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ABSTRACT
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In general, flexural loads result in more complicated and uneven stress distributions in specimens, com-
pared to axial loading. This study reports the influence of flexural fatigue loads including different stress
levels and cycles on the mechanical behavior of a 3D C/C-SiC composite. The cyclic tensile loads in the
lower part of the specimens result in strength enhancement after short fatigue duration with the expense

of decreased flexural modulus due to the fatigue damage such as cracking and interfacial degradation.
Whereas the upper part of the post-fatigue specimens, which is almost free of fatigue damage under com-
pressive stress, can still properly deflect the cracks and result in quasi-plastic failures like virgin speci-
mens. Most notably, specimens will suffer strength decline rapidly, after 50,000 cycles with maximum
stress of 95 MPa for instance, because of considerable stress concentrations and wear of fibers at 90° fiber

bundles in the lower part.

1. Introduction

Since the 1990s, liquid silicon infiltration (LSI) based ceramic
matrix composites (CMCs) have been well developed with advan-
tages of moderate costs and suitable efficiency [1,2]. In order to
manufacture C/C-SiC with desirable physical properties, a variety
of porous C/C based on different carbon precursors including poly-
mers (e.g. resin) and gases (e.g. C3Hg) were applied [3,4]. Currently,
such C/C-SiC composites have already been successfully applied in
space structures or high performance braking systems, etc. [5,6]. As
an important member of the LSI based C/C-SiC family, the C/C-SiC
composites reinforced by 3 dimensional (3D) carbon fibers preform
with chemical vapor infiltration (CVI) derived carbon matrix, show
excellent physical properties like favorable fracture toughness, and
suitable coefficient of friction for different tribological applications
[7-9]. So far, the extensive interests concerning 3D carbon fiber
preform reinforced C/C-SiC composite (3D C/C-SiC) were mainly
focused on low cost manufacturing routes and improvements for
mechanical or tribological performance, etc. [10-15]. However,

* Corresponding authors.
E-mail addresses: xiaopengcsu@csu.edu.cn (P. Xiao), chowvy@163.com (W.
Zhou), lizhuan@csu.edu.cn (Z. Li).

only a few investigations are centered on the mechanical behavior
of the 3D C/C-SiC composite under dynamic loads. Generally, the
dynamic loads can lead to mechanical degradation or enhance-
ment during the lifetime of a CMCs component [16-18]. Moreover,
the mechanisms of CMCs subjected to fatigue loadings and their
mechanical responses, e.g. fracture behavior, are rather complex.
Thus, it is quite essential to get fully understanding for the
mechanical performance under fatigue loadings. Nowadays,
numerous tensile fatigue tests with various test parameters includ-
ing frequencies, stress levels, stress ratios, etc., are widely devel-
oped and applied to characterize the fatigue behavior of CMCs
with some nondestructive examinations [19-24]. The studies con-
cerning the fatigue behavior for the CMCs in the last decades indi-
cated that the CMCs show high fatigue limits and the interfacial
variation, crack multiplication as well as released thermal residual
stress, etc., could enhance the residual strength under tensile fati-
gue stress [16,25]. In this matter, our previous work regarding the
tensile fatigue behavior of a 3D C/C-SiC composites, indicated that
such composite shows a high fatigue limit (approximately 75% of
the ultimate tensile strength), and the cyclic tensile loading still
enhances the material strength, even after one million of cycles
[26].
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However, components which are made of CMCs are frequently
subjected to different types of loadings besides pure tensile or
compressive stress. In tribological applications for instance, bend-
ing loads could be generated. In this case, the previous works on
the axial fatigue behavior are factually insufficient to assess the
mechanical responses of CMCs under dynamic flexural loadings
due to the totally different stress distributions in off-axial loading.
Generally, the strain distributions across the specimens subjected
to the tensile-tensile or tensile-compressive cyclic loads are nearly
uniform, and the damage induced by the tensile fatigue loads could
be more or less identical within each layer of the composite
[27,28]. Whereas, the unevenly distributed stresses, e.g. compres-
sive and tensile stresses, will simultaneously occur in the specimen
under flexural loading, which could lead to a different mechanical
response, e.g. gradiently increased strain distribution and damage
at the tensile side and almost free of damage in compressive side
of the specimens [27,29]. Therefore, the cyclic flexural tests have
been gradually developed in order to perform comprehensive stud-
ies on the mechanical behavior for some of CMCs, especially for C/C
composites. According to previous work [30-32], the cyclical flex-
ural tests could also yield many useful information, hysteresis
behavior and deceased flexural modulus in C/C composites for
instance, and be of an effective approach to characterize fatigue
properties for some of CMCs with pyrolytic carbon (PyC) interface.
Hence, the topic of this work is to investigate the mechanical
behavior of a 3D C/C-SiC composite subjected to quasi-static and
dynamic flexural loadings. In addition, it is addressed the relation-
ship between the flexural modulus (FM), residual flexural strength
(RFS) and permanent strain (PS) with the number of fatigue cycles
and fatigue stresses. The microstructures and fractured surfaces of
composites with and without previous fatigue loadings were also
characterized by optical microscope (OM) and scanning electron
microscope (SEM) for examining the fatigue induced damages.

