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Abstract

In this paper, the fiber/matrix interfacial frictional coefficient of continuous fiber-reinforced ceramic-matrix com-
posites (CMCs) at room and elevated temperatures have been investigated. The fatigue hysteresis loops models consid-
ering the fiber/matrix interface friction between fibers and the matrix have been developed to establish the relation-
ships between the fatigue hysteresis loops, fatigue hysteresis dissipated energy and fiber/matrix interface frictional co-
efficient. Using the experimental fatigue hysteresis dissipated energy, the fiber/matrix interface frictional coefficient
of SiC/Si;N and SiC/SiC composites at room and elevated temperatures were obtained for different cycle numbers,
interface properties and fatigue peak stresses. The effects of fiber/matrix interface bonding, fatigue peak stress, test
temperature and cycle number on the evolution of fatigue hysteresis dissipated energy and fiber/matrix interface fric-

tional coefficient have been analyzed.

Keywords: Ceramic-matrix composites (CMCs); fatigue; interface debonding; interface frictional coefficient.

I. Introduction

Ceramic-matrix composites (CMCs) possess a high spe-
cific modulus and specific strength at elevated tempera-
tures, and have already been applied in hot-section com-
ponents in military and commercial aero engines 1. In or-
der to meet the airworthiness certification requirements, it
is necessary to analyze the damage mechanisms when the
CMC:s are subjected to cyclic loading and to develop the
models, methods and tools to predict the damage develop-
ment and fatigue life of CMCs 2.

When matrix cracking and fiber/matrix interface
debonding occur, the fiber/matrix interface shear stress
transfers load, which is critical for the non-linear behavior
of CMCs. Upon unloading and subsequent reloading, the
fiber/matrix interface shear stress degrades with applied
cycles, which affects inelastic strain and the ultimate ten-
sile strength 345, Several approaches are currently used
to determine the interface shear stress along the fiber/ma-
trix interface, i.e. fiber pullout é, fiber push-in 7 and push-
out 8, and so on. However, there are some disadvantages
in these approaches. Firstly, they can only obtain the indi-
vidual fiber’s interface properties; secondly, it is difficult
to measure the interface properties at elevated tempera-
ture; thirdly, these approaches can only provide informa-
tion regarding the interface shear stress that would exist
under monotonic loading conditions. By assuming the
constant fiber/matrix interface shear stress along the load-
ing direction between the fiber and the matrix, Li et al. ?
developed an approach to estimate the fiber/matrix inter-
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face shear stress of CMCs from hysteresis loops. It was
found that the interface shear stress degradation rate in-
creases with fatigue peak stress, and is much higher at low
loading frequency and elevated temperature in oxidative
environment. Solti et al. 10 proposed a means of inferring
the state of the interface based on comparison of experi-
mental and theoretical hysteresis loss energy on a cycle-
by-cycle basis. Li et al. I1 investigated the fatigue hys-
teresis behavior of unidirectional SiC/Si3; N4 composite at
room temperature. Owing to the Poisson effect in fibers
upon unloading and reloading, the fiber/matrix interface
shear stress changes along the loading direction 12. Li et
al. 13 developed an approach to estimate the fiber/matrix
interface frictional coefficient of CMCs from hysteresis
loops. However, the evolution of the fiber/matrix inter-
face frictional coefficient with increasing applied cycles at
elevated temperatures has not been investigated.

In this paper, the estimation of the fiber/matrix inter-
face frictional coefficient of unidirectional and 2D CM-
Cs at room and elevated temperatures is investigated. Fa-
tigue hysteresis loops models considering the fiber/ma-
trix interface friction between fibers and the matrix are de-
veloped to establish the relationship between the fatigue
hysteresis loops, fatigue hysteresis energy dissipation and
the fiber/matrix interface frictional coefficient. The dam-
age evolution process under cyclic fatigue loading is an-
alyzed based on the fatigue hysteresis loops. The effects
of fiber/matrix interface bonding, fatigue peak stress, test
temperature and applied cycle number on the evolution of
fatigue hysteresis dissipated energy and fiber/matrix inter-
face frictional coefficient are analyzed.
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II. Hysteresis Theories

If matrix multicracking and fiber/matrix interface
debonding occur, the fatigue stress/strain hysteresis loops
develop as a result of fiber/matrix interface frictional slid-
ing 14-17_The shape, location and area of fatigue stress/
strain hysteresis loops depend on the matrix multicrack-
ing, fiber/matrix interface debonding, interface wear at
room temperature or interface oxidation at elevated tem-
perature.

