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Abstract

In this paper, the effect of multiple loading sequence on the in-phase (IP) thermomechanical fatigue (TMF) hysteresis
of silicon carbide fiber-reinforced ceramic-matrix composites (SiC-CMCs) has been investigated. Considering the
coupling effects of multiple loading sequence, thermal cyclic temperature and applied cycle number, the fiber/matrix
interface damage lengths have been determined based on the thermomechanical micromechanical stress field and
fracture mechanics method. The relationships between the in-phase TMF hysteresis loops, multiple loading sequence,
thermal cyclic temperature and fiber/matrix interface damage state have been established. The in-phase TMF stress/
strain hysteresis loops and fiber/matrix interface damage state for different composite material properties, peak stress
with different loading sequence and damage state have been discussed. The comparisons of the in-phase TMF stress/
strain hysteresis loops and fiber/matrix interface damage between single peak stress and multiple loading sequence
have been analyzed. The TMF stress/strain hysteresis loops and fiber/matrix interface damage state of 2D SiC/SiC
composite subjected to low-high three loading sequences have been predicted. Under TMF multiple loading sequence,
the fiber/matrix interface slip lengths are larger than those under TMF single peak stress, leading to the increase of

TMEF stress/strain hysteresis loops area, peak and residual strain, and the decrease of hysteresis modulus.

Keywords: Ceramic-matrix composites (CMCs), thermomechanical fatigue, hysteresis loops, multiple loading sequence

I. Introduction

Silicon carbide fiber-reinforced ceramic matrix com-
posites (SiIC-CMCs) possess high specific strength and
high specific modulus at elevated temperature, and are
a breakthrough materials technology for jet engines!>2.
SiC-CMCs components are being designed and tested
in commercial and military aeroengines3. CFM’s newest
engine introduces the use of a large SiIC-CMC turbine
shroud. The GE9X, GE’s replacement for its GE90 en-
gine powering Boeing’s 777, will incorporate five differ-
ent types of SIC-CMC parts*.

Under TMF loading, the thermal cyclic temperature
changes with decreasing or increasing applied stress upon
unloading or reloading?. The coupling of the temperature
and stress field leads to much more serious damage evolu-
tion in fiber-reinforced CMCs subjected to TMF loading
than that under cyclic loading at constant elevated tem-
perature®’. Under tension-tension or tension-compres-
sion cyclic loading at constant elevated temperature, the
cyclic loading behavior of C/SiC, SiC/SiC and oxide/ox-
ide composites in different testing environments (1.e. air or
combustion environment) has been analyzed8,% 10,11, 12,
The damage evolution of modulus, strain and residual
strength depended on the stress level, testing tempera-
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ture and environments. Li13 investigated the out-of-phase
(OP) TMF hysteresis loops of fiber-reinforced CMCs
subjected to single-peak stress. The coupling effects of
thermal cyclic temperature and fiber/matrix interface
damage upon cyclic loading/unloading have been con-
sidered. However, under multiple-loading sequences, the
TMF hysteresis loops and fiber/matrix interface damage
depend on the peak stress level and loading sequence. In
the research mentioned above, the effect of a multiple-
loading sequence on the TMF hysteresis loops of fiber-
reinforced CMCs has not been investigated.

The objective of this paper is to investigate the effect of
a multiple-loading sequence on the in-phase TMF stress/
strain hysteresis loops of SiC-fiber-reinforced CMCs.
With consideration of the thermal and mechanical cou-
pling, the TMF microstress field upon loading/unloading
in-phase TMF cycling is analyzed. The in-phase TMF
stress/strain hysteresis loops and fiber/matrix interface
damage conditions for different composite material prop-
erties, peak stress with different loading sequence and
damage state are discussed. Comparisons of the in-phase
TMF stress/strain hysteresis loops and fiber/matrix in-
terface damage between single-peak stress and a multiple
loading sequence are analyzed. The TMF stress/strain
hysteresis loops and fiber/matrix interface damage state
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of the 2D SiC/SiC composite subjected to three low-high
loading sequences are predicted.

II. Theoretical Analysis

Under TMF loading, the thermal cyclic temperature

changes with decreasing or increasing applied stress up-

on unloading or reloading. The variation of the thermal

cyclic temperature and peak stress with increasing applied

cycles can be divided into three different cases, as shown

in Fig. 1, including:

(1) Case 1, single-peak stress under in-phase TMF loading;

(2) Case2,low-high peak stress under in-phase TMF load-
ing;

(3) Case 3, high-low peak stress under in-phase TMF load-
ing.

