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In this work, we study the fatigue behavior of a C/SiC composite produced by several cycles of polymer infil-
tration and pyrolysis (PIP). Fatigue tests were performed with maximum stresses corresponding to 60-90% of the
tensile strength of the composite. During the fatigue tests, acoustic emission (AE) monitoring was performed and
the measured AE energy was utilized to quantify the damage and distinguish possible damage mechanisms. Most
of the fatigue damage in the form of matrix cracking, interface damage and fiber breakage occurs in the first

cycle. As loading cycles proceeded, damage in form of matrix crack re-opening and interfacial friction constantly
accumulates. Nevertheless, all samples survived the run-out of 1,000,000 cycles. After the fatigue tests, an in-
crease of the tensile strength is observed. This phenomenon is associated with the relief of process-induced in-
ternal thermal stresses and the weakening of the fiber-matrix interface. In general, the studied material shows
very high relative fatigue limit of 90% of its tensile strength.

1. Introduction

Ceramic matrix composites (CMCs) combine the inherent hardness
and thermal/chemical stability of ceramics with a higher damage
tolerance due to fiber reinforcement. Among this class of materials,
carbon fiber reinforced silicon carbide (C/SiC) composites distinguish
themselves due to their low density, high specific strength and modulus,
as well as excellent thermal shock resistance [1-3]. Hence, C/SiC com-
posites are of interest for the production of high-temperature structural
components for aerospace, advanced friction systems and energy in-
dustry applications. For instance, current C/SiC composites are used for
panels, winglets, lifting wings and fuselage doors in recoverable space-
craft, thermal protection systems of space shuttles, space mirrors, etc
[4].

During the aforementioned applications, high-frequency vibrations
caused by noise in operation conditions, as well as mechanical and
thermal stresses caused by high-speed air scouring, can lead to the
failure of components due to fatigue [3,5,6]. Therefore, fatigue
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resistance is one of the key factors that determines the structural reli-
ability and stability for such applications, in particular, if human lives
depend on it. Hence, the study of the fatigue behavior and post-fatigue
properties is of great importance for the development of not only C/SiC
composites, but CMCs in general. In this sense, many works about tensile
fatigue tests of C/SiC and SiC/SiC at room or elevated temperatures can
be found in the literature [7-11]. CMCs generally show high fatigue
limits, which depends on the induced fatigue damage that is rather
complex [12-16]. The fatigue damage can also influence the
post-fatigue mechanical behavior of the composites. It has been reported
that the interfacial variation and crack multiplication under tensile fa-
tigue stress can either increase or decrease the residual strength of CMCs
[10,13,17]. Therefore, some researchers focus on studying the damage
development during fatigue loading of CMCs. For instance, Morscher
et al. [18,19] investigated the fracture behavior of SiC/SiC composites
during loading-unloading processes via acoustic emission monitoring
(AE). In our previous work [20], AE was also used to describe the fatigue
damage type, which was then related to the stress-strain response of
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2.5D C/C-SiC composites after fatigue loading. Furthermore, Momon
etal. [21] studied the fatigue life prediction of different SiC-based CMCs
during static fatigue tests with periodical unloading/reloading se-
quences by combining the coefficient of emission obtained by AE
detection.

In summary, the fatigue behavior and post-fatigue properties of
CMCs depend on their complicated damage characteristics, which can
be influenced by fiber architecture, interface, preparation process and
matrix of the composites. These interactions and their impact on ma-
terial properties are not fully understood yet and need further investi-
gation. Therefore, more experimental data related to the mechanical
behavior and damage development under static and dynamic stresses
will facilitate the understanding of fatigue and enable improved design
for reliability of CMCs. Hence, the objective of this work is to investigate
the mechanical response of a high-strength 2D C/SiC composite, pre-
pared by polymer infiltration and pyrolysis (PIP), to applied cyclic
mechanical loads. In general, PIP C/SiC composites show high appli-
cation potential for the production of big-size components due to low
processing temperatures and near-net-shape technology [22]. Never-
theless, there is a lack of fatigue studies on PIP C/SiC composites in the
literature. In this work, fatigue tests with different stress levels were
performed. The loading-unloading process was monitored by AE and by
measuring the dynamic modulus. Afterwards, samples that survived the
fatigue loading were characterized with quasi-static tensile tests. Fatigue
damage is analyzed based on AE analysis as well as the post-fatigue
behavior and the fracture surface of the tested specimens.

