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Abstract When the fiber-reinforced ceramic-matrix composites (CMCs) are first loading to
fatigue peak stress, matrix multicracking and fiber/matrix interface debonding occur. Under
fatigue loading, the stress–strain hysteresis loops appear as fiber slipping relative to matrix in
the interface debonded region upon unloading/reloading. Due to interface wear at room
temperature or interface oxidation at elevated temperature, the interface shear stress degredes
with increase of the number of applied cycles, leading to the evolution of the shape, location
and area of stress–strain hysteresis loops. The evolution characteristics of fatigue hysteresis
loss energy in different types of fiber-reinforced CMCs, i.e., unidirectional, cross-ply, 2D and
2.5D woven, have been investigated. The relationships between the fatigue hysteresis loss
energy, stress–strain hysteresis loops, interface frictional slip, interface shear stress and
interface radial thermal residual stress, matrix stochastic cracking and fatigue peak stress of
fiber-reinforced CMCs have been established.

Keywords Ceramic-matrix composites (CMCs) . Fatigue . Hysteresis loops

1 Introduction

Ceramic materials possess high strength and modulus at elevated temperature. But their use as
structural components is severely limited because of their brittleness. The continuous fiber-
reinforced ceramic-matrix composites (CMCs), by incorporating fibers in ceramic matrices,
however, not only exploit their attractive high-temperature strength but also reduce the
propensity for catastrophic failure. These materials have already been implemented on some
aero engines’ components [1]. The CMC flaps for exhaust nozzles of SNECMA M53 and

Appl Compos Mater (2016) 23:1–27
DOI 10.1007/s10443-015-9448-1

* Longbiao Li
llb451@nuaa.edu.cn

1 College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, No. 29, Yudao St.,
Nanjing 210016, People’s Republic of China



M88 aero engines have been used for more than one decade [2]. The CMC turbine vanes have
been designed and tested in the aero engine environment under the implementation of Ultra
Efficient Engine Technology (UEET) program [3]. A CMC turbine blade has been tested for
4 h by General Electric in a modified GE F414 engine, which represents the first application of
CMC material in a rotating engine component. By incorporating the CMC turbine blades on a
GE90–sized engine, the overall weight can be reduced by 455 kg, which represents~6 % of
dry weight of a full sized GE90–115 [4]. The CMC combustion chamber floating wall tiles
have also been tested in the aero engine environment for 30 min, with the temperature range of
1047~1227 °C and the pressure of 2 MPa [5].

Under fatigue loading of fiber-reinforced CMCs, matrix multicracking and fiber/matrix
interface debonding occur first [6], and the open and closure of matrix cracking upon each
cycle is the basic fatigue damage mechanism [7]. The stress–strain hysteresis loops appear as
fiber slipping relative to matrix in the interface debonded region upon unloading/reloading [8].
Marshall and Evans [9] first observed the hysteresis loops in unidirectional CMCs at room
temperature and attributed to frictional slip between fibers and matrix. Holmes and Cho [10]
investigated the fatigue hysteresis loops evolution characteristics of unidirectional SiC/CAS–II
composite at room temperature. At the initial stage, the hysteresis modulus decreases rapidly,
and the hysteresis loops area increases, due to matrix multicracking, fiber/matrix interface
debonding and interface wear. When the cycle number approaches a critical value, the
hysteresis modulus remains constant. However, the hysteresis loops area continually decreases
with increase of the cycle number. Upon approaching fatigue fracture, the hysteresis loops area
increases rapidly. Li [11] investigated the fatigue hysteresis behavior of cross-ply C/SiC
composite at room temperature and 800 °C in air atmosphere. The hysteresis loops area
decreases with increase of the cycle number. Reynaud [12] investigated the fatigue hysteresis
loops evolution of two different types of CMCs at 600, 800 and 1000 °C in inert atmosphere.
First, the hysteresis loops area of 2D SiC/SiC composite increases with increase of the number
of applied cycles due to interface radial thermal residual compressive stress. The second
ceramic composite, [0/90]s SiC/MAS–L, the hysteresis loops area decreases with increase of
the number of applied cycles due to interface radial thermal residual tensile stress. Fantozzi
et al. [13] investigated the fatigue hysteresis loops evolution of 2.5D SiC/[Si–B–C] and 2.5D
C/[Si–B–C] composites at 1200 °C in air atmosphere. The hysteresis loops area of 2.5D SiC/
[Si–B–C] composite decreases with increase of the number of applied cycles due to interface
wear; the hysteresis loops area of 2.5D C/[Si–B–C] composite decreases significantly after
144 h static fatigue loading attributed to PyC interface recession by oxidation or by a
beginning of carbon fibers recession.

Many researchers investigated the fatigue hysteresis loops models of fiber-reinforced
CMCs. Kotil et al. [14] first performed an investigation on the effect of interface shear stress
on the shape and area of loading/unloading tensile hysteresis loops in unidirectional CMCs.
Cho et al. [15] classified the interface frictional slip into two cases, i.e., the interface partially
slip and interface completely slip, and obtained the hysteresis energy dissipation rate for two
interface slip cases in unidirectional CMCs. Pryce and Smith [16] investigated the loading/
unloading tensile hysteresis loops in unidirectional SiC/CAS composite when interface par-
tially debonded based on the assumption of purely frictional load transfer between fibers and
matrix. Ahn and Curtin [17] investigated the effect of matrix stochastic cracking on loading/
unloading tensile hysteresis loops of unidirectional CMCs by assuming two-parameter Weibull
distribution of matrix flaws and compared with Pryce–Smith model [16]. Solti et al. [18, 19]
investigated the cyclic loading/unloading hysteresis loops in unidirectional and cross-ply
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CMCs when interface was chemically bonded and partially debonded by adopting the
maximum interface shear strength criterion to determine interface slip lengths, i.e., the
interface debonded length, interface counter-slip length and interface new-slip length.
Vagaggini et al. [20] developed the cyclic loading/unloading hysteresis loops models of
unidirectional CMCs based on Hutchinson–Jenson fiber pull-out model [21], and investigated
the effect of interface debonded energy on the stress–strain hysteresis loops. Li et al. inves-
tigated the effects of interface debonding [22], fiber Poisson contraction [23], fibers fracture
[24] and matrix multicracking [25, 26] on cyclic loading/unloading hysteresis loops of
unidirectional and cross-ply CMCs. Fantozzi et al. [13] investigated the fatigue hysteresis
behavior of bi- or multi-directional (cross-weave, cross-ply, 2.5D, [0/+60/−60]n) with SiC or C
long fibers reinforced SiC, MAS–L, Si–B–C or C matrix at room and elevated temperatures in
inert or oxidation conditions.