( a ) Single Peak Stress
Stress Temperature Stress
T M
I ) . Cycle
In-phase Thermomechanical fatigue
(b) Low-High Peak Stress
Stress Temperature Stress
Temperature
: . Cycle
In-phase Thermomechanical fatigue
( C) High-Low Peak Stress
Stress Stress Temperature

In-phase Thermomechanical fatigue
Fig. 1: The schematic of in-phase thermomechanical fatigue loading
subjected to (a) single-peak stress; (b) low-high peak stress; and (c)
high-low peak stress.

(1) TMF interface damage models

The coupling of thermal cyclic temperature and stress
field affects the fiber/matrix interface damage state espe-
cially subjected to a multiple-loading sequence, i.e. Case
2 and Case 3 in Fig. 1. Upon first loading to the fatigue
peak stress of g,),.1, it is assumed that matrix multicrack-
ing and fiber/matrix interface debonding occur. To an-
alyze stress distributions in the fiber and the matrix, a
unit cell is extracted from the ceramic matrix compos-
ites, as shown in Fig.2. The unit cell contains a single
fiber surrounded by a hollow cylinder of matrix. The
fiber radius is ¢, and the matrix radius is R(R = r{/V{1/2).
The length of the unit cell is /./2, which is half of the
matrix crack space. The fiber/matrix interface debonding
length is /4. On the matrix crack plane, the fibers car-
ry all the applied stress (i.e. o/ Vy, where o denotes far-
field applied stress and V denotes fiber volume fraction).
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After experiencing N applied cycles, the fiber/matrix in-
terface shear stress in the interface debonded region de-
grades due to the interface wear and/or interface oxida-
tion 14, 15, 16,17, 18,19, 20,21, 22,23, 24,25,26,27, 28 The cyclic
and temperature-dependent fiber/matrix interface shear
stress can be described using the following equation?’.
104t - Om|(To - T) (1)
A

where # denotes the fiber/matrix interface frictional coef-
ficient3% 31; o ( and «,,,, denote the radial thermal expan-
sion coefficient of the fiber and the matrix, respectively;
A is a constant depending on the elastic properties of the
matrix and fibers2?; and to(N) denotes the cyclic-depen-
dent interface shear stress32. When the fatigue peak stress
increases from o1 t0 0,50, the fiber/matrix interface
debonded length continues to propagate along the inter-
face. Upon unloading from o,,,,», the fiber/matrix inter-
face debonded region can be divided into three regions,
L.e. interface counter-slip region with the interface shear
stress of t;(7, N), interface counter-slip region with the
interface shear stress of t;(7, N-N) and interface slip re-
gion with the interface shear stress of ;(7, N-N). Up-
onreloading to g,,,,», the fiber/matrix interface debonded
length can be divided into four regions, i.e. interface new-
slip region with the interface shear stress of (7, Ny), in-
terface counter-slip region with the interface shear stress
of 7;(T, Ny), interface counter-slip region with the inter-
face shear stress of t;(7, N-N{) and interface slip region
with the interface shear stress of 1;(7, N-N). The fiber/
matrix interface debonded length and interface slip length
are determined using the following equation33

(= F ow Q) 1 [l (TN v (x)
ime el 2o U Tl
where ¢y denotes the fiber/matrix interface debonded en-
ergy; F(=mri20/Vy) is the fiber load at the matrix cracking
plane; wg(0) denotes the fiber axial displacement at the ma-
trix crack plane; and v(x) denotes the relative displacement
between the fiber and the matrix.

(T, N) =1 (N) +p
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Fig. 2: The unit cell of shear-lag model.

Under thermomechanical fatigue peak stress of 7,,,,,1 for
N applied cycles, the fiber/matrix interface debonded
length (/4), unloading interface counter-slip length (y) and
reloading interface new-slip length (z) can be described us-
ing the following equations.
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where V., denotes the matrix volume fraction; g denotes
the shear-lag model parameter34; E¢ denotes the fiber axial
elastic modulus; E,, denotes the matrix elastic modulus;
and E denotes the composite elastic modulus along the
longitudinal fiber direction.

Upon increasing thermomechanical fatigue peak stress
from op,41 O Opayo, the new fiber/matrix interface
debonding and sliding lengths are affected by the stress
level and interface wear regions and can be described us-
ing the following equations:
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(2) TMF bysteresis models

Under TMF loading at the peak stress of 0,41, the un-
loading and reloading composite strain can be determined
using the following equations:
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where «j. and o}y denote the composite and fiber axial ther-
mal expansion coefficient, respectively; and AT denotes
the temperature difference between the fabricated temper-
ature and testing temperature.