2. Materials and experimental procedures
2.1. Preparation of the C/C-SiC composites

The fabrication process of the composites mainly consists of
three steps, as shown in Fig. 1. The Polyacrylonitrile (PAN) based
carbon fibers (Toray T700, filament of 12 K) were used as reinforce-
ments for the commercially available 3D fiber preform. Firstly, the
chopped fiber web and unidirectional fiber cloth were repeatedly
stacked and then needle-punched. The bulk density of 3D fiber pre-
form was of about 0.65 g-cm >, Afterwards, a chemical vapor infil-
tration (CVI) process was performed at 1000 °C in argon with an
absolute pressure of 0.1 MPa to consolidate the porous C/C com-
posites. Finally, the LSI process was applied to infiltrate the

PAN-based carbon fibers
Needling
3D carbon fiber preform
(CVI, T=1000 °C, Ar, 0.1 MPa)
Porous 3D C/C composites

(LSI, T=1650 °C, Vacuum)

3D C/C-SiC composites

Fig. 1. Schematic illustration of the manufacturing process for the 3D C/C-SiC
composites. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

above-mentioned porous C/C material. Silicon powder with parti-
cle size of approximately 50 pm and purity of 99.0% was used for
the LSI process. The infiltration in this work was conducted at
1650 °C with 0.5 h dwell time under vacuum. More details con-
cerning the preparation of the 3D C/C-SiC was reported previously

[7].

2.2. Experimental procedures

All specimens were cut from bulk C/C-SiC composites by using a
diamond saw. In addition, samples were grinded and polished to
adjust the cross-sections. The open porosity and bulk density of
the as-prepared C/C-SiC composites were measured by Archimedes
method in distilled water. All 3 point flexural tests were carried out
on an universal testing machine (Hegewald & Perchke Inspect table
5 KN) with 55 x 10 x 4 mm? specimens, as shown in Fig. 2. In
order to obtain sufficient specimens from the composites plates
for the tests, in this work a span-to-thickness ratio of 10 was used.
Note that the ratio of 10 also has been widely used for dynamic or
quasi-static flexural tests of CMCs in previous publications [32-
36]. Furthermore, the loading rate for the quasi-static flexural test
was set to 1 mm/min. According to the standard DIN 658-3, the
nominal bending strength (o) was then calculated using the Eq.
(2.1).
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where F is the applied force, L is the distance between the rolls, b is
the width of specimens, and d is the thickness of specimens.

The flexural fatigue tests were performed by using a sine-wave
loading with frequency of 1 Hz and a stress ratio of 0.1. In addition,
the flexural fatigue experiments were monitored by recording of
the associated stress-strain curve. The strain was measured by
the cross-head travel distance. Regarding the flexural fatigue load-
ing, three sets of tests with different parameters were realized, as
shown in Table 1. In the Set 1, the specimens were subjected to dif-
ferent stresses ranging from 180 MPa to 95 MPa in order to define
the low-cycles fatigue limit. Note that the flexural specimens were
cyclically loaded until total failure or until the run-out was
achieved. The run-out in this work was defined as 5 x 10* cycles
due to self-limitations from the test machine. In order to study
the influence of the fatigue stress on the residual flexural strength
after fatigue loadings, tests of 2000 cycles were performed, corre-
sponding to “Set 2”. Furthermore, the dependence of RFS on the
number of previous fatigue cycles applied was studied with the
fatigue stress of 95 MPa during “Set 3”.