Under cyclic fatigue loading, the stress applied oscillates between a valley stress and a peak
stress. During each loading/unloading cycle, the fatigue behavior of fiber-reinforced CMCs
can be described by a stress–strain loop where the area is the energy dissipated during each
corresponding cycle. The evolution characteristics of fatigue hysteresis loss energy in different
types of CMCs, i.e., unidirectional C/SiC, SiC/CAS, SiC/CAS–II and SiC/1723, cross-ply
C/SiC, SiC/CAS, and SiC/MAS–L, 2D SiC/SiC, 2.5D C/SiC CMCs at room and elevated
temperatures, have been investigated. The relationships between the hysteresis loss energy,
stress–strain hysteresis loops, interface frictional slip, interface shear stress and interface radial
thermal residual stress, matrix stochastic cracking and fatigue peak stress of CMCs with
different fiber preforms have been established.

2 Hysteresis Loops Models of CMCs

If matrix cracking and fiber/matrix interface debonding are present upon first loading, the stress–
strain hysteresis loops would develop as a result of energy dissipation through frictional slip
between fibers and matrix upon unloading/reloading. The shape, area and location of cyclic
loading/unloading stress–strain hysteresis loops depend upon fiber preforms, interface debonding,
interface slip, interface thermal residual stress, matrix crack spacing and fatigue peak stress.

For a unidirectional composite, the fatigue peak stress σt at which the interface completely
slips and the interface partially debonds upon unloading/reloading, is

σt ¼ 2V fEcτ i
ρVmEm

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4VmEmE f

r fEc

ρ2

τ2i
ζd

s" #
−σmin ð1Þ

where Vf and Vm denote the fiber and matrix volume fraction, respectively; Ef, Em and Ec
denote the fiber, matrix and composite elastic modulus, respectively; τi and ζd denote the fiber/
matrix interface shear stress and interface debonded energy; ρ denotes the shear-lag parameter;
rf denotes the fiber radius; and σmin denotes the valley stress.

The fatigue peak stress σp at which the interface completely slips and the interface
completely debonds upon unloading/reloading, is

σp ¼ 2
V fEc

VmEm

L

r f
τ i þ σmin ð2Þ

where L denotes the matrix crack spacing.
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The interface completely debonded stress σb is

σb ¼ V fEcτ i
ρVmEm

1þ ρ
L

r f
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

VmEmE f

r fEc

ρ2

τ2i
ζd

s" #
ð3Þ

When σmax<σt, the interface counter-slip length y and interface new-slip length z are
affected by interface debonding, i.e., upon unloading to σtr_pu (σtr_pu>σmin), the interface
counter-slip length y is equal to interface debonded length Ld, i.e., y(σtr_pu)=Ld; upon reloading
to σtr_pr (σtr_pr<σmax), the interface new-slip length z is equal to interface debonded length Ld,
i.e., z(σtr_pr)=Ld. When σt<σmax<σb, the interface counter-slip length y and interface new-slip
length z are less than interface debonded length Ld upon unloading to σmin or reloading to σmax,
i.e., y(σmin)<Ld and z(σmax)<Ld.

When σb<σmax<σp, the interface completely debonds, and the interface counter-slip length
y unloading to σmin and interface new-slip length z upon reloading to σmax, are both less than
half matrix crack spacing L/2, i.e., y(σmin)<L/2 and z(σmax)<L/2. When σp<σmax, the interface
counter-slip length y and interface new-slip length z are affected by matrix cracking, i.e., upon
unloading to σtr_fu (σtr_fu>σmin), the interface counter-slip length y is equal to half matrix crack
spacing L/2; Upon reloading to σtr_fr (σtr_fr<σmax), the interface new-slip length z is equal to
half matrix crack spacing L/2.

Based on the analysis of interface debonding and interface frictional slip between fibers and
matrix corresponding to different peak stresses, the stress–strain hysteresis loops can be
divided into four cases, i.e., (1) when σmax<σt, the interface partially debonds, and fiber
completely slips relative to matrix; (2) when σt<σmax<σb, the interface partially debonds, and
fiber partially slips relative to matrix; (3) when σb<σmax<σp, the interface completely
debonds, and fiber slips partially relative to matrix; (4) when σp<σmax, the interface complete-
ly debonds, and fiber slips completely relative to matrix in the interface debonded region upon
unloading/reloading.

For interface slip Case 2, the unloading and reloading stress–strain relationships for
interface partially debonding and fiber partially slipping relative to matrix are,

εc pu ¼ σ
V fE f

þ 4
τ i
E f

y2

r fL
−2

τ i
E f

2y−Ldð Þ 2yþ Ld−Lð Þ
r fL

− αc−α fð ÞΔΤ ð4aÞ

εc pr ¼ σ
V fE f

−4
τ i
E f

z2

r fL
þ 4

τ i
E f

y−2zð Þ2
r fL

þ 2
τ i
E f

Ld−2yþ 2zð Þ Ld þ 2y−2z−Lð Þ
r fL

− αc−α fð ÞΔΤ
ð4bÞ

where αf, αm and αc denote the fiber, matrix and composite thermal expansion coefficient,
respectively; andΔT denotes the temperature difference between the fabricated temperature T0
and room temperature T1 (ΔT = T1 − T0).

For interface slip Case 1, the unloading and reloading stress–strain relationships are divided
into two regions. When σ>σtr_pu, the unloading strain is determined by Eq. 4a; and when σ
<σtr_pu, the unloading strain is determined by Eq. 4a by setting y=Ld. When σ<σtr_pr, the
reloading strain is determined by Eq. 4b; and when σ>σtr_pr, the reloading strain is determined
by Eq. 4b by setting z=Ld.
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For interface slip Case 3, the unloading and reloading stress–strain relationships for the
interface completely debonding and fiber partially slipping relative to matrix are,

εc fu ¼ σ
V fE f

þ 4
τ i
E f
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r fL
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.
2
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For interface slip Case 4, the unloading and reloading stress–strain relationships are divided
into two regions. When σ>σtr_fu, the unloading strain is determined by Eq. 5a; and when σ
<σtr_fu, the unloading strain is determined by Eq. 5a by setting y=L/2. When σ<σtr_fr, the
reloading strain is determined by Eq. 5b; and when σ>σtr_fr, the reloading strain is determined
by Eq. 5b by setting z=L/2.

