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A B S T R A C T

Damage analyses of a ceramic matrix composite during fatigue and quasi-static loads were performed by acoustic
emission (A.E.) monitoring. The material studied was a 2.5D C/C-SiC composite produced by chemical vapor
infiltration followed by liquid silicon infiltration. The analysis done during the first 200 cycles of a fatigue test
showed that the number of A.E. hits is a good parameter for the quantification of damage. Furthermore, the A.E.
hit energy was associated with the type of damage. In this sense, the damage developed during the fatigue
loading was related to matrix crack initiation, propagation and re-opening, as well as fiber-matrix friction.
Quasi-static tests on post-fatigue samples showed that the previous fatigue loadings increased the material`s
damage threshold and hindered the development of new damage. Particular attention was given to the sample
after 2,000,000 cycles as this sample showed distinct A.E. signals that could be related to fiber debonding.

1. Introduction

Advances on the liquid silicon infiltration (LSI) processing tech-
nique allowed the relatively low-cost production of C/C-SiC composites
[1]. These ceramic matrix composites (CMC) show high strength and
thermal resistance, as well as quasi-plastic mechanical behavior.
Therefore, C/C-SiC have gained increasing attention on aerospace ap-
plications and advanced friction systems [2,3]. In the last years, parti-
cular attention was given to C/C-SiC composites with 2.5 dimensional
fiber reinforcement (2.5D C/C-SiC) for tribological applications. The
combination of long and short fibers leads to a favorable balance be-
tween manufacture cost efficiency, mechanical properties (tensile
strength, shear strength and toughness), good coefficient of friction and
thermal properties [4,5]. The majority of recent scientific studies re-
lated to this material are focusing on production aspects, as well as its
suitability for heavy-duty break systems [6–9]. However, there is still
only a few works on the long-term fatigue behavior of 2.5D C/C-SiC
[10,11]. For CMCs, in general, cyclic loads cause matrix cracking and
fiber-matrix friction that reduces the elastic modulus of the composite.
This may lead to the degradation or enhancement of post-fatigue me-
chanical properties of the CMC [12–14]. In the case of the 2.5D C/C-
SiC, an increase of the tensile strength was seem after fatigue loading in

our previous study [10]. This was related to the relief of internal
stresses. Nevertheless, because of the complexity of the fiber re-
inforcement (see Fig. 1), it is extremely difficult to understand the oc-
curring damage mechanisms during fatigue loading, which will also
influence the post-fatigue behavior of the material.

Hence, the objective of this work is to apply acoustic emission (A.E.)
monitoring on 2.5D C/C-SiC composites subjected to cyclic loads,
gaining insight on the damage development caused by fatigue. During a
mechanical test, A.E. signals can be related to the different mechanical
responses of the tested material. This technique has been proved sui-
table for the damage analysis of different types of fiber-reinforced
composites [15–17]. Therefore, here we use A.E. monitoring to quan-
tify/qualify the damage of a 2.5D C/C-SiC composite during 200 fatigue
cycles with maximum stress corresponding to 75% of the composite
tensile strength. The damage onset for each fatigue cycle was also
analyzed. Furthermore, the post-fatigue behavior was studied by per-
forming quasi-static tensile tests on samples that were previously
loaded with 200, 10,000 and 2,000,000 fatigue cycles. The mechanical
behavior of the composites was also correlated to the A.E. signals
measured.
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2. Experimental

2.1. Materials

The material investigated in this work was a 2.5D C/C-SiC compo-
site. Table 1 shows the general properties of the as-produced composite
previously tested [10]. The fabrication of the 2.5D C/C-SiC composite
plates consisted mainly of three steps. First, a 2.5D fiber preform was
prepared by stacking short fiber webs and unidirectional fiber cloths (0°
and 90°) together and, subsequently, needle-punching them (see Fig. 1).
The commercially available polyacrylonitrile-based carbon fibers T700
(Toray Industries, Tokyo, Japan) with filament count of 12k were used
as the raw materials. Afterward, a porous C/C composite was produced
via chemical vapor infiltration (CVI) on the 2.5D fiber preforms. The
process parameters used for CVI were temperature of 1000 °C with a
dwell time of 100 h and absolute pressure of 0.1 MPa under argon at-
mosphere. C3H6 was applied as a precursor and H2 as a carrier and
diluting gas. Finally, the porous C/C composites, with density of 1.36 g/
cm3, were further densified via liquid silicon infiltration to prepare the
2.5D C/C-SiC composites. The LSI process was performed at 1650 °C
with 0.5 h of dwell time under vacuum with absolute pressure of less
than 1 Pa. The typical optical morphology of the as-prepared 2.5D C/C-
SiC composite studied is presented in Fig. 2. More information about
the processing of the 2.5D C/C-SiC composites was presented in our
previous work [9].