Under TMF loading at the second peak stress of a5,
the unloading and reloading composite strain can be de-
termined using the following equations:
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III. Results and Discussions

The in-phase TMF stress/strain hysteresis loops and
fiber/matrix interface damage state for different compos-
ite material properties, peak stress with different loading
sequence and damage state are discussed. The compar-
isons of in-phase TMF stress/strain hysteresis loops and
fiber/matrix interface damage between single-peak stress
and multiple-loading sequence are analyzed. The SiC/
SiC composite is used for the case study and its mate-
rial properties are given by2%: V;=30%, E;=230GPa,
E., =300 GPa, r¢=7.5 pum, {4 =0.1 J/m2, o4=2.9x10-6/K,
o1 =3.9x10-6/K, oy =4.6x10-6/K, typy, =2.0 x 10-6/K.

(1) Effect of material properties

The effect of fiber volume content (i.e. V;{=30%
and 35 %), fiber/matrix interface frictional shear stress
(i.e. 19 =10 and 20 MPa), fiber/matrix interface fracture
energy (ie. {g= 0.1 and 0.2 J/m2) and fiber/matrix
interface frictional coefficient (i.e. # = 0.1 and 0.2)
on the in-phase TMF stress/strain hysteresis loops
and fiber/matrix interface damage state subjected to
a multiple-loading sequence of s, =120MPa and
Omax2 =180 MPa at the thermal cyclic temperature range
of Ty =100 °C and T, =800 °C are shown in Figs.3 ~5.

When Vi= 30% and 35%, the TMF stress/strain
hysteresis loops correspond to the partial debonding and
sliding in the fiber/matrix interface debonded region; the
fiber/matrix interface new-slip and counter-slip lengths
can be divided into two regions, due to the low fiber/
matrix interface shear stress in the interface wear region.
With increasing fiber volume content from 30 % to 35 %,
the fiber/matrix interface slip range decreases from 67 %
to 52 %; the TMF stress/strain hysteresis loops” area
decreases from 37.3 kJ/m3 to 22.9 kJ/m3; the peak strain
decreases from 0.19% to 0.14 %; the residual strain
decreases from 0.049 % to 0.03 %; and the hysteresis
modulus increases from 127 GPa to 163 GPa, as shown
in Fig. 3.
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Fig.3: The effect of fiber volume fraction (V;=30% and 35 %)
on (a) in-phase thermomechanical fatigue hysteresis loops; and (b)
the fiber/matrix interface slip length of a SiC/SiC composite under
multiple loading sequence of oy, =120 MPa and o,,,,,=180 MPa
at the temperature range of T{=100 °C and T,=800 °C.

When 3 =10 and 20 MPa, the TMF stress/strain hys-
teresis loops correspond to the partial debonding and
sliding in the fiber/matrix interface debonded region;
with increasing fiber/matrix interface frictional shear
stress from 10 to 20 MPa, the fiber/matrix interface slip
range decreases from 69 % to 40 %; the TMF stress/
strain hysteresis loops’ area decreases from 33.5 kJ/m3
to 16.8 kJ/m3; the peak strain decreases from 0.171 %
to 0.128 %; the residual strain decreases from 0.046 %
to 0.022 %; and the hysteresis modulus increases from
144 GPa to 170 GPa, as shown in Fig. 4.

When ¢y = 0.1 and 0.2 J/m2, the TMF stress/strain
hysteresis loops correspond to the partial debonding and
sliding in the fiber/matrix interface debonded region;
with increasing fiber/matrix interface fracture energy
from 0.1 to 0.2 J/m2, the fiber/matrix interface slip
range decreases from 47 % to 43 %; the TMF stress/
strain hysteresis loops’ area decreases from 19.9 kJ/m3
to 18 kJ/m3; the peak strain decreases from 0.134 %
to 0.125 %; the residual strain decreases from 0.025 %
to 0.02%; and the hysteresis modulus increases from
165 GPa to 171 GPa, as shown in Fig. 5.
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Fig. 4: The effect of fiber/matrix interface shear stress (1= 10 and 20 MPa) on (a) in-phase thermomechanical fatigue hysteresis loops; and (b)
the fiber/matrix interface slip length of SiC/SiC composite under multiple loading sequence of o,,,,4 = 120 MPa and 4,,,,» = 180 MPa at the

thermal cyclic temperature range of T = 100 °C and T, = 800 °C.
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Fig. 5: The effect of fiber/matrix interface debonded energy ({4 = 0.2 and 0.3 J/m?2) on (a) in-phase thermomechanical fatigue hysteresis loops;
and (b) the fiber/matrix interface slip length of SiC/SiC composite under multiple loading sequence of 0,1 = 120MPa and 4,,,,,» = 180 MPa

at the thermal cyclic temperature range of T = 100 °C and T, = 800 °C.