Under fatigue loading, the area associated with the stress–strain hysteresis loops is the
energy lost during corresponding cycle, which is defined as,

S ¼
Z
σmin

σmax
εunloadc σð Þ−εreloadc σð Þ� �

dσ ð6Þ

The hysteresis loss energy of the four interface slip cases can be derived through inserting
corresponding unloading and reloading strains into Eq. (6).

Under fatigue loading, the interface shear stress degrades with increase of the applied cycles
due to interface wear at room temperature or interface oxidation at elevated temperature. The
fatigue hysteresis loops, hysteresis loss energy and interface slip of unidirectional SiC/CAS
composite under σmax=240 MPa are shown in Fig. 1. The hysteresis loops corresponding to
the 1st, 2nd, 3rd and 4th interface slip cases are illustrated in Fig. 1a. When τi=27~50 MPa,
i.e., the A–B part in Fig. 1b, the hysteresis loss energy increases with decrease of interface
shear stress, and the hysteresis loops correspond to interface slip Case 1, i.e., the interface
partially debonds, i.e., Ld<L/2 in Fig. 1c, and fiber completely slips relative to matrix in the
interface debonded region, i.e., y(σmin)=Ld in Fig. 1d. When τi=8.8~27 MPa, i.e., the B–C
part in Fig. 1b, the hysteresis loss energy increases with decrease of interface shear stress, and
the hysteresis loops correspond to interface slip Case 2, i.e., the interface partially debonds,
i.e., Ld<L/2 in Fig. 1c, and fiber partially slips relative to matrix in the interface debonded
region, i.e., y(σmin)<Ld in Fig. 1d. When τi=8.3~8.8 MPa, i.e., the C–D part in Fig. 1b, the
hysteresis loss energy increases with decrease of interface shear stress and the hysteresis loops
correspond to interface slip Case 3, i.e., the interface completely debonds, i.e., Ld=L/2 in
Fig. 1c, and fiber partially slips relative to matrix in the interface debonded region, i.e., y(σmin)
<L/2 in Fig. 1d. When τi=1~8.3 MPa, i.e., the D–E part in Fig. 1b, the hysteresis loss energy
increases to the peak value, then decreases with decrease of interface shear stress, and the
hysteresis loops correspond to interface slip Case 4, i.e., the interface completely debonds, i.e.,
Ld=L/2 in Fig. 1c, and fiber completely slips relative to matrix in the interface debonded
region, i.e., y(σmin)=L/2 in Fig. 1d.
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The energy dissipation through relative slip between fibers and matrix in the interface
debonded region would be affected by fatigue peak stress, fatigue stress amplitude, fiber
volume fraction, matrix multicracking and cycle number. The relationships between hysteresis
loss energy and interface shear stress corresponding to different fatigue peak stress, fatigue
stress amplitude, fiber volume fraction and matrix crack spacing are shown in Fig. 2. With
increase of the fatigue peak stress or fatigue stress amplitude, the range and extent of interface
frictional slip between fibers and matrix in the interface debonded region would be increased,
and the hysteresis loss energy would be increased at the same interface shear stress, as shown
in Fig. 2a and b. With increase of the fiber volume fraction or matrix crack spacing, the range
and extent of interface frictional slip between fibers and matrix in the interface debonded
region would be decreased, and the hysteresis loss energy would be decreased at the same
interface shear stress, as shown in Fig. 2c and d.

Under fatigue loading of cross-ply CMCs, transverse cracking in the 90o ply, matrix
cracking and fiber/matrix interface debonding in the 0o ply would occur. Kuo and Chou
[27] investigated the matrix multicracking in cross-ply CMCs and classified the cracking
states into five modes, i.e., (1) transverse cracking; (2) transverse cracking and matrix
cracking with perfect fiber/matrix interface bonding; (3) transverse cracking and matrix
cracking with fiber/matrix interface debonding; (4) matrix cracking with perfect fiber/
matrix interface bonding; and (5) matrix cracking with fiber/matrix interface debonding,
as shown in Fig. 3. Among the matrix cracking modes, cracking mode 3 and mode 5

Fig. 1 a The fatigue hysteresis loops of four different interface slip cases; b the fatigue hysteresis loss energy
versus interface shear stress; c the interface debonded length 2Ld/L versus interface shear stress; and d the
interface counter-slip length y/Ld versus interface shear stress of unidirectional SiC/CAS composite under σmax=
240 MPa
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involve matrix cracking and fiber/matrix interface debonding in the 0o ply. The relation-
ships of the fatigue hysteresis loss energy and the interface shear stress for cracking
mode 3 and mode 5 are shown in Fig. 4. At the same interface shear stress, the hysteresis
loss energy of cracking mode 3 is much larger than that of cracking mode 5, i.e., A1–B1–
C for cracking mode 3 and A2–B2–C for cracking mode 5 as shown in Fig. 4, which
indicates that the extent of interface frictional slip between fibers and matrix of cracking
mode 3 is much larger than that of cracking mode 5.

3 Experimental Analysis

When a CMC is subjected to a cyclic loading between a valley stress and a peak stress,
upon first loading to the peak stress, the damage mechanisms of matrix multicracking
and fiber/matrix interface debonding would occur. Under subsequent cycles, interface
shear stress degrades due to interface wear at room temperature or interface oxidation at
elevated temperature. This should lead to the evolution of energy dissipated during a
loading/unloading cycle. The evolution characteristics of hysteresis loss energy in dif-
ferent types of CMCs, i.e., unidirectional C/SiC, SiC/CAS, SiC/CAS–II and SiC/1723,
cross-ply C/SiC, SiC/CAS, and SiC/MAS–L, 2D SiC/SiC, 2.5D C/SiC CMCs at room
and elevated temperatures, would be investigated.