After fatigue tests, the post-fatigue specimens were quasi-
statically loaded until failure in order to determine the residual
flexural strength, following the aforementioned procedure for
quasi-static flexural tests. Finally, the microstructures and frac-
tured surfaces of the C/C-SiC composites before and after fatigue
loadings were analyzed under an optical microscope (Axiotech
HAL100, Zeiss) and a scanning electron microscope (SEM, JEOL
JSM 6400).

3. Results and discussion
3.1. Weibull distribution of the flexural strength

The general properties of the as-prepared 3D C/C-SiC compos-
ites before flexural fatigue loading are summarized in Table 2.

The as-prepared 3D C/C-SiC composite presents a bulk density
of 2.0-2.1 gcm 3 and a comparatively low open porosity in the
range of 5-10%. In addition, the 3D C/C-SiC composite shows a
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Fig. 2. Photographs of the 3 point flexural test (a) The specimens for 3 point flexural tests; (b) the setup for 3 point flexural/flexural fatigue tests. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
The preselected parameters of fatigue tests for 3D C/C-SiC composites.

Series No. Fatigue cycles Flexural fatigue stresses (MPa)
“Set 1” <5 x 10* 180-150 145 130 115 95
“Set 2” 2 x10° 130 115 95
“Set 3” 20 95
2 x10°
5x 103
1x 10*
5x 10*
Table 2

The basic data of the as-prepared 3D C/C-SiC composites.

Sample Bulk density/gcm 3 Open porosity/%

3 point flexural strength /MPa

Flexural modulus/GPa Number of tested samples

c/c-sic 2.0-2.1 5-10 169 (23)

223 (1.8) N=19

Standard deviations are given in parentheses.

mean flexural strength of 169 MPa with a standard deviation of 23,
by following the normal distribution.

It is well established that the strength of brittle materials fol-
lows the Weibull distribution. Regarding CMCs, the two basic con-
stituents (fiber and matrix) are essentially brittle and the failure of
the composite involves defect-induced randomly cracking [37].
Hence, the statistical distribution for the flexural strength of C/C-
SiC composites in this work could be described by using the Wei-
bull equation (3.1) [38].

F(o)=1—exp {7 (g)m} (3.1)

u

where F(0) is the probability of failure, ¢ is the applied stress, g, is
the characteristic strength, and m is the Weibull modulus. Gener-
ally, the Weibull modulus ‘m’ indicates the scatter of the strength.
A higher modulus means uniformity in strength resp. a higher
reliability.

Fig. 3 displays the Weibull distribution for the quasi-static flex-
ural strength. The Weibull modulus ‘m’ is of 8.418 and the charac-
teristic flexural strength is 178 MPa. As it can be seen in Fig. 3, the
fitted line traces the data point with favorable accuracy. Therefore,
it can be concluded that the Weibull distribution is appropriate to
describe the failure distribution of the given composite. It should
also be noted that the ‘m’ for the flexural strength in this work is
very close to the corresponding value (about 10) for the LSI based
C/C-SiC composites in the Ref. [39].

Nevertheless, hereinafter it was preferred to apply the normal
distribution to characterize the post-fatigue samples. Since it is
required a high amount of samples to describe the Weibull distri-
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Fig. 3. The Weibull distribution for the quasi-static flexural strength. n in the
parenthesis indicates the number of tested samples. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

bution, it was not feasible to perform such analysis after several
different fatigue loadings. However, it should be highlighted that
given the high production costs of CMCs, and therefore the limited
amount of testing material, it is generally accepted to characterize
them using the normal distribution.