2. Experimental procedure
2.1. C/SiC composite

The studied material is a PIP C/SiC composite with 2D fiber rein-
forcement. Plain carbon cloths of 1 K PAN based carbon fibers (Toray
T300B) were used as reinforcement. A total of twenty 200 x 200 mm?
carbon fiber cloths were cut, stacked and stitched together with two
stitches per centimeter. The fiber pre-form was then infiltrated under
vacuum by a polycarbosilane/xylene solution with a mass ratio of 1:1
and cured at 150 °C for 6 h. The polycarbosilane was synthesized in the
lab with a molecular weight of ~1300 and softening point of ~210 °C.
Afterwards, the infiltrated fiber pre-form was pyrolyzed under inert gas
at 1200 °C for 2 h with heating rate of 15 °C/min. The infiltration-
pyrolysis procedure was repeated seven times. The repeated pyrolysis
cycles at relatively low temperatures were performed in order to reduce
possible process-induced defects on the material. A more detailed
description of the processing method can be found in Ref. [22]. An
example micrograph of the C/SiC composite microstructure can be seen
in Fig. 1a, while its main properties are given in Table 1.

.

150 um

Fig. 1. (a) Typical microstructure of C/SiC composite. (b) Dog-bone specimen
geometry for mechanical tests with AE sensors.

Table 1
Measured physical properties of PIP C/SiC composite. Values of tensile strength
and elastic modulus were calculated from quasi-static tensile tests on three
samples.

Sample  Fiber Bulk Open Tensile Elastic
content density (g/  porosity strength modulus
(%) cm®) (%) (MPa) (GPa)

C/SiC 45-50 1.93 3-5 217 £ 13 94.7 £ 2.4

2.2. Mechanical characterization

For the mechanical tests, dog-bone samples with a reduced cross-
section of 3 x 8 mm? were prepared by wire eroding (see Fig. 1b). All
samples were ground and polished to obtain flat surfaces. The me-
chanical tests were performed using a servo-hydraulic testing machine
Roell-Amsler System Rel 2100 (Zwick Roell Group, Ulm, Germany) with
a MTS Flex Test 40 controller. The machine is equipped with 25 kN load
cell to measure the applied force and a linear variable differential
transformer position sensor to measure the displacement. Furthermore,
the deformation of the samples was measured directly using an axial
extensometer 632.27F-30 (MTS Systems, Eden Prairie, MN, USA). Data
acquisition was performed with measuring rate of 260 Hz. During the
mechanical tests, AE monitoring was performed using an AMSY 4 system
(Vallen Systeme GmbH, Icking, Germany) with two AE sensors VS 600-
72 (400-800 kHz and @ 4.7 mm). The sensors were glued to the samples
with a distance of approximately 35 mm between each other using hot
glue (see Fig. 1b). For AE hit detection, a threshold of 48.3 dB, duration
discrimination time of 100 ps and rearm time of 1000 ps were used.
Before the tests, the velocity of AE propagation in the specimen was
measured. This was used for linear location of AE events during the
mechanical tests by measuring the difference of measuring time between
the two AE sensors. Only signals measured between the two sensors
were considered for data analysis.

Tensile-tensile fatigue tests were performed in accordance to the
standard ASTM C1360. The maximum fatigue stress was determined in
accordance to the previously measured tensile strength of as-processed
specimens (see Table 1). The selected maximum fatigue stress levels
were of 60-90% of the tensile strength of the composite. Three samples
were tested per stress level. During the tests, the samples were first
loaded to the mean stress and then fatigue loaded under load control
following a sinusoidal wave with frequency of 10 Hz and fatigue stress
ratio of 0.1. To avoid early failure of the samples due to the high fatigue
frequency, the maximum fatigue stress was slowly increased during the
first cycles until achieving the selected stress level. Samples were tested
until failure or until the run-out of 1,000,000 cycles was achieved.
Stress-strain loops were periodically recorded until the end of the test.
The dynamic moduli of the recorded cycles were calculated by per-
forming a linear regression between the first and last stress/strain data
point of the respective cycles. On the other hand, AE monitoring was
performed constantly for the first 100,000 cycles. The number of AE
events (hits) and their associated energy (1 eu = 10718 1) were
evaluated.