When the fiber/matrix interface partially debonds, the
interface debonded region can be divided into the inter-
face counter-slip region and the interface slip region upon
unloading; and upon reloading, the interface debonded re-
gion can be divided into three regions, i.e. interface new-
slip region, interface counter-slip region and interface slip
region, as shown in Fig. 1. The unloading and reloading
stress-strain relationships can be determined using the fol-
lowing equations.
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where v¢ and v, denote the fiber and matrix Poisson ra-
tio, respectively; a=E_/E(, E and E{ denote the matrix
and fiber elastic modulus, respectively; y=V{/V , V  and
Videnote the matrix and fiber volume fraction, respective-
ly; 14 denotes the fiber/matrix interface debonded length;
y and z denote the fiber/matrix interface counter-slip and
new-slip length; A and 8 denote the fiber/matrix interface
slip length parameters; and G denotes the fiber/matrix in-
terface slip stress parameter.

When the fiber/matrix interface completely debonds, the
interface debonded region of 1§ occupies the entire ma-
trix crack spacing of 1./2, i.e. 1y=1./2. The unloading and
reloading stress-strain relationships can be determined us-
ing the following equations.
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Fig. 1: The schematic figure showing fiber slipping relative to matrix upon (a) unloading; and (b) reloading.
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Under cyclic fatigue loading, the area associated with the
stress/strain hysteresis loops is the energy lost during the
corresponding cycle, which is defined using the following
equation.

U- /Gmax [E‘C’nload(c) _ ggeload(G)]dG (5)

The fatigue hysteresis dissipated energy can be de-
rived by inserting corresponding unloading and reloading
strains into Eq. (5).

min

III. Experimental Comparisons

The evolution of experimental fatigue hysteresis loops,
fatigue hysteresis dissipated energy and fiber/matrix inter-
face frictional coefficient of SiC/Si3Ny and SiC/SiC com-
positesatroomand elevated temperatures are analyzed us-
ing the present analysis.

(1) Unidirectional SiC/Si;N 4 composite

(a) Room temperature

Olivier 18 investigated the cyclic tension-tension fatigue
behavior of unidirectional SiC/Si3;N4 composite at room
temperature. The fatigue tests were performed under load
control ata triangular waveform with the loading frequen-
cy of 1.0 Hz and the fatigue load ratio (i.e. minimum to
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maximum stress) of zero, and the maximum number of ap-
plied cycles was defined to be 1000000 applied cycles.
For type A SiC/Si3Ny with strong fiber/matrix inter-
face bonding at the fatigue peak stress of o, =460 MPa,
the experimental and predicted fatigue hysteresis loops
at the cycle number of N=1, 600, 10000 and 1000000
are shown in Fig. 2(a), with the corresponding fiber/ma-
trix interface frictional coefficient of w=0.28, 0.18, 0.14
and 0.08. The fatigue hysteresis loops at the cycle num-
ber of N=1 and 600 correspond to the fiber/matrix in-
terface slip Case 2, i.e. the fiber/matrix interface partial-
ly debonding and the fiber partially sliding relative to the
matrix in the fiber/matrix interface debonded region; the
fatigue hysteresis loop at the cycle number of N =10000
corresponds to the fiber/matrix interface slip Case 3, i.e.
the fiber/matrix interface completely debonding and the
fiber partially sliding relative to the matrix in the fiber/
matrix interface debonded region; and the fatigue hystere-
sis loop at the cycle number of N =1000000 corresponds
to the fiber/matrix interface slip Case 4, i.e. the fiber/ma-
trix interface completely debonding and the fiber com-
pletely sliding relative to the matrix in the fiber/matrix in-
terface debonded region. The experimental and predict-
ed fatigue hysteresis dissipated energy versus the fiber/
matrix interface frictional coefficient curves are shown in
Fig.2(b). The experimental fatigue hysteresis dissipated
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Fig.2: (a) The experimental and theoretical fatigue hysteresis loops corresponding to different cycle numbers; (b) the experimental and
theoretical fatigue hysteresis dissipated energy versus interface frictional coefficient curve; and (c) the interface frictional coefficient versus
cycle number curve of type A unidirectional SiC/Si3N, composite under o,;,, =460 MPa at room temperature.
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energy increases from 75 kJ/m3 at the 18th applied cycle
to the peak value of 138.2 kJ/m3, and then decreases to
137.7 kJ/m3 at the 479265th applied cycle, which lies in the
right and left part of the theoretical fatigue hysteresis dis-
sipated energy versus the fiber/matrix interface friction-
al coefficient curve. From comparison of the experimental
fatigue hysteresis dissipated energy with theoretical com-
putational values, the fiber/matrix interface frictional co-
efficient corresponding to different applied cycles can be
obtained, as shown in Fig. 2(c). The fiber/matrix interface
frictional coefficient decreases from 0.23 at the 18th ap-
plied cycle to 0.09 at the 479265th applied cycle.