3.2. Behavior under fatigue loadings

Fig. 4(a) shows the diagram of flexural stress versus cycles to
failure (S-N curve) for the 3D C/C-SiC composites. Obviously, the
as-prepared C/C-SiC specimens survive the run-out of 5 x 10*
cycles when the maximum fatigue stresses are lower than
115 MPa. Note that all tested samples exhibit a run-out after the
desired 5 x 10 cycles when the applied fatigue stress decreases
to 95 MPa. Moreover, it was observed that the cyclical overloaded
stresses, especially when they are higher than 145 MPa, could
break the specimens immediately or merely after a merely few
fatigue cycles. In order to characterize the damage evolution under
these stresses, a typical stress-strain diagram of a sample, which
was subjected to the maximum fatigue stress of 145 MPa, is pre-
sented in Fig. 4(b). During the first loading, a linear elastic behavior
indicated by a constant elastic modulus is initially observed. Then
the slope of the curve tends to decrease with the gradually
increased loads until the maximum fatigue stress is achieved, indi-
cating the generation of new damage in the composite. During the
first unloading, a certain amount of permanent strain (PS) is mea-
sured. This indicates that the cracks, generated during the first
loading, are not completely closed and fibers are not able to move
to their original places during the unloading. Fracture mechanisms,
including the matrix cracking, fiber/matrix debonding, ply-
delamination, interfacial frictions and fiber breakage could be
introduced into the CMC during the fatigue loading, and results
in the permanent strain observed after unloading [40,41]. The sub-
sequent PS gradually increases and stress-strain loops start to
overlap with each other until approximately 134 cycles. After this
point, the stress-strain loops start to diverge (see the loops from
134th cycle to 140th cycle in Fig. 4(b), probably because of the
accumulation of damage, e.g. the increased amount of ruptured
fibers. This is an indicative of that the reinforcements survived
the first 134 cycles are no longer capable to carry the fatigue loads.
Consequently, the 3D C/C-SiC specimen fails after merely 141
cycles.

3.3. Dependence of post-fatigue behavior on the previously applied
stress

Based on the investigation as shown in Fig. 4, fatigue tests with
maximum stress of 95 MPa, 110 MPa and 130 MPa and only 2000
cycles, were performed in order to investigate the stress-
dependence of the RFS, within the framework of Set 2. Note that
the specimens tested with the above-mentioned conditions are
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not expected to fail during the fatigue loading. During a fatigue
cycle, it is generally known, that the permanent strain can be
related to the applied stress. Higher fatigue stresses result in more
damage, corresponding to higher values of PS. As presented in
Fig. 5(a), the measured PS after 2000 cycles trends to increase with
the increasing applied stress, despite the considerable margin of
test error. Such standard deviations in permanent strain and
quasi-static strength for C/C-SiC composites in this work derive
from the highly inhomogeneous microstructures. In general, the
distribution of phases, defects like pores and cracks, and fiber
architecture (higher fiber volume fraction in the needled region)
in the C/C-SiC composites is definitely uneven. Additionally, during
LSI process the different damage in carbon fibers due to various
protections from non-uniform PyC could also give rise to high stan-
dard deviations in mechanical properties of C/C-SiC composites.

The influence of different fatigue loadings on the RFS is dis-
played in Fig. 5(b). Due to the fatigue stress induced damage as dis-
cussed above, the flexural modulus of the post-fatigue specimens,
without doubt, gradually decreases to 17.8 GPa, around 80% of the
as-processed modulus, when the maximum fatigue stress of
130 MPa is applied. However, it is noteworthy that the post-
fatigue specimens show an increase RFS with higher applied fati-
gue loads in comparison to the as-prepared specimens. In other
words, the RFS for C/C-SiC composites, to a certain extent, could
be enhanced by the previous fatigue damage. Such strength
enhancement on some of CMCs after cyclic loadings has also been
proved in Refs. [32,42]. The stress-strain curves of the tested C/C-
SiC specimens are shown in Fig. 5(c). Compared to the as-
prepared specimens, the post-fatigue specimens present a smaller
portion of non-linearity in the stress-strain curve. Note that this
linear-elastic response is derived from the fatigue-induced dam-
age, and is also consistent with previous investigations on LSI
based C/C-SiC composites subjected to cyclically tensile stress
[26,43]. However, the “pseudo-plastic” fractured mode of the C/
C-SiC composites under flexural loading remains after the fatigue
loads. Therefore, it can be concluded that the crack-deflection
mechanisms are still effective after the C/C-SiC specimens had
underwent fatigue damage.