Samples that survived the fatigue loading were subsequently char-
acterized with quasi-static tensile tests following the standard DIN EN
658-1. These samples were compared with as-processed specimens. The
tensile tests were carried out with a constant loading speed of 1 mm/min
until failure. AE monitoring was performed during the whole test. Af-
terwards, micrographs of the resulting fracture surfaces were taken
using a scanning electron microscope Zeiss EVO 10 (ZEISS, Oberkochen,
Germany) with an acceleration voltage of 15 kV.
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3. Results
3.1. Fatigue tests

Fatigue tests were performed with stress levels of 60-90% of the as-
processed tensile strength of the studied C/SiC composites. A summary
of the fatigue test results can be seen in Table 2. All samples survived the
run-out cycles, even with the maximum fatigue stress of 195 MPa (stress
level of 90%), indicating a high fatigue strength of the studied
composite.

An example of a stress-strain curve measured during fatigue loading
with stress level of 70% is seen in Fig. 2a. Since not all loa-
ding-unloading cycles were recorded during the test, there are blank
spaces in the curve. The load was slowly increased within the first cycles
in order to avoid the early failure of the samples due to the high testing
frequency of 10 Hz. Therefore, it is important to bear in mind that it
takes approximately 50 cycles to reach the maximum/minimum set fa-
tigue stress in order to understand the results presented below. Fig. 2b
shows a few selected loading-unloading hysteresis loops from the curve
shown in Fig. 2a. The area of the hysteresis loops can be used to calculate
the amount of mechanical energy dissipated in the respective cycles.
Comparing cycle 10 (1.5 kJ/m?) with cycle 20 (5.8 kJ/mz), it can be
seen that, at first, the area of the loops increases. After 20 cycles, the area
of the loops starts to decrease, reaching 4.2 kJ/m? on cycle 50, at which
the fatigue stress reaches the set maximum fatigue stress. As the loading
progresses, the area of the loops continues to decrease. For instance,
cycle 1000 has an equivalent mechanical energy to 3.9 kJ/m?, while
cycle 900,000 has an equivalent mechanical energy of 3.3 kJ/m?
Furthermore, it can be seen that the hysteresis loops start to get closer
together.

For the damage analysis during the fatigue tests, AE monitoring was
performed for the first 100,000 cycles. In addition, the dynamic modulus
was calculated for the recorded cycles until the run-out of 1,000,000
cycles. The evolution of dynamic elastic modulus, cumulative AE hit
count and total AE energy with the number of fatigue cycles is shown in
Fig. 3 for each stress level. The overall behavior is very similar among
the different stress levels, although bigger changes are seen for higher
stress levels. In general, there is a rapid decrease of the elastic modulus
during the first cycles before reaching the maximum stress. It should be
noted that the relatively low dynamic moduli measured within cycles
2-5 are due to the fact that the cyclic loading is still not stable and the
ratio between minimum and maximum stress is very high for these cy-
cles (see Fig. 2a). After reaching the maximum stress, the decrease of
dynamic modulus slows down as the loading progresses. However, even
after 900,000 cycles, the dynamic modulus is still decreasing. This is
more pronounced for samples tested with higher stress levels.

Most of the AE signals occur in the first cycle and the number of new
events decreases as the loading progresses. Nevertheless, there is a
different trend between AE hit count and AE energy. In general, the
increase of AE energy follows a similar trend as decrease of dynamic
modulus, showing considerable increases during the loading cycles until
the maximum stress. The main difference between the two tendencies
lies on the fact that the energy of the measured signals is very distinct
during the several stages of the fatigue test. Taking the specimen tested
with the fatigue stress level of 90% as an example (Fig. 3d), there is a

Table 2
Summary of fatigue test results. All samples achieved the run-out of 1,000,000
cycles.