Fig. 2 The effects of a the fatigue peak stress; b the fatigue stress amplitude; c the fiber volume fraction; and d
the matrix crack spacing on the evolution of fatigue hysteresis loss energy versus interface shear stress
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Fig. 3 The undamaged state and five damaged modes of cross-ply ceramic composite a undamaged composite;
b mode 1: transverse cracking; c mode 2: transverse cracking and matrix cracking with perfect fiber/matrix
bonding; d mode 3: transverse cracking and matrix cracking with fiber/matrix interface debonding; e mode 4:
matrix cracking with perfect fiber/matrix bonding; and f mode 5: matrix cracking with fiber/matrix debonding

Fig. 4 The effect of matrix cracking mode, i.e., matrix cracking mode 3 and mode 5, on the fatigue hysteresis
loss energy versus interface shear stress curve
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3.1 Unidirectional CMCs

3.1.1 Room Temperature

The tension–tension fatigue behavior of unidirectional C/SiC composite has been investigated
at room temperature. The fatigue experiments were in a sinusoidal wave form and a loading
frequency of 10 Hz. The fatigue load ratio was 0.1, and the maximum number of applied
cycles was defined to be 1,000,000 cycles. Under σmax=240 MPa, the experimental hysteresis
loops corresponding to the 1st, 10th, 10000th, 100000th and 1000000th cycles are shown in
Fig. 5a. The theoretical hysteresis loss energy versus interface shear stress curve is illustrated
in Fig. 5b, in which the hysteresis loss energy increases with decrease of the interface shear
stress to the peak value of 79.5 KPa (the corresponding interface shear stress is τi=4.7 MPa),
then decreases with decrease of interface shear stress to zero KPa (the corresponding interface

Fig. 5 a The experimental and predicted fatigue hysteresis loops; and b the theoretical fatigue hysteresis loss
energy as a function of interface shear stress of unidirectional C/SiC composite under σmax=240 MPa at room
temperature
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shear stress is τi = zero MPa). The experimental hysteresis loss energy of the 1st, 3rd, 7th,
10th, 100th, 10000th, 100000th and 1000000th cycles are 56, 45, 30, 12.7, 12, 10.4, 8.8 and
8 KPa, respectively. Under σmax=240 MPa, the hysteresis loss energy of the first cycle lies in
the right part of the hysteresis loss energy versus interface shear stress curve. The hysteresis
loop of the first cycle corresponds to interface slip Case 2, i.e., the interface partially debonds
and fiber partially slips relative to matrix in the interface debonded region upon unloading/
reloading. When interface completely debonds, the interface shear stress degrades rapidly due
to interface radial thermal residual tensile stress. The hysteresis loop of the 100th cycle
corresponds to interface slip Case 4, i.e., the interface completely debonds and fiber complete-
ly slips relative to matrix in the interface debonded region upon unloading/reloading. The
theoretical predicted hysteresis loops corresponding to the 1st, 10th, 10000th, 100000th,
1000000th cycles agreed with experimental data, as shown in Fig. 5a.

Evans et al. [6] performed an investigation on the tension–tension fatigue behavior of
unidirectional SiC/CAS composite at room temperature. The fatigue peak and valley stresses
were 280 and 14 MPa, respectively. The fatigue loading was in a sinusoidal waveform and a
frequency of 10 Hz. The fatigue tests were run out to 40,000 cycles or to fracture. The
experimental hysteresis loops corresponding to the 1st, 5th, 9th, 109th and 30040th cycles are
given in Fig. 6a. The theoretical hysteresis loss energy versus interface shear stress curve is
illustrated in Fig. 6b, in which the hysteresis loss energy increases with decrease of the
interface shear stress to the peak value of 81 KPa (the corresponding interface shear stress is
τi=7 MPa), then decreases to zero KPa with decrease of interface shear stress. Under σmax=
280 MPa, the experimental hysteresis loss energy increases first, then decreases with increase
of the number of applied cycles, corresponding to the right and left parts of the hysteresis loss
energy versus interface shear stress curve. The predicted hysteresis loops corresponding to the
1st, 5th, 9th, 109th and 30040th cycles agreed with experimental data, as shown in Fig. 6a.

Holmes and Cho [10] investigated the tension–tension fatigue behavior of unidirectional SiC/
CAS–II composite at room temperature. The fatigue loading was performed under load control
using a sinusoidal waveform and a frequency of 25 Hz. The fatigue peak and valley stresses were
180 and 10 MPa, respectively. The specimen failure occurred at approximately 3.21×106 cycles.
The hysteresis loops corresponding to the 3rd, 10th, 20th and 3200th cycles are shown in Fig. 7a.
The theoretical hysteresis loss energy versus interface shear stress curve is illustrated in Fig. 7b, in
which the hysteresis loss energy increases with decrease of the interface shear stress to the peak
value of 42.6 KPa (the corresponding interface shear stress is τi=3.4 MPa), then decreases with
decrease of the interface shear stress to zero KPa (the corresponding interface shear stress is τi =
zeroMPa). The experimental hysteresis loss energy of the 3rd, 10th, 20th and 3200th cycles are 5,
9, 16 and 25 KPa, respectively. Under σmax=180 MPa, the hysteresis loss energy increases with
increase of the number of applied cycles, corresponding to the right part of the hysteresis loss
energy versus interface shear stress curve. The predicted hysteresis loops corresponding to the 3rd,
10th, 20th and 3200th cycles agreed with experimental data, as shown in Fig. 7a.

Zawada et al. [28] investigated the tension–tension fatigue behavior of unidirectional SiC/1723
composite at room temperature. The fatigue tests were conducted under load control and a stress
ratio of 0.1 and sinusoidal frequency of 10 Hz. The fatigue peak and valley stresses were 500 and
50MPa, respectively. The fatigue tests were allowed to run for up to 1,000,000 cycles, after which
the tests were terminated. The hysteresis loops corresponding to the 10th, 20th, 143th, 1010th and
10011th cycles are shown in Fig. 8a. The theoretical hysteresis loss energy versus interface shear
stress curve is illustrated in Fig. 8b, in which the hysteresis loss energy increases with decrease of
the interface shear stress to the peak value of 160 KPa (the corresponding interface shear stress is
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τi=4.2 MPa), then decreases with decrease of the interface shear stress to zero KPa (the
corresponding interface shear stress is τi = zero MPa). The experimental hysteresis loss energy
of the 10th, 20th, 143th 1010th and 10011th cycles are 25, 25, 26, 27 and 38 KPa, respectively.
Under σmax=500MPa, the hysteresis loss energy increases with increase of the number of applied
cycles, corresponding to the right part of the hysteresis loss energy versus interface shear stress
curve. The predicted hysteresis loops corresponding to the 10th, 20th, 143th 1010th and 10011th
cycles agreed with experimental data, as shown in Fig. 8a.