3.4. Dependence of the RFS on the applied cycles

Fig. 6(a) shows the typical flexural stress-strain loops of the
specimen loaded with the maximum stress of 95 MPa. It was found
that the specimen shows almost only elastic deformation during
the first loading, corresponding to the linear stress-strain behavior.
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Fig. 4. (a) Diagram of the flexural stress vs. cycles to failure (S-N curve) for the 3D C/C-SiC composites at room temperature. n in the parenthesis indicates the number of
samples achieved the run-out of 5 x 10* cycles. (b) The typical fatigue stress-strain loops of a specimen loaded with the maximum fatigue stress of 145 MPa. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In addition, the PS was measured after the first loading cycles,
which is identical to the mechanical response of the specimen sub-
jected to the fatigue stress of 145 MPa (see Fig. 4(b)). Thereafter,
the hysteresis loops progressively overlap from the 2nd to
50,000th cycle, indicating a gradual increment of the fatigue dam-
age. Note that PS in Fig. 6(a) spans a strain range of approximately
0.05% while maximum-stress strain spans double of that, 0.1%.

Such difference in the width of strain range is probably ascribed
to the change of thermal residual stress in the lower part of the
specimen during loading/unloading. The cyclic tensile stress
derived from the cyclic flexural loads will gradually relieve the
compressive TRS in the 90° fiber bundles during loading, resulting
in wider strain-range than PS during unloading. The similar phe-



nomena in the strain-range caused by TRS were particularly evi-
dent in the step-loading curves from Mei and Dassios, etc. [18,44].

In addition, differently than the sample tested with maximum
fatigue stress of 145 MPa, the well overlapped loops also demon-
strate that the cracking in the C/C-SiC composites is probably sat-
urated until the specimen tested with 95 MPa reaches the run-out.

Fig. 6(b) presents the evolution of PS when the maximum fati-
gue stress of 95 MPa is applied. The data points could be well fitted,
R? = 0.999, by the Hill equation (3.2) as follows.

PS = 0.17869X%14%5 /(0.910614% | X014%5) (3.2)

where X is the number of cycles.

Moreover, the growth rate of PS, namely the slope of the PS, as a
function of fatigue cycles X can be calculated by the first order
derivative of Eq. (3.2) and is expressed as:

y = 0.0263 /(X% +1.9722X + 0.9724X°8°%) (3.3)

where y is the growth rate of PS.

It is visible that the growth rate of PS is decreasing with the
increased cycles, which indicates that less and less new damage
could be introduced into the composites with the higher fatigue
period. Whereas the total amount of damage are still increasing
with cycles.

According to previous investigations [16,45], it is proposed that
the length of the cyclic loading period exerts a profound influence
on the residual strength of CMCs. Based on the different growth
rates of PS during the above fatigue loading, five kind of represen-
tative damages, corresponding to 20, 2 x 103, 5 x 103, 1 x 10* and
5 x 10% cycles under the fatigue stress of 95 MPa, were introduced
into the 3D C/C-SiC specimens to study the cycle-dependence of
the RFS, as listed in Set 3.