Stress level Maximum fatigue stress Frequency Cycles to
(%) (MPa) (Hz) failure
60 130 10 1,000,000
70 152 10 1,000,000
80 174 10 1,000,000
90 195 10 1,000,000
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Fig. 2. Example of fatigue test with 1,000,000 cycles and stress level of 70%:
(a) Stress strain curve during fatigue test and (b) stress-strain hysteresis loops of
selected cycles.

wide range of AE signals measured during the first loading cycle. The
energy of the signals is in the range of 3-560 eu, resulting in an average
AE hit energy of about 25 eu on the first cycle. During the next cycles
until the maximum fatigue stress, the average AE hit energy per cycle
can reach up to 300 eu. Afterwards, the average AE energy starts to
decrease and stays constant at about 10 eu after 1000 cycles.

When comparing the different stress levels, it can be seen that there is
a higher decrease of dynamic modulus with higher stress levels. For
instance, while the dynamic modulus decreases to 73 GPa when the
material is subjected to a stress level of 60%, it reduces to about 62 GPa
at the end of the fatigue test with stress level of 90%. Furthermore, while
the modulus is more stable after 100,000 cycles with the stress level of
60%, there is a noticeable decreasing trend at the end of the fatigue
loading with 90%. Differences can be seen in the AE data as well,
especially considering the relative amount of AE hit count and AE en-
ergy that takes place in the first cycle. For instance, 55% of the total AE
hit count take place in the first cycle for the fatigue test with 60%, while
69% occur in the first cycle for 90%. Hence, with higher maximum load
in the first cycle, relatively more AE hits take place in the first cycle.

3.2. Quasi-static tensile tests

Tensile tests were carried out on samples before and after the fatigue
loadings. Examples of stress-strain curves along with the measured
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Fig. 3. Damage evolution in representative samples under fatigue loading with stress level of (a) 60%, (b) 70%, (c) 80% and (d) 90%. Dashed line shows when the set

maximum fatigue stress was reached.

cumulative AE hit energy are shown in Fig. 4. In the as-processed state
(Fig. 4a), the composite shows considerable non-linearity. The propor-
tional limit, defined as the point in which the stress-strain curve deviates
from the initial linear-elastic trend, was measured as 35 4 1 MPa. It is
important to note that the increase of AE activity occurs below the
proportional limit at around 23 MPa. As the loading progresses, AE hits
with higher energy are measured. Furthermore, cascaded hits with much
higher energy were detected at the moment of failure (maximum stress).
After the fatigue loadings, the mechanical behavior drastically changes.
As seen in Fig. 4b-e, the fatigue-loaded composites show much a more
extent linear region. In general, the material shows only linear-elastic
deformation until reaching the previous maximum fatigue stress. The
measured AE energy is also in accordance, showing a visible increase
only at higher stresses.

The measured tensile strength and elastic modulus before and after
the fatigue loadings are displayed in Fig. 5. There is an overall increase
of tensile strength with fatigue stress level, which is more pronounced
with the fatigue stress levels of 80% and 90%. On the other hand, the
elastic modulus decreases after the fatigue loading, reaching a plateau at
the stress level of 80%. This contrasts with the measured dynamic
modulus measured during the fatigue loadings (see Fig. 3). Although the
composite reaches lower dynamic modulus during the fatigue test of
90% in comparison to 80%, there is no statistical differences between
the elastic moduli measured during the quasi-static tests after the fatigue
loadings.

Further differences in mechanical behavior after the fatigue loadings
can be seen when analyzing the fracture surface of the samples after the
quasi-static tensile tests. Fig. 6 shows examples of fracture surfaces of
samples previously fatigue loaded with stress levels of 70% and 90%. In

general, samples previously fatigued with 60% and 70% show a very
similar fracture morphology. The fracture takes place in different planes
due to the different crack paths along matrix, 90° fiber layers and
0° fiber layers. Nevertheless, there are no evident signs of single fiber
pullout and debonding in the direction of the load. Instead, the fibers of
0° bundles are still together with the matrix surrounding them still
intact, as seen in the higher magnification image of Fig. 6a. Therefore, it
can be presumed that the whole fiber bundle was pulled out during
loading. These observations are very similar to the ones made for the
fracture surface of the as-processed composite. In contrast, samples
tested after the fatigue loading of 80% and 90% show clear signs of
single-filament fiber pullout. In the regions of pullout, the matrix around
the fibers is damaged as there are only fragments of the matrix
remaining (Fig. 6b).