3.1.2 Elevated Temperature

The tension–tension fatigue behavior of unidirectional C/SiC composite has been investigated
at 800 °C in air atmosphere. The fatigue experiments were in a sinusoidal wave form and a
loading frequency of 10 Hz. The fatigue load ratio was 0.1, and the maximum number of

Fig. 6 a The fatigue hysteresis loops of different number of applied cycles; and b the fatigue hysteresis loss
energy versus interface shear stress of unidirectional SiC/CAS composite under σmax=280 MPa at room
temperature

Appl Compos Mater (2016) 23:1–27 11



applied cycles was defined to be 1,000,000 cycles. Under σmax=250 MPa, the experimental
hysteresis loops corresponding to the 1st, 1000th, 5000th, 10000th, 15000th 20000th and
24000th cycles are shown in Fig. 9a. The theoretical hysteresis loss energy versus interface
shear stress curve is illustrated in Fig. 9b, in which the hysteresis loss energy increases with
decrease of the interface shear stress to the peak value of 90 KPa (the corresponding interface
shear stress is τi=4.8 MPa), then decreases with decrease of the interface shear stress to zero
KPa (the corresponding interface shear stress is τi = zero MPa). The experimental hysteresis
loss energy of the 1st, 100th, 1000th, 5000th, 10000th, 15000th, 20000th and 24000th cycles
are 62, 50, 24, 16, 12, 8, 7.8 and 7.2 KPa, respectively. Under σmax=250 MPa, the hysteresis
loss energy of the first cycle lies in the right part of the hysteresis loss energy versus interface
shear stress curve. The hysteresis loop of the first cycle corresponds to interface slip Case 2,
i.e., the interface partially debonds and fiber partially slips relative to matrix in the interface
debonded region upon unloading/reloading. When interface completely debonds, the interface

Fig. 7 a The fatigue hysteresis loops of different number of applied cycles; and b the fatigue hysteresis loss
energy versus interface shear stress of unidirectional SiC/CAS–II composite under σmax=180 MPa at room
temperature
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shear stress degrades rapidly due to interface radial thermal residual tensile stress. The
hysteresis loop of the 100th cycle corresponds to interface slip Case 4, i.e., the interface
completely debonds and fiber completely slips relative to matrix in the interface deboned
region upon unloading/reloading. The predicted hysteresis loops corresponding to the 1st,
1000th, 5000th, 10000th, 15000th, 20000th and 24000th cycles agreed with experimental
data, as shown in Fig. 9a.

3.2 Cross-Ply CMCs

3.2.1 Room Temperature

The tension–tension fatigue behavior of cross-ply C/SiC composite has been investigated at
room temperature. The fatigue experiments were in a sinusoidal wave form and a loading
frequency of 10 Hz. The fatigue load ratio was 0.1, and the maximum number of applied

Fig. 8 a The fatigue hysteresis loops of different number of applied cycles; and b the fatigue hysteresis loss
energy versus interface shear stress of unidirectional SiC/1723 composite under σmax=500 MPa at room
temperature

Appl Compos Mater (2016) 23:1–27 13



cycles was defined to be 1,000,000 cycles. Under σmax=105 MPa, the hysteresis loops
corresponding to the 4000th, 10000th, 100000th and 1000000th cycles are shown in
Fig. 10a. The theoretical hysteresis loss energy versus interface shear stress curve is illustrated
in Fig. 10b, in which the hysteresis loss energy increases with decrease of interface shear stress
to the peak value of 36.4 KPa (the corresponding interface shear stress is τi=6.1 MPa), then
decreases with decrease of the interface shear stress to zero KPa (the corresponding interface
shear stress is τi = zero MPa). The experimental hysteresis loss energy of the 1st, 3rd, 5th, 7th,
100th, 1000th, 4000th, 10000th, 100000th and 1000000th cycles are 35, 32, 28, 26, 21.5, 19.4,
18.2, 16.9, 12.8 and 10.7 KPa, respectively. Under σmax=105 MPa, the hysteresis loss energy
of the first cycle lies in the right part of the hysteresis loss energy versus interface shear stress
curve. The hysteresis loop of the first cycle corresponds to interface slip Case 2, i.e., the
interface partially debonds and fiber partially slips relative to matrix in the interface debonded
region upon unloading/reloading. The hysteresis loop of the 100th cycle corresponds to

Fig. 9 a The experimental and predicted fatigue hysteresis loops; and b the theoretical fatigue hysteresis loss
energy as a function of interface shear stress of unidirectional C/SiC composite under σmax=250 MPa at 800 °C
in air atmosphere

14 Appl Compos Mater (2016) 23:1–27



interface slip Case 4, i.e., the interface completely debonds and fiber completely slips relative
to matrix in the interface debonded region upon unloading/reloading. The predicted hysteresis
loops corresponding to the 4000th, 10000th, 100000th and 1000000th cycles agreed with
experimental data, as shown in Fig. 10a.

Opalski et al. [29] investigated the tension–tension fatigue behavior of cross-ply SiC/CAS
composite at room temperature. The fatigue loading was in a sinusoidal waveform and a
frequency of 10 Hz. The fatigue peak and valley stresses were 180 and 18 MPa, respectively.
The fatigue tests were run either until the specimen failed or 1000000 cycles were achieved.
The hysteresis loops corresponding to the 10th, 100th and 1000th cycles are shown in Fig. 11a.
The theoretical hysteresis loss energy versus interface shear stress curve is illustrated in
Fig. 11b in which the hysteresis loss energy increases with decrease of interface shear stress
to the peak value of 62.8 KPa (the corresponding interface shear stress is τi=9.8 MPa), then
decreases with decrease of the interface shear stress to zero KPa (the corresponding interface

Fig. 10 a The experimental and predicted fatigue hysteresis loops; and b the theoretical fatigue hysteresis loss
energy as a function of interface shear stress in the 0o ply of cross-ply C/SiC composite under σmax=105 MPa at
room temperature
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shear stress is τi = zero MPa). The experimental hysteresis loss energy of the 10th, 100th and
1000th cycles are 40, 48 and 58 KPa, respectively. Under σmax=180 MPa, the hysteresis loss
energy increases with increase of the number of applied cycles, corresponding to the right part
of the hysteresis loss energy versus interface shear stress curve. The increase of the hysteresis
loss energy is attributed to degradation of interface shear stress and the increase of interface
debonded region. The theoretical predicted hysteresis loops corresponding to the 10th, 100th
and 1000th cycles agreed with experimental data, as shown in Fig. 11a.