Fig. 7(a) displays the diagram of the RFS/flexural modulus ver-
sus fatigue cycles under the maximum fatigue stress of 95 MPa.
It can be perceived that the flexural modulus gradually decrease
with the increasing number of fatigue cycles, which coincides with
the increment of PS as shown in Fig. 6(b). It is well established that
higher PS value indicates more fatigue-induced damages, which
leads to lower modulus. This is also in accordance to the results
obtained with different applied fatigue stresses, cf. Fig. 5(a). Never-
theless, the RFS of the fatigued specimens, as shown in Fig. 7(a),
increase after 20, 2000, 5000 and 10,000 cycles. In this work, the
most pronounced enhancement induced by fatigue damage on
RFS (about 110% of the virgin strength) is measured in the post-
fatigue specimens after merely 5000 loading cycles. The increased
RFS after fatigue loadings reconfirms the existence of strength
enhancement behavior in CMC, even subjected to flexural loadings
as described in the Ref. [32]. However the RFS tends to decrease
when the number of the cycle exceeds 5000. Note that the RFS
after 50,000 fatigue cycles declines to approximately 156.3 MPa,
corresponding to 92.5% of the flexural strength in the virgin spec-
imens. It is likely that the RFS will further decrease with the
increasing loading cycles.

Fig. 7(b) presents the representative stress-strain curves of the
specimens loaded for different fatigue cycles. Again it is noticeable
that a reduction of the non-linear region in stress-strain curves is
observed in the post-fatigue specimens. Still, the “pseudo-plastic”
fractured mode is presented in all specimens.

In conclusion, when the 3D C/C-SiC composite specimens are
exposed to cyclic flexural loads, the RFS and flexural modulus
depend on the number of cycles or the applied fatigue stresses.
On the basis of above-mentioned results, it can be concluded that
a suitable fatigue loading could enhance the RTS of the 3D C/C-SiC
composite with the expense of its flexural modulus, and part of its
non-linear behavior. Nonetheless, the fatigue damage in this work
hardly seems to influence the crack-deflection mechanisms in a
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Fig. 7. (a) Diagram of the RFS/flexural modulus vs. fatigue cycles for samples tested
with fatigue stress of 95 MPa. (b) Representative stress-strain curves of virgin and
post-fatigue specimens. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

significant matter. However, the excessive fatigue with overloaded
stresses (see Fig. 5(b)) or too long periods (see Fig. 7(b)) will be
undoubtedly detrimental to the strength and post-fatigue behavior
of the composite, or even cause the premature failure for the C/C-
SiC composites.

3.5. Microstructures

Fig. 8 shows the typical microstructures of 3D C/C-SiC speci-
mens before and after cyclical loadings. Even before any flexural
loading, the microstructure of virgin specimen reveals several
small cracks in different directions, as shown in Fig. 8(a). These
cracks can be related to process-induced defects due to the mis-
match of the thermal expansion coefficient between the fibers
and the matrix. Note that most of the cracks in the virgin speci-
mens are orientated vertically to the 90° fiber bundles because of
the tensile residual stress in 0° fiber bundles and chopped-fiber
web layers. More details about these thermal residual stresses in
3D C/C-SiC composites have been reported in our previous work
[26].

Fig. 8(b) presents the microstructure of loaded region for the
post fatigue specimen (95 MPa, 50,000 cycles). The cracks propa-
gate rather straight from the bottom surface and across the 0° fiber
bundles, chopped fiber cloth layers and 90° fiber bundles could be
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Fig. 8. Typical microstructures of 3D C/C-SiC before/after cyclical loading. (a) Virgin specimen without fatigue loading. (b) Loaded region of the specimen that survived
5 x 10% cycles with the fatigue stress of 95 MPa. (c) Quasi-static fracture of the specimen that underwent 5 x 10* cycles with fatigue stress of 95 MPa. Red arrows indicate the
direction of bending load, while the blue dashed arrow indicates the path and direction of the crack propagation. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

observed. It can be assumed that the fatigue loading initiates/prop-
agates the process-induced cracks leading to a crack front which is
parallel to the applied load to the specimen. Within this assump-
tion, it is expected that these cracks will open and close during
loading and unloading, respectively. However, their propagations
are stopped at the next 90° oriented fibers. This can be confirmed
by the linear behavior of the stress-strain loops, and the reduction
of PS growth rate, cf. Fig. 6. After the quasi-static loading until fail-
ure, the fatigue-induced cracks propagate further, as shown in
Fig. 8(c). Crack propagating seems to go straight through the 0°
fibers and short fiber cloth layers, while it deflects in the 90° fibers.
Moreover, pull-out of 90° fibers is also observed on the bottom to
the inner portion of the specimen. Most importantly, no apparent
shear failure could be observed between the 90° fibers and others
layers. Hence, the influence of shear stress between the fiber layers
on the flexural strength could be negligible. Note that the speci-
mens, in general, fail when the 90° fibers which are closest to the
tensile loaded side of the specimen break. In other words, it could
be concluded that the 90° fibers determine the mechanical behav-
ior for the 3D C/C-SiC composites under flexural loadings in this
work.