4. Discussion
4.1. Damage development during fatigue loading

The studied PIP C/SiC composite shows very high fatigue limit at
room temperature. To illustrate that, the relationship between applied
fatigue stress level versus number of cycles to failure (S-N curve) are
presented in Fig. 7. For comparison, literature values of C/SiC com-
posites produced by chemical vapor infiltration (CVI) [10,23-25], as
well as other SiC-based composites like C/C-SiC [17] and SiC/SiC [26]
are also added to the S-N curve. It should be highlighted that the
strength of SiC-based composites can greatly differ due to different
processing parameters. The strength of the selected CVI C/SiC com-
posites range from 211 to 420 MPa, while the C/C-SiC and SiC/SiC
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Fig. 4. Quasi-static tensile tests of (a) as-processed sample and after fatigue loading with 1,000,000 cycles and fatigue stress levels of (b) 60%, (c) 70%, (d) 80% and

(e) 90%.

composites show tensile strength of 78 MPa and 209 MPa, respectively.
Therefore, the comparison below is done regarding the stress level in
relation to the respective composite tensile strength values. All speci-
mens studied in this work survived the run-out of 1,000,000 cycles even
with the stress level of 90% (195 MPa). As seen in Fig. 7, other SiC-based
composites have fatigue limit ranging from 80% to 89% of their
respective tensile strength when considering this run-out criteria. Fa-
tigue life of CMCs depends mainly on the development and accumula-
tion of damage, which in turn, depends on the composition of the
composite, used fiber architecture, interface, processing and micro-
structure of the matrix, as well as testing parameters like frequency. In
order to understand the high fatigue limit of this C/SiC composite, the
damage development during the fatigue loading is analyzed below.
The damage analysis was performed by measuring the dynamic
modulus, as well as the AE activity. As seen in Fig. 3, the dynamic
modulus decreases while the AE hit count and energy increases as the
loading progress for all fatigue tests. The decrease of dynamic modulus is

commonly associated with the damage development during loading of
CMCs since the generated damage changes the load-bearing volume of
the sample [27]. The increase of AE energy corresponds very well with
the decrease of dynamic modulus, in which both parameters drastically
change during the cycles up to the maximum fatigue stress. However,
the AE hit count shows a different tendency. In the literature, both AE hit
count and AE energy have been used to describe the damage during the
fatigue loading of CMCs [19,20]. Nevertheless, these two parameters
have different meanings. While AE hit count can give information about
time and frequency of damage, AE energy is also related to the associ-
ated damage mechanisms. As the C/SiC composites are loaded, different
damage mechanisms can take place including matrix crack initiation
and propagation, crack closing and re-opening, fiber-matrix debonding
and pullout, fiber breakage, as well as friction and movement of the
generated surfaces/defects. Each type of damage mechanism can have
very distinct ranges of AE energy [28]. Therefore, the measured cumu-
lative AE energy is a better representation of the damage developed
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1,000,000 cycles and different fatigue stress levels.

during fatigue loading of the studied composite.

According to Fig. 3, most of the fatigue damage occurs in the first
cycles, especially during the first loading. As aforementioned, the pro-
portional limit of the studied composite is of about 35 MPa. Above this
stress, damage will take place, which results in the observed non-linear
and permanent deformation. The elastic limit of PIP SiC-based com-
posites is normally low due to processing-induced stresses and defects
[29]. During processing, the formation of residual stresses and inherent
defects such as micro-cracks and pores in the matrix can occur due to the

Journal of the European Ceramic Society 42 (2022) 5391-5398

shrinkage during pyrolysis, as well as the thermal expansion mismatch
between fibers and matrix during cooling down to room temperature.
Therefore, matrix crack initiation and propagation can happen at rela-
tively low stresses, which can later lead to other damage mechanisms.

