. 8. Stress—strain hysteresis in Nicalon/SiCON with BN filler. Note the absence of an S-shaped loop (normally associated with fiber sliding)
and a negligible amount of permanent strain.
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Fig. 9. Temperature increase versus cycles in (a) the BN-filler composite and (b) the SiC-filler composite; a slight increase in temperature with
increasing cycles was observed after stabilization, which continued to increase until failure of the composite occurred.
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Fig. 10. SEM micrographs of localized fiber fracture from a specimen taken from an interrupted fatigue test.

that observed in a woven C/SiC composite that was investi- stretch while the transverse bundles align themselves. A higher
gated by Shuleet al** As described previously, the mecha- strain to failure was achieved with stretching of the weave; i.e.,
nism responsible for higher strength after fatigue in Nicalon/ because fatigue damage likely redistributes and reduces the
SiCON is the alignment of the weave during fatigue. Figure 12 severity of localized stresses in the composite, more-uniform
is a schematic of a variation of a mechanism proposed by loading of the bundles can occur.

Shuleret al** that shows weave alignment and straightening  In the SiC-filler composite, the residual strength of the com-
mechanisms that occur during fatigue of the woven composite. posite after fatigue was approximately the same as that of the
The matrix with BN filler was very compliant, unlike the SIC  virgin material (Fig. 13). Because of the stiffer nature of SiC-
matrix in the work by Shuleet al!! Because the BN-filler filled matrix, the fatigue process did not reduce or redistribute
matrix is not a conventionally brittle ceramic matrix, weave- localized stresses in the composite. This phenomenon is dem-
stretching and aligning mechanisms can easily occur, with the onstrated further by the fracture surface in the SiC-filler com-
relief of strain mismatches allowing longitudinal bundles to posite, which shows planar fracture with no sign of interlami-
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Fig. 11. Residual strength after fatigue versus virgin material strength in the BN-filler composite; the BN-filler composite has higher strength,
because of the straightening and aligning processes of the fiber fabric during the fatigue process.
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Fig. 12. Schematic of the stretching of the weave and realignment of transverse fiber bundles, which occurs during fatigue of Nicalon/SiCON with
a BN filler.

nar shear (Fig. 14). Because fiber fracture likely did not occur during fatigue occurred between crossover points of longi-
at a fatigue stress of 200 MPa, the strength of the SiC tudinal and transverse fiber bundles, which are postulated to
composite remained the same as that of the virgin material. occur due to strain mismatches between the bundles. By
debonding these sites and relieving the stress concentra-
tions, alignment of the weave occurred in the BN-filler com-
posite, which resulted in higher post-fatigue strengths in that
Several conclusions were obtained from this study of the composite.
high-frequency fatigue behavior of Nicalon/SICON matrix (3) Because fatigue did not redistribute or reduce any lo-
composites: calized stresses in the SiC-filler composite, weave-stretching
(1) A strong interface between the fiber and the matrix mechanisms were thought to be inhibited; thus, no increase in
hinders interfacial sliding and the amount of frictional heating strength after fatigue was observed.
during fatigue. Because interface sliding was not a factor inthis  (4) The largest amount of damage during fatigue occurred
composite system, frequency does not seem to have a role induring the first cycle, especially at or above the proportional
the fatigue life of the composite. limit of the composite, where the bulk of transverse—longitudinal
(2) Microstructural observations indicated that damage ply debonding occurred.

IV. Conclusions
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Fig. 13. Residual strength after fatigue versus virgin material strength in the SiC-filler composite. Strengths between fatigued and virgin materials
are similar because of the absence of weave-aligning processes.
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Fig. 14.

magnification micrograph, showing cracks from processing.
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