Fig. 9 shows the morphology of the fractured surfaces from vir-
gin and post-fatigue specimens after quasi-static flexural tests. The
fibers pull-out observed in the virgin specimens, as shown in Fig. 9
(a) and (b), are mainly consisted of many fiber bundles and few sin-
gle fibers. Additionally, it could be perceived that the forepart of
the pull-out fiber bundles as shown in Fig. 9(b) are still intact,
and most of the fibers are still embedded in the matrix, indicating
the considerable strong bonding between fiber and matrix. Com-
pared to the fiber-pullout pattern in virgin specimens, more single
fibers could be observed in the post-fatigue specimens which were
previously loaded for 10,000 cycles (see Fig. 9(c)). Note that there
are still some fragments of matrix in these fiber clusters, but a
lot less amount than that in the virgin specimens. As the fatigue
damage progressively introduced, the fiber/matrix bonding will
further degrade due to the interfacial sliding during the cyclic load-

ing/unloading. For this reason, the largest amount of single fibers
could be observed in the specimen loaded for 50,000 cycles, as
shown in Fig. 9(e). Furthermore, the single fibers with much
smoother surfaces in the forepart of pull-out bundles (see Fig. 9
(f)) markedly reaffirms the weakening of interfacial bonding in
the C/C-SiC after loading for 50,000 cycles. Moreover, it is notewor-
thy that the fiber length after cyclic loading is seemingly longer
than that of virgin specimens. Generally, the fiber-pullout length
is inversely proportional to the interfacial shear strength (ISS).
The ISS 7 of CMCs can be described by Eq. (3.4) [46].

_ord

T=5r (3.4)

where d is the fiber diameter, oy is the fiber strength, and L. is the
critical length of broken fiber which equal to twice of fiber pull-out
length.

Hence, it can be inferred from Fig. 9 and Eq. (3.4) that the post
fatigue specimens show somewhat lower ISS in comparison to that
of virgin specimens.

3.6. Discussion

According to the experimental results mentioned above, the
lifetime of the 3D C/C-SiC composite under fatigue loading is
strongly dependent on the fatigue damage evolution during load-
ing and unloading. According to the microstructure analysis, the
damage induced by the cyclic stresses can be mainly described
as crack propagation and interfacial degradation. However, before
relating these two mechanisms with the observed behavior, it
should be noted that the fatigue damage evolution does not occur
evenly throughout the bending specimen. It is well known that the
specimen for flexural test is subjected to a stress distribution along
its thickness, which results in tensile stresses at the bottom, com-
pressive stresses at the top, and a neutral plane in the middle, for
an isotropic material. Since CMCs are rather heterogeneous, the
stress distribution is definitely not the same as the theorized iso-
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Fig. 9. Typical fracture surfaces of quasi-static flexural tests on 3D C/C-SiC without/after previous cyclical loadings. (a) Virgin specimen; (b) Magnification of the highlighted
region in (a); (c) Specimen loaded with fatigue stress of 95 MPa for 1 x 10 cycles; (d) Magnification of the highlighted region in (c); (e) Specimen loaded with fatigue stress of
95 MPa for 5 x 10% cycles; (f) Magnification of the highlighted region in (e). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

tropic materials. However, the maximum tensile and compressive
stresses are still located at the bottom and top of the sample,
respectively, and somewhere in-between it is expected to be a neu-
tral plane.