3.2.2 Elevated Temperature

The tension–tension fatigue behavior of cross-ply C/SiC composite has been investigated at
800 °C in air atmosphere. The fatigue experiments were in a sinusoidal wave form and a
loading frequency of 10 Hz. The fatigue load ratio was 0.1, and the maximum number of

Fig. 11 a The fatigue hysteresis loops of different number of applied cycles; and b the fatigue hysteresis loss
energy versus interface shear stress in the 0o ply of cross-ply SiC/CAS composite under σmax=180 MPa at room
temperature
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applied cycles was defined to be 1000000 cycles. Under σmax=105 MPa, the hysteresis loops
of the 4th, 10th, 100th, 500th, 1000th and 6000th cycles are given in Fig. 12a. The theoretical
hysteresis loss energy versus interface shear stress curve is illustrated in Fig. 12b, in which the
hysteresis loss energy increases with decrease of interface shear stress to the peak value of
25.6 KPa (the corresponding interface shear stress is τi=4.4 MPa), then decreases with
decrease of the interface shear stress to zero KPa (the corresponding interface shear stress is
τi = zero MPa). The experimental hysteresis loss energy of the 1st, 2nd, 3rd, 4th, 10th, 100th,
500th, 1000th, 3000th, 6000th and 6600th cycles are 24.3, 20, 13, 12, 9.7, 8.6, 7.1, 6.1, 5.4,
5.2 and 5.1 KPa, respectively. Under σmax=105 MPa, the hysteresis loss energy of the first
cycle lies in the right part of the hysteresis loss energy versus interface shear stress curve. The
hysteresis loop of the first cycle corresponds to interface slip Case 2, i.e., the interface partially
debonds and fiber partially slips relative to matrix in the interface debonded region upon
unloading/reloading. The hysteresis loop of the 100th cycle corresponds to interface slip Case

Fig. 12 a The experimental and predicted fatigue hysteresis loops; and b the theoretical fatigue hysteresis loss
energy as a function of interface shear stress in the 0o ply of cross-ply C/SiC composite under σmax=105 MPa at
800 °C in air atmosphere
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4, i.e., the interface completely debonds and fiber completely slips relative to matrix in the
interface debonded region upon unloading/reloading. The theoretical predicted hysteresis
loops corresponding to the 4th, 10th, 100th, 500th, 1000th and 6000th cycles agreed with
experimental data, as shown in Fig. 12a.

Reynaud [12] investigated the tension–tension fatigue behavior of cross-ply SiC/MAS–L
composite at 800 and 1000 °C in inert atmosphere. The fatigue loading frequency was 1 Hz.
The fatigue peak and valley stresses were 110 and zero MPa, respectively. The hysteresis loops
corresponding to each cycle have been recorded and analyzed. The experimental hysteresis
loss energy versus the number of applied cycles curves are shown in Fig. 13a. The theoretical
hysteresis loss energy versus interface shear stress curve is shown in Fig. 13b, in which the
hysteresis loss energy increases with decrease of interface shear stress to the peak value of
19 KPa (the corresponding interface shear stress is τi=5.6 MPa), then decreases with decrease

Fig. 13 a The fatigue hysteresis loss energy versus the number of applied cycles; and b the fatigue hysteresis
loss energy versus interface shear stress in the 0o ply of cross-ply SiC/MAS–L composite under σmax=110 MPa
at 800 and 1000 °C in inert atmosphere
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of interface shear stress to zero KPa (the corresponding interface shear stress is τi = zero MPa).
At 800 °C in inert atmosphere, the experimental hysteresis loss energy degrades from 8.3 KPa
at the 5th cycle to 4.3 KPa at the 34162th cycle; and at 1000 °C in inert atmosphere, the
experimental hysteresis loss energy degrades from 14 KPa at the 6th cycle to 5.8 KPa at the
133925th cycle. As the radial thermal expansive coefficient of MAS−L matrix is lower than
that of SiC fiber, the thermal residual tensile stress exists in the fiber/matrix interface, which
lowers the interface shear stress. When the composite was cooled down from high fabricated
temperature to room temperature, the fiber/matrix interface debonds. The radial thermal
residual tensile stress decreases with increase of the test temperature, leading to the increase
of interface shear stress with increase of test temperature. Under fatigue loading at elevated
temperature, the hysteresis loss energy decreases with increase of the number of applied
cycles, corresponding to the left part of the hysteresis loss energy versus interface shear stress
curve. The hysteresis loops correspond to interface slip Case 4, i.e., the interface completely
debonds and fiber completely slips relative to matrix in the interface debonded region upon
unloading/reloading.

3.3 2D and 2.5D Woven CMCs

3.3.1 Room Temperature

Yang [30] investigated the tension–tension fatigue behavior of 2.5D C/SiC composite at room
temperature. The fatigue loading was in a sinusoidal waveform and a frequency of 10 Hz. The
tensile fatigue stress ratio was 0.1, and the maximum number of applied cycles was defined to be
1000000 cycles. The fatigue peak and valley stresses were 180 and 18 MPa, respectively. Under
σmax=180MPa, the hysteresis loops corresponding to the 10th, 1010th, 4010th and 5210th cycles
are shown in Fig. 14a. The specimen experienced 5281 cycles, then fatigue fractured. The
theoretical hysteresis loss energy versus interface shear stress curve is illustrated in Fig. 14b, in
which the hysteresis loss energy increases with decrease of the interface shear stress to the peak
value of 35.8 KPa (the corresponding interface shear stress is τi=2.4 MPa), then decreases with
decrease of the interface shear stress to zero KPa (the corresponding interface shear stress is τi =
zeroMPa). The experimental hysteresis loss energy of the 10th, 1010th, 4010th and 5210th cycles
are 7.8, 8.5, 9.4 and 12.8 KPa, respectively. Under σmax=180 MPa, the hysteresis loss energy
increaseswith increase of the number of applied cycles. The hysteresis loops from the first cycle to
5210th cycle all correspond to interface slip Case 2, i.e., the interface partially debonds and fiber
partially slips relative to matrix in the interface debonded region upon unloading/reloading. The
predicted hysteresis loops corresponding to the 10th, 1010th, 4010th and 5210th cycles agreed
with experimental data, as shown in Fig. 14a.