2.2. Characterization methods

In this work, all specimens were machined to obtain a grinded and
polished surface. For the tensile fatigue cyclic and quasi-static tensile
tests, dog-bone-shaped specimens were prepared by wire eroding. The
detailed geometry of the dog-bone-shaped specimen is shown in Fig. 3a.
The mechanical 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 (see Fig. 3b). The testing
machine has an inherent position sensor, and was also equipped with a
linear variable differential transformer position sensor. The applied
load was measured with the 25 kN load cell of the testing machine.
Strain measurements were done using a laser extensometer (Fiedler
Optoelektronik GmbH, Lützen, Germany) over white marks with a
distance of 25mm between them.

To monitor the acoustic emission signals, an AMSY 4 system (Vallen
Systeme GmbH, Icking, Germany) with two sensors VS 600-Z2
(400–800 kHz and Ø 4.7 mm) was used. Table 2 shows the parameters
used for the acoustic emission acquisition. The threshold used was
defined in order to avoid the collection of data due to noise of the
machine and of friction. The sensors were attached to the sample, using
hot glue, with a distance of approximately 41.5 mm between each
sensor. Fig. 3b shows the arrangement used for the tests, as well as the

sensors. Linear location of the events was possible with the use of the
two sensors. Therefore, only the signals located between the two sen-
sors were analyzed. The following A.E. data were measured during the
mechanical tests: number of hits, hit energy and damage threshold. A.E.
hit energy (1 eu= 1×10−18 J) was calculated by integrating the va-
lues of the AE signal during the hit. By definition, damage threshold is
the onset of material deterioration. In the literature, this parameter has
been measured by different approaches using A.E.: Moment at which
the first A.E. event happens, increase of hit energy or increase of hit
count rate [15,17–19]. In order to measure the damage threshold of
several loading cycles, a more automated approach was adopted. For
that, the cumulative hit count vs. stress was analyzed. The damage
threshold was then defined as the extrapolation of the linear part of the
curve, as exemplified in Fig. 3c. For all samples, the linear part was
considered to be the region above 50% of the total hit count.

The tensile-tensile fatigue tests were carried out in accordance to
the standard ASTM C1360. A sinusoidal wave with maximum fatigue
stress of 58.2 MPa, frequency of 10 Hz and fatigue stress ratio of 0.1
were used as the main parameters of the tests. The stress of 58.2MPa
(75% of the tensile strength) was determined previously as the fatigue
limit considering a run-out of 106 cycles [10]. The dynamic modulus for
each cycle was calculated by linear regression between the first and last
stress/strain data point of each loading cycle. A.E. monitoring was
performed on the first 200 cycles. For this analysis, only the signals that
occurred during the loading cycles were considered, while the signals
measured during unloading were disregarded.

Furthermore, samples that were previously fatigue loaded were
characterized by quasi-static tensile tests with A.E. monitoring. The
tensile tests were performed with a crosshead speed of 1mm/min until
failure, following the standard DIN EN 658-1. The specimens were
analyzed after 200, 10,000 and 2,000,000 fatigue cycles and compared
to the mechanical behavior of an as-produced sample. Since the em-
phasis in this work is mainly focused on the damage analysis under A.E.
detection, and also considering the limited amount of material, only
one specimen was tested for each condition.

Fig. 1. Schematic representation of the 2.5D fiber reinforcement in the pre-
pared 2.5D C/C-SiC composite.

Table 1
Properties of the 2.5D C/C-SiC composite [10].