Given these considerations, it can be concluded that the gener-
ated damage during fatigue loading/unloading has a maximum in
the bottom of the sample, see Fig. 8(b), and is less intense towards
the neutral plane. Note that damage is also generated in the upper
half of the sample, compressive zone, but it is presumably less crit-
ical than the lower half, tensile zone. In this matter, the resistance
of the material will be given by the plies, i.e. the bottom 90° fiber
bundles that can sustain the maximum tensile load. For moderate
fatigue stresses, e.g. 95 MPa, crack propagation starts in the bottom
plies, but is not strong enough to break the 90° fibers. Therefore,
the fatigue damage tends to get saturated. Consequently, there is
a drastic reduction of the PS growth rate at around 2000 cycles,
cf. Fig. 6(b). If the fatigue stress is high enough, for instance
145 MPa, the continuous cracking in the lower part will eventually
lead to the failure of the bottom 90° fibers. At this point, the C/C-
SiC specimen will no longer be able to undertake the load, and will
progressively fail, shown in Fig. 4(b).

The mechanical properties of the post-fatigue specimen will
also be dependent on the fatigue induced damage. As seen in the

experimental results, the residual flexural strength increases up
to an extent due to the crack propagation and interfacial degrada-
tion. Regarding the cracking, previous studies show that it could
result in enhanced strength by relieving the thermal residual stres-
ses [46]. Interfacial friction can also play an important role in the
post-fatigue mechanical behavior since it weakens the fiber/matrix
interface. As discussed in Ref. [47], the fiber/matrix interface is one
of the most predominant factors to determine the strength of
CMCs. On the basis of the microstructure, it could be concluded
that the interfacial degradation of the 90° fibers could lead to crack
deflection along the fibers and then result in higher residual flexu-
ral strength. However, it should be noted that the extent of both
mechanism described above is mainly localized on the lower part
of the specimen. In the lower part, the generation of defects leads
to a decreased flexural modulus and partial loss of the non-linear
behavior. Moreover, if the amount of damage is too high, after
50,000 cycles for instance, there will be probably stress concentra-
tions at the lower 90° fibers. Additionally, the detrimental effect
caused by interfacial debonding, e.g. fiber wear under cyclic load-
ing/unloading is more pronounced to result in weakened strength.
As a consequence, a decrease of strength was measured as seen in
Fig. 7(a). However, since the damage is more localized at the bot-
tom layers, the upper part of the composite can still properly



deflect cracks. Therefore, even those post-fatigue samples show
quasi-plastic failures.

4. Conclusions

The influence of quasi-static and cyclic flexural loadings with
different stress levels and cycles on the mechanical behavior of a
3D C/C-SiC composites were here studied. Based on the performed
investigations, following conclusions could be drawn:

(a) The Weibull modulus and flexural characteristic strength of
the 3D C/C-SiC composites were 8.418 and 178 MPa, respec-
tively. However, due to the low amount of samples, the nor-
mal distribution was used to evaluate the RFS, and the mean
flexural strength of 169 + 23 MPa was used as reference.

(b) The fatigue limit, considering a run-out of 5 x 10* cycles,
was found to be at 95 MPa (56% of the mean flexural
strength).

(c) The cyclic tensile loads in the lower part of the specimen
result in strength enhancement with the expense of
decreased flexural modulus due to the fatigue damage, for
instance cracking and interfacial degradation after short fati-
gue duration. The post fatigue specimens with the maximum
stress of 130 MPa for 2000 cycles could achieve the RFS of
199 MPa (117% of the mean flexural strength).

(d) The RFS showed dependence on the number of applied fati-
gue cycles and stress level, because the damage in 90° fiber
plies at the lower part of the specimen under cyclic tensile
loadings basically determined the ultimate flexural strength.

(e) The upper part of the specimens, which is almost free of fati-
gue damage under cyclic compressive loadings, can still
properly deflect cracks and result in quasi-plastic failures
like virgin specimens.

(f) Based on the microstructure investigation, the interfacial
degradation and crack propagation after short fatigue dura-
tion, which occur mostly on the lower part of the specimen,
determined the stress-induced enhancement of the flexural
strength. Whereas the specimens will suffer lose in strength
rapidly, after 50,000 cycles for instance, because of the con-
siderable stress concentrations and fibers wear at 90° fiber
bundles in the lower part.
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