3.3.2 Elevated Temperature

Yang [30] investigated the tension–tension fatigue behavior of 2.5D C/SiC composite at
800 °C in air atmosphere. The fatigue loading was in a sinusoidal waveform and a frequency
of 10 Hz. The tensile fatigue stress ratio was 0.1, and the maximum number of applied cycles
was defined to be 1000000 cycles. Under σmax=140 MPa, the hysteresis loops of the 500th,
15000th, 20000th and 22700th cycles are shown in Fig. 15a. The specimen experienced
5281 cycles, then fatigue fractured. The theoretical hysteresis loss energy versus interface
shear stress curve is shown in Fig. 15b, in which the hysteresis loss energy increases with
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decrease of the interface shear stress to the peak value of 21.7 KPa (the corresponding interface
shear stress is τi=2.25 MPa), then decreases with decrease of interface shear stress to zero KPa
(the corresponding interface shear stress is τi = zero MPa). The experimental hysteresis loss
energy of the 500th, 15000th, 20000th and 22700th cycles are 6.3, 7.2, 8.7 and 11.8 KPa,
respectively. Under σmax=140 MPa, the hysteresis loss energy increases with increase of the
number of applied cycles. The hysteresis loops from the 500th cycle to 22700th cycle all
correspond to interface slip Case 2, i.e., the interface partially debonds and fiber partially slips
relative to matrix in the interface debonded region upon unloading/reloading. The predicted
hysteresis loops corresponding to the 500th, 15000th, 20000th and 22700th cycles agreed with
experimental data, as shown in Fig. 15a.

Reynaud [12] investigated the tension–tension fatigue behavior of 2D SiC/SiC composite at
600, 800 and 1000 °C in inert atmosphere. The fatigue loading frequency was 1 Hz. The
fatigue peak and valley stresses were 130 and zero MPa, respectively. The experimental

Fig. 14 a The experimental and predicted fatigue hysteresis loops; and b the theoretical fatigue hysteresis loss
energy as a function of interface shear stress in the longitudinal yarns of 2.5D C/SiC composite under σmax=
180 MPa at room temperature
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hysteresis loss energy versus the number of applied cycles curves are shown in Fig. 16a. At
600 °C in inert atmosphere, the hysteresis loss energy increases from 5.2 KPa at the 15th cycle
to 9.4 KPa at the 333507th cycle; at 800 °C in inert atmosphere, the hysteresis loss energy
increases from 9 KPa at the 23th cycle to 15.3 KPa at the 97894th cycle; and at 1000 °C in
inert atmosphere, the hysteresis loss energy increases from 10 KPa at the 22th cycle to
21.8 KPa at the 117055th cycle. The theoretical hysteresis loss energy versus interface shear
stress curve is illustrated in Fig. 16b. As the radial thermal expansive coefficient of SiC matrix
is higher than that of SiC fiber, the radial thermal residual compressive stress exists in the fiber/
matrix interface, which increases the interface shear stress. When the composite was cooled
down from high fabricated temperature to room temperature, the radial thermal residual
compressive stress and interface shear stress both decrease with increase of test temperature.
Under fatigue loading at elevated temperature, the hysteresis loss energy increases with
increase of the number of applied cycles, corresponding to the right part of the hysteresis loss

Fig. 15 a The experimental and predicted fatigue hysteresis loops; b the theoretical fatigue hysteresis loss
energy as a function of interface shear stress in the longitudinal yarns of 2.5D C/SiC composite under σmax=
140 MPa at 800 °C in air atmosphere
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energy versus interface shear stress curve. The hysteresis loops correspond to interface slip
Case 2, i.e., the interface partially debonds and fiber partially slips relative to matrix in the
interface debonded region upon unloading/reloading.

Dalmaz et al. [31] investigated the tension–tension fatigue behavior of 2.5D C/SiC
composite at 600 °C in inert atmosphere. The fatigue peak and valley stresses were 230 and
zero MPa. The fatigue loading frequency was 1 Hz. The experimental hysteresis loops
corresponding to the 10th, 100000th and 1000000th cycles are shown in Fig. 17a. The
theoretical hysteresis loss energy versus interface shear stress curve is illustrated in Fig. 17b.
As the axial thermal expansion coefficient of carbon fiber is lower than that of SiC matrix, the
axial thermal residual tensile stress exists in the fiber/matrix interface, leading to microcracking
in SiC matrix upon cooled down from high fabricated temperature to room temperature. The
radial thermal expansion coefficient of carbon fiber is higher than that of SiC matrix, the radial
thermal residual tensile stress exists in fiber/matrix interface, leading to interface debonding

Fig. 16 a The fatigue hysteresis loss energy versus the number of applied cycles; and b the fatigue hysteresis
loss energy versus interface shear stress in the longitudinal yarns of 2D SiC/SiC composite under σmax=130 MPa
at 600, 800 and 1000 °C in inert atmosphere
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upon cooled down from high fabrication temperature to room temperature. The experimental
hysteresis loss energy of the 10th, 10000th and 100000th cycles are 33, 29 and 19 KPa,
respectively. Under σmax=230 MPa, the hysteresis loss energy decreases with increase of the
number of applied cycles, corresponding to the left part of the hysteresis loss energy versus
interface shear stress curve. The hysteresis loops correspond to interface slip Case 4, i.e., the
interface completely debonds and fiber completely slips relative to matrix in the interface
debonded region upon unloading/reloading. The predicted hysteresis loops corresponding to
the 10th, 10000th and 100000th cycles agreed with experimental data, as shown in Fig. 17a.

3.4 Evolution Characteristic of Fatigue Hysteresis Loss Energy

The evolution characteristic of hysteresis loss energy under cyclic loading is not classical as
usually the energy dissipated increases during fatigue as far as the material is damaged.

Fig. 17 a The fatigue hysteresis loops of different number of applied cycles; and b the fatigue hysteresis loss
energy versus interface shear stress in the longitudinal yarns of 2.5D C/SiC composite under σmax=230 MPa at
600 °C in inert atmosphere
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However, a general phenomenon occurring during cyclic fatigue is the decrease of fiber/matrix
interface shear stress, due to interface wear at room temperature, i.e., to-and-fro slipping of
fibers in the matrix near a matrix cracking, or interface oxidation at elevated temperature, i.e.,
the interphase oxidation with production of gaseous species of CO or CO2.