Fiber volume fraction (%) Bulk density (g/cm3) Open porosity (%) Tensile strength (MPa) Elastic modulus (GPa) Fatigue limit (MPa)

30–35 2.1 ± 0.1 4.5 ± 0.5 77.7 ± 15.6 34.5 ± 7.7 58.2

Fig. 2. Optical microstructure of the 2.5D C/C-SiC composite.
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3. Results

3.1. Tensile fatigue tests

Damage analysis was performed for the first 200 cycles during the
fatigue test with maximum stress of 58.2MPa. For the analysis, the
following parameters were taken into consideration: dynamic modulus,
A.E. hit count and A.E. hit energy. Fig. 4a shows the evolution of those
parameters in relation to the number of cycles. The scales of the graph
were adjusted so that the minima of the A.E. hit count and energy are
coincident to the maximum of the dynamic modulus, while the maxima
are coincident to the minimum. This was done for an easier comparison
between the tendencies showed for each parameter. While the dynamic
modulus decreases, the cumulative A.E. energy and hit count increase
with the number of cycles applied. It is interesting to see that the dy-
namic modulus and the hit count follow a very similar trend as one
curve is the inverse of the other. This indicates that the A.E. hit count is
indeed a valid parameter to quantify the amount of damage during
loading. In contrast, the cumulative A.E. hit energy follows a slightly
different trend. Even though there is an increase of both parameters
with the increase of the fatigue cycles, the evolution of both parameters

is different as it can be seen that the curves do not coincide.
Further information can be obtained when analyzing the energy of

each hit. Fig. 4b shows the energy of the A.E. signals measured during
the loading cycles. As it can be seen, the hits of the first loading cycle
have much higher energy. At the end of the first cycle, some hits
reached over 500 eu. The energy of the hits measured afterwards
drastically decreases. For instance, the average hit energy measured
during the last 100 cycles is of only 5.5 eu. Nevertheless, a few "higher-
energy" hits were also recorded at latter cycles. For instance, the 116th

cycle showed a hit with 254 eu.
Another parameter measured during the fatigue test was the da-

mage threshold, which is associated to the onset of material dete-
rioration. Fig. 5 shows the damage threshold measured for each loading
cycle. Within the first 10 cycles, the damage threshold rapidly in-
creases. Afterwards, the damage threshold remains somewhat constant
at around 56MPa. Some scatter between the measured damage
thresholds can be seen, possibly due to the lower amount of A.E. hits
measured during the last cycles. Then again, some cycles after the 100th

cycle showed lower damage threshold in comparison to the sur-
rounding cycles. This is the case of the 116th cycle, which also showed
hits with higher energy than the other cycles above 100 cycles (see
Fig. 4b).

3.2. Quasi-static tensile tests

The post-fatigue properties of the 2.5D composite were tested with
quasi-static tensile tests (see Table 3). Fig. 6 presents the elastic mod-
ulus and tensile strength of an as-produced sample, as well as samples
after 200, 10,000 and 2,000,000 fatigue cycles with maximum stress of
58.2 MPa. In general, the elastic modulus decreases with the number of
fatigue cycles until reaching a plateau after 10,000 cycles. On the other

Fig. 3. (a) Geometry of the 2.5D C/C-SiC tensile specimen. (b) Servo-hydraulic testing machine equipped with laser extensometer and A.E. sensors. (c) Example curve
for the determination of the damage threshold.

Table 2
Parameters for acoustic emission acquisition.

Parameter Value

Pre-amplifier gain 34 dB
Threshold 48.6 dB
Duration discrimination time (DDT) 100 μs
Rearm time (RT) 1000 μs

R.S.M. Almeida, et al.



hand, the tensile strength increases after the fatigue loading, with the
exception of the specimen previously loaded for 200 cycles. This trend
is in consistence with our previous experiments [10]. However, it
should be highlighted that only one sample per condition was tested in
the present work. Therefore, differences with the previous results are to
be considered due to the heterogeneity of the material and differences
between the specimens.

Further effects of the previous cyclic loadings could be perceived by
analyzing the fracture surface of the specimens after the quasi-static
tests. Fig. 7 shows the SEM morphology of the fractured surfaces.
Several fiber clusters and a few single fibers were observed along the
fracture surface of the as-produced sample (Fig. 7a). In contrast, the
fiber pull-out patterns for the post-fatigue specimen (Fig. 7b) are mainly
composed of single fibers and small fiber bundles.