The measured AE energy can be used to estimate the relative amount
of damage in the material. During the first loading cycle, AE signals with
different features are measured. For the studied material, it is presumed
that the low-energy signals, which start at lower stresses, are associated
with matrix damage. Signals with higher energy, which can be associ-
ated to interface damage and later to fiber failure, start appearing as the
applied stress increases towards the maximum fatigue stress. As seen in
Fig. 3, dynamic modulus and total AE energy rapidly change within the
first 20 cycles, meaning that most of the interface and fiber damage takes
place early during fatigue loading. High-energy AE hits are measured
until shortly after the applied stress reaches the maximum fatigue stress
on cycle 50. It should also be highlighted that, with higher fatigue stress
levels, a higher amount of AE energy is measured in the first cycles,
meaning that more damage was generated. After reaching the maximum
fatigue stress, the amount and intensity of new damage starts to
decrease. The same can be observed when analyzing the hysteresis loops
(Fig. 2b), in which their area first increases and then decreases. After
about 1000 cycles, fewer new AE signals are measured, and the energy
of the new AE signals stays rather constant and relatively low. These
signals are probably related to further matrix crack propagation, crack
closing and re-opening, as well as friction and movement of the new
generated fracture surfaces and interfaces. This is an indication that the
cracking of the material starts to stabilize at this early point in the fa-
tigue test.

Although the AE monitoring was done only during the first 100,000
cycles, it is possible to see that damage continues to take place until the
run-out is reached by observing the decrease of dynamic modulus. This

Fig. 6. SEM micrographs of the fracture morphology from quasi-static tensile test samples after fatigue loading with 1,000,000 cycles and fatigue stress levels of (a)

70% and (b) 90%.
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Fig. 7. S-N curve of tested PIP C/SiC composite and other SiC-based composites
from the literature [10,17,23-26]. For reference, used test frequency (F) and
stress ratio (R) are given. Arrows indicate that the samples survived the spec-
ified amount of run-out cycles.

is easier to perceive for samples tested with higher stress levels and is an
indication that studied composite does not show a true fatigue limit. In
other words, new damage can still take place if the material is loaded
further. A true fatigue limit is hard to be determined for CMCs since
microscopic damage can still occur [27]. Nevertheless, 1,000,000 cycles
can be considered as a practical limit, considering the applications of
such materials. Furthermore, it is expected that the microstructural
changes, caused by fatigue loading after 1,000,000 cycles, would be
much less severe than the damage promoted during the first cycles, as
pointed out by the AE analysis. Hence, the studied C/SiC composite
shows high fatigue strength. As previously mentioned, the mechanical
behavior of SiC-based composites is influenced by the presence of
process-induced stresses and defects. Still, due to the relatively low
preparation temperature and repeated impregnation cycles, the possible
micro-cracks caused by pyrolysis shrinkage and by the mismatch of
thermal expansion coefficients are less prominent for this composite.
Hence, the material shows relatively higher elastic limit in comparison
to other C/SiC composites and the damage stabilizes earlier.

4.2. Post-fatigue mechanical behavior

The observed damage developed during the fatigue loadings also
influences the post-fatigue mechanical properties of the composite. The
mechanical behavior of the samples before and after the fatigue tests
was measured with quasi-static tensile tests. In the as-processed state
(before the fatigue loading), the composite shows predominantly a
quasi-ductile behavior (Fig. 4a). As previously mentioned, this is related
to the presence of residual stresses and defects in the matrix. As shown in
Fig. 4a, AE activity is detected below the measured proportional limit.
This is an indication that microscopic damage, possibly in the form of
matrix cracking, can take place at lower stresses. However, it is pre-
sumed that this initial microscopic damage is considerably low. There-
fore, no macroscopic changes in the stress-strain response are observed
until reaching the proportional limit at 35 MPa. Similar observations
have also been made for other types of CMCs in the literature [30-32].
Above the proportional limit, it can be presumed that the formation and
growth of matrix cracks are more prominent. As the loading progresses,
AE hits with higher energy (above 300 eu) are measured, which can be
associated to interface failure and later to fiber breakage. At the
maximum stress before failure, cascaded hits with much higher AE en-
ergy were measured, which is the result of multiple failure mechanisms

taking place at the same time. In other words, multiple fiber and matrix
breakage. For the fatigue-loaded samples, the linear-elastic portion of
the stress-strain curves is much bigger. New damage, i.e., AE signals and
non-linear deformation, is only observed above the previous maximum
fatigue stress. After reaching the proportional limit however, the pro-
gression of damage is faster with higher fatigue stress levels.