For unidirectional and corss-ply C/SiC composites, the evolution of fatigue hysteresis loss
energy with increase of applied cycles depends upon fatigue peak stress, fiber preform and test
environment, i.e., under σmax=240MPa at room temperature, the fatigue hysteresis loss energy
of unidirectional C/SiC composite decreases from 56 KPa at the 1st cycle to 8 KPa at the
1000000th cycle, the interface slip of the first cycle corresponds to Case 2; under σmax=
250 MPa at 800 °C in air atmosphere, the fatigue hysteresis loss energy of unidirectional C/SiC
composite decreases from 62 KPa at the first cycle to 7.2 KPa at the 24000th cycle, the
interface slip of the first cycle corresponds to Case 2; under σmax=105 MPa, the fatigue
hysteresis loss energy of cross-ply C/SiC composite decreases from 35 KPa at the first cycle to
10.7 KPa at the 1000000th cycle at room temperature, and from 24.3 KPa at the first cycle to
5.1 KPa at the 6600th cycle at 800 °C in air atmosphere, the interface slip of the first cycle
corresponds to Case 2. For 2.5D C/SiC composite, the evolution characteristics of fatigue
hysteresis loss energy are different corresponding to different fatigue peak stresses and test
conditions, i.e., under σmax=180 and 140 MPa at room temperature and 800 °C in air
atmosphere, the fatigue hysteresis loss energy increases with increase of the applied cycles,
from 7.8 KPa at the 10th cycle to 12.8 KPa at the 5210th cycle at room temperature, and from
6.3 KPa at the 500th cycle to 11.8 KPa at the 227000th cycle at 800 °C in air atmosphere; and
under 230 MPa at 600 °C in inert atmosphere, the fatigue hysteresis loss energy decreases with
increase of the applied cycles, from 33 KPa at the 10th cycle to 19 KPa at the 100000th cycle.

For unidirectional SiC/CAS, SiC/CAS–II and SiC/1723 composites at room temperature,
the evolution of fatigue hysteresis loss energy depends upon fatigue peak stress, i.e., under
σmax=280 MPa, the fatigue hysteresis loss energy of SiC/CAS composite increases first, then
decreases with increase of the applied cycles, corresponding to the right and left parts of the
hysteresis loss energy versus interface shear stress curve; under σmax=180 MPa, the fatigue
hysteresis loss energy of SiC/CAS–II composite increases from 5 KPa at the 3rd cycle to
25 KPa at the 3200th cycle, corresponding to the right part of the hysteresis loss energy versus
interface shear stress curve; under σmax=500 MPa, the fatigue hysteresis loss energy of SiC/
1723 composite increases from 25 KPa at the 10th cycle to 38 KPa at the 10011th cycle,
corresponding to the right part of the hysteresis loss energy versus interface shear stress curve.
For cross-ply SiC/CAS composite, under σmax=180 MPa at room temperature, the fatigue
hysteresis loss energy increases from 40 KPa at the 10th cycle to 58 KPa at the 1000th cycle,
corresponding to the right part of the hysteresis loss energy versus interface shear stress curve.

For cross-ply SiC/MAS–L composite at elvated temperature in inert atmosphere, under
σmax=110 MPa, the fatigue hysteresis loss energy decreases from 8.3 KPa at the 5th cycle to
4.3 KPa at the 34162th cycle at 800 °C; and from 14 KPa at the 6th cycle to 5.8 KPa at the
133925th cycle at 1000 °C. As the radial thermal residual tensile stress existed in the fiber/
matrix interface, the interface shear stress increases with increase of test temperature, the
fatigue hysteresis loss energy decreases with increase of the number of applied cycles,
corresponding to the left part of the hysteresis loss energy versus interface shear stress curve.

For 2D SiC/SiC composite at elevated temperatures in inert atmosphere, under σmax=
130 MPa, the fatigue hysteresis loss energy increases from 5.2 KPa at the 15th cycle to
9.4 KPa at the 333507th cycle at 600 °C; from 9 KPa at the 23th cycle to 15.3 KPa at the
97894th cycle at 800 °C; and from 10 KPa at the 22th cycle to 21.8 KPa at the 117055th cycle
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at 1000 °C. As the radial thermal residual compressive stress existed in the fiber/matrix
interface, interface shear stress decreases with increase of the test temperature, and the fatigue
hysteresis loss energy increases with increase of the number of applied cycles, corresponding
to the right part of the hysteresis loss energy versus interface shear stress curve.

4 Conclusions

Under cyclic fatigue, the interface shear stress decreases with increase of the number of
applied cycles due to interface wear at room temperatrue or interface oxidation at elevated
temperature, leading to the evolution of fatigue hysteresis loss energy versus applied
cycles. The theoretical relationship between the hysteresis loss energy, stress–strain hys-
teresis loops, interfacial frictional slip and interfacial shear stress of fiber-reinforced CMCs
have been established. With decrease of the interface shear stress, the hysteresis loss energy
increases to the peak first, then decreases to zero KPa. The effects of fatigue peak stress,
stress amplitude, fiber volume fraction, matrix crack spacing and matrix cracking mode on
the evolution of hysteresis loss energy versus interface shear stress curve have been
analyzed.

The evolution characteristics of fatigue hysteresis loss energy versus applied cycles in
different types of fiber-reinforced CMCs, i.e., unidirectional C/SiC, SiC/CAS, SiC/CAS–II and
SiC/1723, cross-ply C/SiC, SiC/CAS, and SiC/MAS–L, 2D SiC/SiC, 2.5D C/SiC CMCs at
room and elevated temperatures, have been investigated. The evolution of fatigue hysteresis
loss energy depends upon interface debonding and interface frictional slip between fibers and
matrix, fatigue peak stresses, fiber preforms, radial thermal residual stress in fiber/matrix
interface, initial interface shear stress, matrix crack spacing and test conditions.

Nowdays, the mainly problem concerning fiber-reinforced CMCs is linked to evaluate the
long lifetimes under various loading conditions, test temperatures and atmospheres. The
damage mechanisms involved, i.e., interface wear or oxidation of the interphase, matrix
multicracking and fibers failure, can be effectively reflected in the energy dissipation of the
composite. By analyzing the evolution characteristic of fatigue hysteresis loss energy versus
applied cycles, the damage inside of the composite can be monitored or evaluated. The lifetime
of the composite can be predicted through establishing the relationship between the energy
dissipation and failure cirterion.
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