Here it is given a higher focus to the damage analysis during the
post-fatigue, quasi-static tests. The stress-strain curves of the tested
specimens, as well as the measured A.E. hit energy, are displayed in
Fig. 8. The as-produced specimen shows a small portion of linear-elastic
behavior followed by an extended non-linear region. The measured A.E.
hit energy is somewhat constant on the non-linear part of the test. Still,
some hits with higher energy are observed, and their energy increases
at higher stresses. At the moment of failure (maximum stress), multiple
hits with energy over 4000 eu were measured. These hits are outside
the scale of the graph, which was adjusted for a better visualization of
the lower-energy hits.

The post-fatigue samples show more linear-elastic deformation than
the as-produced samples during the quasi-static tests. For the sample
that underwent 200 cycles, non-linearity can still be seen before
reaching the fatigue stress of 58.2 MPa. Nevertheless, the energy of the
few hits measured before that is considerably low. For stresses higher
than the fatigue stress, the measured A.E. hits are rather similar to the
measurements on the as-produced sample. The specimens previously
loaded with 10,000 and 2,000,000 cycles showed visible non-linearity
only at stresses higher than 58MPa. Above the maximum fatigue stress,
each sample showed distinct behavior. The one loaded for 10,000 cy-
cles had hits with relatively low energy, while the sample loaded for
2,000,000 cycles presented several hits with energy above 300 eu. Near
to the end of the tests, all specimens showed high-energy hits like the
as-produced sample.

Fig. 4. Damage analysis during fatigue loading with 200 cycles and maximum
stress of 58.2MPa. (a) Evolution of dynamic modulus of elasticity, cumulative
A.E. energy and cumulative A.E. hit count with the number of cycles. (b) Energy
of A.E. hits measured during the loading cycles.

Fig. 5. Damage threshold vs. number of cycles for fatigue test with maximum
stress of 58.2 MPa.

Table 3
Properties measured during quasi-static loading of samples as-produced and
after different fatigue loadings.

Sample Tensile strength
(MPa)

Elastic modulus
(GPa)

Damage threshold
(MPa)

As-produced 75.4 35.6 45.7
200 cycles 69.7 27.4 55.8
10,000 cycles 84.0 24.9 62.4
2,000,000 cycles 99.4 25.1 65.0

Fig. 6. Elastic modulus and tensile strength of samples after fatigue loading
with max stress of 58.2MPa.
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The damage evolution of the samples during the quasi-static tests, in
terms of the cumulative A.E. hit count vs. the applied stress, are shown
in Fig. 9. As it can be seen, the damage on the as-produced sample starts
to increase at around 20MPa, which is similar to the start of the non-
linear part of the stress-strain curve (Fig. 8a). In addition, the damage
develops with a constantly increasing rate (slope of the curve). There-
fore, the measured damage threshold (see Table 3) does not represent
correctly the onset in this case. On the other hand, the samples pre-
viously fatigue tested show only little damage at first, which rapidly
increases after reaching the damage threshold. For the post-fatigue
samples, the calculated damage threshold is indeed a good re-
presentation of the onset. Overall, the damage threshold increases with
the number of fatigue cycles. The damage threshold of the sample after
200 cycles was still lower than the maximum fatigue stress applied,
55.8 MPa, while the other samples showed damage threshold above

58.2MPa. It is also interesting to observe that the damage rate (slope of
the curve) is different for each sample. In general, the damage rate
decreases with the number of fatigue cycles previously applied.

4. Discussion

4.1. Damage analysis during fatigue loading

The damage analysis was performed by measuring the dynamic
modulus and monitoring the A.E. signals (Fig. 4a). The reduction of the
dynamic modulus is usually associated to the damage development on
CMCs as it relates to the initiation and propagation of cracks in the
matrix [20]. The increase of A.E. hits corresponds well with the de-
crease of the dynamic modulus, meaning that the amount of A.E. hits
can also be related to the amount of damage in the composite. Hence, it

Fig. 7. SEM pictures of fracture surface of samples after quasi-static tensile test: (a) as-produced sample and (b) sample previously loaded with 2,000,000 fatigue
cycles.

Fig. 8. Quasi-static tensile test of samples as-produced (a) and after 200 (b), 10,000 (c) and 2,000,000 (d) cycles with fatigue stress of 58.2MPa.
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can be concluded that the damage generated during the first loading
cycle is much higher than the subsequent ones. In general, the amount
of new damage reduces with the number of cycles. Furthermore, this
new damage will only occur at higher levels of stress (see Fig. 5). That
means that the composite slowly approaches the saturation of matrix
cracks related to the applied fatigue stresses. Therefore, it can be ex-
pected that the matrix cracks will eventually reach a stable state, at
which no new considerable damage will occur in the matrix. This is not
the case of the 200 cycles, as it can be seen in Fig. 6, i.e., the elastic
modulus reaches a plateau only after 10,000 cycles.