For type B SiC/Si3N, with weak fiber/matrix interface
bonding at the fatigue peak stress of o,,,, =460 MPa, the
experimental and predicted fatigue hysteresis loops cor-
responding to the cycle number of N =2, 100, 300 and
500 are shown in Fig. 3(a), with the corresponding fiber/
matrix interface frictional coefficient of . =0.16, 0.1, 0.08
and 0.06. The fatigue hysteresis loops at the cycle number
of N=2 and 100 correspond to the fiber/matrix interface
slip Case 2, i.e. the fiber/matrix interface partially debond-
ing and the fiber partially sliding relative to the matrix in
the fiber/matrixinterface debonded region; and the fatigue
hysteresis loops at the cycle number of N =300 and 500
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correspond to the fiber/matrix interface slip Case 3, i.e. the
fiber/matrix interface completely debonding and the fiber
completely sliding relative to the matrixin the fiber/matrix
interface debonded region. The experimental fatigue hys-
teresis dissipated energy increases with applied cycles, i.e.
from99.6k]/m3 atthe 2nd applied cycle to 270 k]/m3 at the
550th applied cycle, which lies in the right part of the theo-
retical fatigue hysteresis dissipated energy versus the fiber/
matrix interface frictional coefficient curve, as shown in
Fig. 3(b). The fiber/matrix interface frictional coefficient
corresponding to different applied cycles curve is shown
inFig. 3(c). The fiber/matrix interface frictional coefficient
decreases from 0.16 at the 2nd applied cycle to 0.04 at the
550th applied cycle.

(b) Elevated temperature

Kotil 19 investigated the cyclic tension-tension fatigue
behavior of unidirectional SiC/Si;N4 composite at 1000
°C. The fatigue tests were performed under load control
ata sinusoidal waveform with the loading frequency of 10
Hz and the fatigue load ratio (i.e. minimum to maximum
stress) of 0.1, and the maximum number of applied cycles
was defined to be 2000000 applied cycles.

350 T T T

500

300

200

Stress/MPa

100

- (a)

N=2 N=100 N=300
A A

N=500 4
A

A Experimental data
Present analysis

Hysteresis dissipated energy/kPa

4 Experimental data
Present analysis

300 -

00 0.1 02 03 04 05 06 0.0 01 02 0.3 0.4 0.5 06 0.7 08
Strain/% Interface frictional coefficient
0.3 . - -
(c)
i
@
g o2} al
8
= A
x A A A
g &
g A A
= Add
@ 01k A e
5] Al
£ .
4 v
b=t
A
0.0 ial al
10° 10' 10° 10°
Cycles/N