As seen in Fig. 5, there is an overall decrease of the elastic modulus
after the fatigue loadings until the fatigue stress level of 80%, after
which the measured elastic modulus is constant. This decrease of elastic
modulus is mainly related to the formation and growth of matrix cracks
throughout the fatigue loadings. Hence, higher fatigue stress level will
lead to higher amount of matrix damage until reaching a "saturated"
state. It is interesting to see that the elastic modulus of the samples after
the fatigue loading of 80% does not show significant statistical differ-
ences when compared to samples after the fatigue loading of 90%,
suggesting that the matrix damage is saturated. This is the opposite of
what was observed during the fatigue loadings when analyzing the dy-
namic modulus (Fig. 3c and d), which constantly decreases until the end
of the fatigue test and reaches a lower value when the sample is loaded
with the stress level of 90% in comparison to 80%. This is an indication
that part of the fatigue damage is "healed" during the unloading of the
composite. This effect can be due to matrix cracks that partially close, as
well as matrix or interface defects that move back to their original po-
sition when the fatigue stress is released.

Contrary to the measured elastic modulus, the tensile strength of the
composites increases with the fatigue stress level even though the fa-
tigue loading promotes damage. The increase of tensile strength after
fatigue loadings of SiC-based composites is normally associated with the
reduction of the process-induced internal stresses [10,17]. The forma-
tion and propagation of matrix cracks during the fatigue loading dissi-
pates mechanical energy, which can reduce the internal stress state of
the as-processed composite. Thus, resulting in an increase of tensile
strength (Fig. 5) and damage onset (Fig. 4). Furthermore, the fatigue
damage can also weaken the fiber-matrix interface depending on the
fatigue stress level. As commonly known, the strength of the fiber-matrix
interface can influence the mechanical behavior of CMCs by facilitating
crack deflection. Since the fracture patterns of samples fatigue loaded up
to 70% (Fig. 6a) are similar to the as-processed samples, it can be
assumed that there is no significant interface damage at this point. For
the higher fatigue stress levels, more signs of fiber pullout were seen
along the fracture surface (see Fig. 6b), indicating that the interface was
weakened during the fatigue loading. It is suggested that at higher
stresses, there will be more fiber debonding during the first fatigue cy-
cles. Therefore, the tensile strength increase observed after the fatigue
loadings of 80% and 90% is relatively much higher than after 60% and
70%. This interfacial damage may not influence the measured elastic
modulus of the composite. Hence, samples after the fatigue loading of
80% and 90% show similar elastic modulus, but different tensile
strength.

5. Conclusions

In the present study, the fatigue behavior of a PIP C/SiC composite
was studied. For that, tensile fatigue tests with stress levels of 60-90% of
the composite tensile strength were performed. The material showed
very high fatigue limit considering that all samples survived the run-out
of 1,000,000 cycles. In comparison, other SiC-based composites nor-
mally show fatigue limit below 90%. The development of fatigue dam-
age during loading was analyzed by measuring the dynamic modulus
and AE activity. The measured AE energy proved to be a good indication
for the fatigue damage as it gives information not only on the frequency
of damage, but also about its source. In this sense, it is suggested that
matrix cracking, interface damage and fiber breakage occurs in the first
cycles as the applied stress reaches the maximum fatigue stress. As the
loading progress, new damage in the form of matrix crack opening and
closing as well as interfacial friction gradually accumulates without
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leading the failure of the composite. Therefore, the high fatigue strength
was mainly associated with the high density of the matrix.

After the fatigue loadings, the mechanical behavior of the C/SiC
composite under quasi-static tensile stress drastically changes. The
composite starts to show a more linear-elastic behavior and new sub-
stantial damage only occurs after the maximum fatigue stress is reached.
In this sense, the elastic modulus of the composites decreases until
reaching a plateau at fatigue stress levels equal or above to 80%. This is
an indication that part of the fatigue damage is recovered during the
unloading. Although the fatigue damage decreases the elastic modulus
of the studied composite, an increase of tensile strength was observed
after the fatigue tests. This was related to the relief of process-induced
stresses due to the fatigue damage. In addition, fracture analysis indi-
cated that considerable interface damage takes place when the fatigue
stress level is above 80%. As the weakening of the interface facilitates
damage mechanisms like fiber debonding and pullout, the strength of
the composite increases.
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