In the literature, the A.E. energy is normally used for the quantifi-
cation of damage [15]. As seen in Fig. 4a, however, the increase of A.E.
energy follows a different trend than the decrease of dynamic modulus
or the increase of A.E. hits. Some authors have proposed that the
measured A.E. energy can be related to the type of damage mechanism
that takes place [16,21]. Due to the complexity of the 2.5D composite
tested (see Figs. 1 and 2), various types of damage including matrix
crack initiation, matrix crack propagation, matrix crack re-opening,
short fiber-matrix debonding, long fiber-matrix debonding and fiber
breakage are expected to occur. Each of these damage mechanisms
accumulate/release a different amount of energy. Therefore, the mea-
sured A.E. hit energy will depend not only on the amount of damage,
but also on the type of loading and, most importantly, the type of da-
mage. As previously mentioned, a much higher amount of A.E. hits was
measured during the first cycle (Fig. 4a). In addition, the energy of the
hits from the first cycle was considerably higher than the hits of the
subsequent cycles (Fig. 4b). It is here suggested that those events
measured within the first cycle are due to matrix crack initiation and
propagation. The subsequent cycles show hits with lower energy,
probably caused by crack propagation, with a few cycles showing hits
over 200 eu, possibly more crack initiation. After 100 cycles, most of
the A.E. hits present very low energy. In this stage, the low-energy A.E.
activity corresponds to matrix crack re-opening. Hence, only a small
amount of new damage occurs (Fig. 4a). Still, some cycles showed hits
with higher energy, which can be related either to more crack initia-
tion/propagation or to fiber matrix debonding. The propagation of
cracks in the region of the short fibers and 0° long fibers, as well as
fiber-matrix debonding caused by fatigue loadings were observed in our
previous work [10]. This debonding is caused not only by the propa-
gation of matrix cracks, but also by the friction between fiber and
matrix during the cyclic loading-unloading. This friction constantly
increases with the number of cycles. Therefore, fiber-matrix debonding
can also happen at lower levels of stress, which explain the lower da-
mage threshold seen for those cycles (Fig. 5).

4.2. Post-fatigue behavior

In order to discuss the post-fatigue behavior of the 2.5D C/C-SiC, it
is important to understand the mechanical response of the as-produced
composite. The as-produced sample showed a non-linear, quasi-plastic
behavior (Fig. 8a), which is characteristic of CMCs that show crack
deflection mechanisms. The increase of A.E. activity starts at around
20MPa (Fig. 9), which coincides with the start of the non-linear part. In
general, the A.E. signals show very similar energy in the beginning of
the test, which indicates that the same type of event is happening. The
fracture surface of as-produced samples consisted mainly of clustered
fibers and little sign of fiber debonding (Fig. 7a). Therefore, it is safe to
assume that most of the A.E. signals measured up to the maximum load
are due to matrix crack initiation and propagation. The few signals with
higher energy are probably caused by short fiber debonding, as well as
the formation of the fiber clusters. At the end of the test, the load is high
enough to cause the failure of the 0° long fibers. Hence, high-energy
signals are measured at the moment of maximum load (Fig. 8a).

After the fatigue loading, an increase of the quasi-static tensile
strength was seen (Fig. 6). This has also been observed on different
CMCs in the literature, and it is normally related to the relief of internal
stresses and reduction of the fiber-matrix interface strength [14,22]. On
the other hand, the matrix cracking reduces the elastic modulus until
reaching a state of stability, which depends on the fatigue stress. This
state of matrix crack saturation is presumably reached after approxi-
mately 10,000 cycles for the fatigue stress of 58.2MPa. Therefore, the
sample that underwent only 200 cycles still showed non-linearity at
stresses lower than the fatigue stress (Fig. 8b). Still, the A.E. activity
was very low below the fatigue stress, being related to matrix crack re-
opening and propagation. Considerable new damage starts to take place
at around 55.8MPa, i.e., damage threshold. The fact that the damage
threshold is lower than the maximum fatigue stress previously applied
is also an indication that the material did not reach saturation during
the fatigue loading. The A.E. activity rapidly increases after reaching
the damage threshold. Considering that after only 200 cycles the
composite did not reach the saturation of matrix cracks and relief of
internal stresses, the previous fatigue damage can increase the stress
intensifications inside the composite. This leads to high-energy A.E.
signals and earlier failure of the composite. This effect can also be seen
in the damage rate (Fig. 9), i.e., when the material is loaded above the
damage threshold, the damage increase is much faster than the other
samples.