Fig.3: (a) The experimental and theoretical fatigue hysteresis loops corresponding to different cycle numbers; (b) the experimental and
theoretical fatigue hysteresis dissipated energy versus interface frictional coefficient curve; and (c) the interface frictional coefficient versus
cycle number curve of type B unidirectional SiC/Si;Ny composite under o,,,, =460 MPa at room temperature.
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When the fatigue peak stress is o,,,, =220 MPa, the ex-
perimental and theoretical predicted fatigue hysteresis
loops at the cycle number of N'=2500, 613000, 732000
and 740000 are shown in Fig. 4(a), with the correspond-
ing fiber/matrix interface frictional coefficient of n =0.29,
0.24,0.17 and 0.11. The fatigue hysteresis loops at the cy-
cle number of N'=2500, 613000 and 732000 correspond
to the fiber/matrix interface slip Case 2, i.e. the fiber/ma-
trix interface partially debonding and the fiber partially
sliding relative to the matrix in the fiber/matrix interface
debonded region; and the fatigue hysteresis loop at the cy-
cle number of N = 740000 corresponds to the fiber/matrix
interface slip Case 3, i.e. the fiber/matrix interface com-
pletely debonding and the fiber partially sliding relative
to the matrix in the interface debonded region. The exper-
imental and theoretical fatigue hysteresis dissipated ener-
gy versus the fiber/matrix interface frictional coefficient
curves are shown in Fig. 4(b). The experimental fatigue
hysteresis dissipated energy increases from 3.9 kJ/m3 at
the 2500th applied cycle to 10.1 kJ/m3 at the 740000th
applied cycle, which lies in the right part of the theoretical
fatigue hysteresis dissipated energy versus the fiber/ma-
trix interface frictional coefficient curve. The fiber/matrix
interface frictional coefficient corresponding to different
applied cycles curve is shown in Fig. 4(c). The fiber/matrix
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interface frictional coefficient decreases from 0.29 at the
2500th applied cycle to 0.11 at the 740000th applied cycle.

When the fatigue peak stress is o,,,, =280 MPa, the ex-
perimental and theoretical predicted fatigue hysteresis
loops corresponding to the cycle number of N=2000,
7000, 8000 and 33000 are illustrated in Fig. 5(a), with the
corresponding fiber/matrix interface frictional coefficient
of p=0.38,0.3,0.15 and 0.02. The fatigue hysteresis loops
at the cycle number of N'=2000 and 7000 correspond to
the fiber/matrix interface slip Case 2, i.e. the fiber/matrix
interface partially debonding and the fiber sliding par-
tially relative to the matrix in the fiber/matrix interface
debonded region; the fatigue hysteresis loop at the cycle
number of N = 8000 corresponds to the fiber/matrix inter-
face slip Case 3, i.e. the fiber/matrix interface completely
debonding and the fiber sliding partially relative to the
matrix in the interface debonded region; and the fatigue
hysteresis loop at the cycle number of N '=33000 corre-
sponds to the fiber/matrix interface slip Case 4, i.e., the
fiber/matrix interface completely debonding and the fiber
completely sliding relative to the matrix in the interface
debonded region. The experimental and theoretical pre-
dicted fatigue hysteresis dissipated energy versus the fiber/
matrix interface frictional coefficient curves are shown in
Fig.5(b). The experimental fatigue hysteresis dissipated
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Fig.4: (a) The experimental and theoretical fatigue hysteresis loops corresponding to different cycle numbers; (b) the experimental and
theoretical fatigue hysteresis dissipated energy versus interface frictional coefficient curve; and (c) the interface frictional coefficient versus
cycle number curve of unidirectional SiC/Si3N, composite under o, =220 MPa at 1000 °C.
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Fig.5: (a) The experimental and theoretical fatigue hysteresis loops corresponding to different cycle numbers; (b) the experimental and
theoretical fatigue hysteresis dissipated energy versus interface frictional coefficient curve; and (c) the interface frictional coefficient versus
cycle number curve of unidirectional SiC/Si3N, composite under o,,,, =280 MPa at 1000 °C.

energy increases from 6.3 kJ/m3 at the 2000th applied cy-
cle to 15.4 kJ/m3 at the 8000th applied cycle, and then de-
creases to 10.3 kJ/m3 at the 33000th applied cycle, which
lies in the right and left part of the theoretical fatigue hys-
teresis dissipated energy versus the fiber/matrix interface
frictional coefficient curve. The fiber/matrix interface fric-
tional coefficient corresponding to different cycle number
curve is shown in Fig. 5(c). The fiber/matrix interface fric-
tional coefficient decreases from 0.38 at the 2000th applied
cycle to 0.02 at the 33000¢th applied cycle.

(2) 2D woven SiC/SiC composite

(a) Room temperature

Reynaud 1> investigated the cyclic tension-tension fa-
tigue behavior of 2D woven SiC/SiC composite at room
temperature. The fatigue tests were performed under load
control atasinusoidal waveform with the loading frequen-
cy of 1 Hz and the fatigue load ratio (i.e. minimum to max-
imumsstress) of 0, and the maximum number of applied cy-
cles was defined to be 1000000 applied cycles.

When the fatigue peak stress is ., = 135 MPa, the ex-
perimental and theoretical predicted fatigue hysteresis
loops at the cycle number of N'=100, 1000, 10000 and
100000 are shown in Fig. 6(a), with the corresponding

fiber/matrix interface frictional coefficient of = 0.6, 0.42,
0.22 and 0.19. The fatigue hysteresis loops at the cycle
number of N =100, 1000, 10000 and 100000 correspond to
the fiber/matrix interface slip Case 2, i.e. the fiber/matrix
interface partially debonding and the fiber partially sliding
relative to the matrix in the fiber/matrix interface debond-
ed region. The experimental and theoretical fatigue hys-
teresis dissipated energy versus the fiber/matrix interface
frictional coefficient curves are shown in Fig. 6(b). The ex-
perimental fatigue hysteresis dissipated energy increases
from 6.5 kJ/m3 at the 100th applied cycle to 20 kJ/m3 at
the 100000th applied cycle, which lies in the right part of
the theoretical fatigue hysteresis dissipated energy versus
the fiber/matrix interface frictional coefficient curve. The
fiber/matrix interface frictional coefficient corresponding
to different applied cycles curve is shown in Fig. 6(c). The
fiber/matrix interface frictional coefficient decreases from
0.6 at the 100th applied cycle to 0.19 at the 100000th ap-
plied cycle.

(b) Elevated temperature

Reynaud !> investigated the cyclic tension-tension fa-
tigue behavior of 2D woven SiC/SiC composite at 600
°C, 800 °C, and 1000 °C in inert atmosphere. The fatigue
peak stress was o, = 130 MPa, and the valley stress was
=zero MPa. The loading frequency was f=1 Hz.
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Under fatigue peak stress of 6,,,, = 130 MPa, the exper-
imental fatigue hysteresis dissipated energy versus cycle
number curves at 600 °C, 800 °C and 1000 °C in inert atmo-
sphere are shown in Fig. 7. The experimental fatigue hys-
teresis dissipated 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 at 1000°C. The experimental and theoret-
ical fatigue hysteresis dissipated energy versus the fiber/
matrix interface frictional coefficient curve is shown in
Fig. 7(b). The fatigue hysteresis dissipated energy increas-
es from 4.6 kPa at p=0.75 to the peak value of 27.8 kPa
at p=0.1, and then decreases to 5 kPa at u=0.01. The ex-
perimental fatigue hysteresis dissipated energy lies in the
right part of the curve, corresponding to the fiber/matrix
interface slip Case 2, i.e. the fiber/matrix interface partial-
ly debonding and the fiber partially sliding relative to the
matrix in the fiber/matrix interface debonded region.

IV. Discussions

The experimental and theoretical fatigue hysteresis dis-
sipated energy versus the fiber/matrix interface frictional
coefficient curves of type A and type B SiC/Si3N, com-
posite under the same applied stress at room temperature,
and SiC/Si3N4 composite under o, =220 and 280 MPa
at 1000 °C are illustrated in Fig. 8(a).

For SiC/Si3N, with weak interface bonding at room
temperature, the experimental fatigue hysteresis dissipat-
ed energy is higher and increases faster than that of the
composite with strong interface bonding; the experimen-
tal fatigue hysteresis dissipated energy with strong inter-
face bonding lies in the right and left part of the theoreti-
cal fatigue hysteresis dissipated energy versus the interface
frictional coefficient curve; and the experimental fatigue
hysteresis dissipated energy with weak interface bonding
liesin the right part of the theoretical fatigue hysteresis dis-
sipated energy curve.

For SiC/Si3Ny at the higher fatigue peak stress at 1000
°C, the experimental fatigue hysteresis dissipated energy
is higher than that of the composite at the lower fatigue
peak stress; the experimental fatigue hysteresis dissipated
energy with high fatigue peak stress lies in the right and left
part of the theoretical fatigue hysteresis dissipated energy
curve; and the experimental fatigue hysteresis dissipated
energy with low fatigue peak stress lies in the right of the
theoretical fatigue hysteresis dissipated energy curve.

The fiber/matrix interface frictional coefficient versus
cycle number curves of type A and type B SiC/Siz N, com-
posite under the same applied stress at room temperature,
and SiC/Si3N4 composite under o, =220 and 280 MPa
at 1000 °C are illustrated in Fig. 8(b).