The relief of internal stresses starts to play a role in the mechanical
response of the samples that reached matrix crack saturation. As pre-
viously discussed, these samples are the ones that underwent more than
10,000 cycles (see elastic modulus measurement in Fig. 6). Due to the
relief of internal stresses [10], the measured A.E. signals show lower
energy for the sample previously loaded with 10,000 cycles (Fig. 8c). In
addition, the damage rate (Fig. 9) is much slower than the sample
previously loaded with 200 cycles. This is also an indication that the
stress concentrations are lower. When analyzing the sample with
2,000,000 cycles, it is clear that another type of damage takes place
since this sample shows A.E. signals with much higher energy before
the maximum load (Fig. 8d). The fracture surface analysis (Fig. 7b)
showed clear signs of fiber debonding for this sample. This is an in-
dication that interfacial degradation was caused by the fiber/matrix
friction during the long-term cyclic loading. Hence, it can be concluded
that the A.E. hits with higher energy are related to the debonding of
long fibers. This type of event dissipates much more energy than matrix
cracking or short fiber debonding. Due to this energy dissipation, the
generation of new damage is hindered and the damage rate is slower
than the other samples (Fig. 9). This also explains the extended non-
linear region above the fatigue stress (Fig. 8d) and the increase of
tensile strength (Fig. 6). Still, it should be highlighted that the steady
increase of fiber-matrix friction will eventually lead to degradation of
the material strength [10,14]. However, this was not clearly observed

Fig. 9. Cumulative A.E. hit count vs. applied stress during quasi-static tensile
loading on an as-produced sample and samples after fatigue loadings with fa-
tigue stress of 58.2MPa.
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in this work, even for the specimen loaded with 2,000,000 cycles.

5. Conclusion

Within this work, A.E. monitoring was successfully applied to ana-
lyze the damage evolution caused by cyclic and quasi-static loadings on
2.5D C/C-SiC composites. A.E. signals were measured during the first
200 cycles of a fatigue test with maximum stress of 58.2 MPa. In ad-
dition, the post-fatigue properties of the composite were characterized
by quasi-static tensile tests with damage analysis on samples that sur-
vived different amounts of fatigue cycles. In summary, A.E. proved to
be a powerful tool for the damage analysis as it provides information
about the amount (number of A.E. hits), type (A.E. energy) and onset
(damage threshold) of damage.

A.E. monitoring on the first 200 fatigue cycles showed that the
generation of new fatigue damage rapidly decreases as the number of
cycles increases. At the beginning of the test, the damage in the com-
posite is related to matrix crack initiation and propagation. Later on,
most of the A.E. signals measured were caused by matrix crack re-
opening, and new damage occurred only near to the maximum fatigue
stress. Still, new damage was also generated at lower stresses during
some later cycles. In this case, the new damage is related to matrix
crack propagation and fiber-matrix friction.

Further information on the possible damage mechanisms could be
obtained by A.E. monitoring during the quasi-static tensile tests on
samples before and after the fatigue tests. Based on our observations,
the following damage mechanisms that can occur during loading are
listed (in order of A.E. energy): matrix crack re-opening, matrix crack
propagation, matrix crack initiation, short fiber debonding, long fiber
debonding and fiber breakage. During the test on the as-produced
sample, an extended region of non-linearity was observed and related to
the increase of damage due to matrix crack initiation, propagation and
crack deflection on the short fiber region. For samples that were pre-
viously fatigue loaded, a more linear behavior was observed. In sum-
mary, samples subjected to more fatigue cycles showed higher damage
threshold and lower damage rate during the quasi-static tensile test. In
addition, the specimen after 2,000,000 cycles also showed signs of long
fiber debonding. Hence, an overall increase of the tensile strength was
observed after the fatigue loadings, although a decrease of the elastic
modulus was also observed.
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