For SiC/Si3Ny with weak interface bonding, the inter-
face frictional coefficient is lower than that of the com-
posite with strong interface bonding, and the degradation
rate of the interface frictional coefficientis also higher than
that of the composite with strong interface bonding. For
SiC/Si3Ny at the higher fatigue peak stress at 1000 °C, the
interface frictional coefficient degradation rate is higher
under the high fatigue peak stress than that under the low
fatigue peak stress.

Vol. 9, No. 4

The experimental and theoretical fatigue hysteresis dis-
sipated energy versus the fiber/matrix interface friction-
al coefficient curves of 2D SiC/SiC composite under
Omax = 135 MPa at room temperature and o,,,, = 130 MPa
at elevated temperature are shown in Fig. 9(a). With in-
creasing fatigue peak stress, the fatigue hysteresis dissipat-
ed energy increases at the same fiber/matrix interface fric-
tional coefficient when the fiber/matrix interface partially
debonds; however, when the fiber/matrix interface com-
pletely debonds, the fatigue hysteresis dissipated energy
under different peak stress approaches the same value.
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Fig. 8: (a) The experimental and theoretical fatigue hysteresis dissi-
pated energy versus the fiber/matrix interface frictional coefficient
curves; and (b) the fiber/matrix interface frictional coefficient ver-
sus cycle number curves of type A and type B SiC/Si;N, composite
under o,,,, =460 at room temperature, and o,,,, =220 and 280 MPa
at 1000 °C.

The experimental and theoretical fiber/matrix interface
frictional coefficient versus applied cycle number curves
of 2D SiC/SiC composite under o, = 135 MPa at room
temperature and o,,,,, = 130 MPa at elevated temperature
are shown in Fig. 9(b). The fiber/matrix interface frictional
coefficient increases with decreasing testing temperature;
and the degradation rate of the fiber/matrix interface fric-
tional coefficient increases with increasing peak stress.
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Fig. 9: (a) The experimental and theoretical fatigue hysteresis dissi-
pated energy versus the fiber/matrix interface frictional coefficient
curves; and (b) the fiber/matrix interface frictional coefficient versus
cycle number curves of 2D SiC/SiC composite at room and elevated
temperature.

V. Conclusions

In this paper, the fiber/matrix interfacial frictional coef-
ficient in unidirectional SiC/Si3Ny and 2D woven SiC/
SiC composites at room and elevated temperatures has
beeninvestigated. Fatigue hysteresis loops models consid-
ering the fiber/matrix interface friction were developed to
establish the relationships between the fatigue hysteresis
loops, fatigue hysteresis dissipated energy and the fiber/
matrix interface frictional coefficient. With a comparison
of the experimental fatigue hysteresis dissipated energy
with theoretical computational values, the fiber/matrix
interface frictional coefficient of SiC/Si3Ny and SiC/SiC
composite atroom and elevated temperatures has been ob-
tained for different fiber/matrix interface bonding, cycle
numbers and fatigue peak stresses. The evolution of fa-
tigue hysteresis dissipated energy and the fiber/matrix in-
terface frictional coefficient versus applied cycle numbers
have been analyzed.

(1) For SiC/Si3N, composite with weak interface bond-
ing atroom temperature, the experimental fatigue hystere-
sis dissipated energy is higher and increases faster than that
of the composite with strong interface bonding; and the in-

terface frictional coefficient is lower than that of the com-
posite with strong interface bonding.

(2) For SiC/Si3Ny composite with high fatigue peak
stress at 1000 °C, the fatigue hysteresis dissipated energy
is higher than that of the composite with low fatigue peak
stress, and lies in the right and left part of the theoretical
fatigue hysteresis dissipated energy versus the interface
frictional coefficient curve; and the degradation rate of the
interface frictional coefficient is also higher than that of
the composite with low fatigue peak stress.

(3) For SiC/SiC composite, with increasing fatigue peak
stress, the fatigue hysteresis dissipated energy increas-
es at the same fiber/matrix interface frictional coefficient
when the fiber/matrix interface partially debonds; how-
ever, when the fiber/matrix interface completely debonds,
the fatigue hysteresis dissipated energy under different
peak stress approaches the same value.
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