When # =0.1 and 0.2, the TMF stress/strain hysteresis
loops correspond to the partial debonding and sliding in
the fiber/matrix interface debonded region; with increas-
ing fiber/matrix interface frictional coefficient from 0.1 to
0.2, the fiber/matrix interface slip range decreases from
33 % to 24 %; the TMF stress/strain hysteresis loops’ area
decreases from 18 kJ/m3 to 14.1 k]/m3; the peak strain de-
creases from 0.123 % to 0.109 %; the residual strain de-
creases from 0.039 % t0 0.038 %; and the hysteresis modu-
lus increases from 214 GPa to 253 GPa, as shown in Fig. 6.

(2) Effect of peak stress with a low-bigh multiple-load-
ing sequence

The effect of the TMF first peak stress (i.e. 7,1 =100
and 140 MPa) and second peak stress (i.e. o,,,5 =140 and
160 MPa) on the in-phase TMF stress/strain hysteresis
loops and fiber/matrix interface damage state subjected to
a low-high multiple-loading sequence of s,,,,,» =180 MPa
and o, =120 MPa at the thermal cyclic temperature
range of T{ =100 °C and T, = 800 °C are shown in Figs. 7
and 8.

When o,,,,,1 =100 and 140 MPa, the TMF stress/strain
hysteresis loops under o,,,,» = 180 MPa correspond to the
partial debonding and sliding in the fiber/matrix interface
debonded region; with increasing TMF first peak stress
from 100 to 140 MPa, the fiber/matrix interface slip range
increases from 47 % to 56 %; the TMF stress/strain hys-
teresis loops” area increases from 20.1 k]/m3 to 26.1 k]/m3;
the peak strain increases from 0.137 % to 0.151 %; the
residual strain increases from 0.028 % to 0.032 %; and the
hysteresis modulus decreases from 165 GPato 151 GPa, as
shown in Fig. 7.

When o,,,,,» =140 and 160 MPa, the TMF stress/strain
hysteresis loops correspond to the partial debonding and
sliding in the fiber/matrix interface debonded region; with
increasing second peak stress from 140 to 160 MPa, the
fiber/matrix interface slip range increases from 44 % to
48 %; the TMF stress/strain hysteresis loops’ area increas-
es from 12.1 kJ/m3 to 16.9 k]/m3; the peak strain increases
from0.101 % t00.122 %; the residual strain increases from
0.018 % t0 0.023 %; and the hysteresis modulus decreases
from 168 GPato 161 GPa, as shown in Fig. 8.
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Fig. 6: The effect of fiber/matrix interface frictional coefficient (i = 0.1 and 0.2) on (a) in-phase thermomechanical fatigue hysteresis loops; and
(b) the fiber/matrix interface slip length of SiC/SiC composite under a multiple loading sequence of o,,,,1 = 120 MPa and a,,,,,» = 180 MPa at
the thermal cyclic temperature range of T{ =100 °C and T, =800 °C.
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Fig. 7: The effect of the first peak stress (0,41 =100 MPa and 140 MPa) on (a) in-phase thermomechanical fatigue hysteresis loops; and (b) the
fiber/matrix interface slip length of SiC/SiC composite under a low-high multiple loading sequence of o,,,,» =180 MPa at the thermal cyclic
temperature range of T = 100 °C and T, = 800 °C.
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Fig. 8: The effect of second peak stress (o,,,0 = 140 and 160 MPa) on (a) in-phase thermomechanical fatigue hysteresis loops; and (b) the
fiber/matrix interface slip length of SiC/SiC composite under a low-high multiple loading sequence of o,,,,1 =120 MPa at the thermal cyclic
temperature range of T{ =100 °C and T, =800 °C.
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(3) Effect of peak stress with a high-low multiple-load-

ing sequence

The effect of the TMF first peak stress (i.e. o,,51 = 140
and 180 MPa) and second peak stress (i.e. 7,40 = 120 and
140 MPa) on the in-phase TMF stress/strain hysteresis
loops and fiber/matrix interface damage state subject-
ed to the high-low multiple-loading sequence of ;> =
120 MPa and 0,1 =180 MPa at the thermal cyclic tem-
perature range of T =100 °C and T, = 800 °C is shown in
Figs.9 and 10.

When ,,,,1 = 140 and 180 MPa, the TMF stress/strain
hysteresis loops under o,,,,» =120 MPa correspond to the
partial debonding and sliding in the fiber/matrix inter-
face debonded region; with increasing TMF first peak
stress from 140 to 180 MPa, the fiber/matrix interface slip
range increases from 44.7 % to 54.4 %; the TMF stress/
strain hysteresis loops’ area increases from 9.8 kJ/m3
to 12.2 kJ/m3; the peak strain increases from 0.086 %
to 0.093 %; the residual strain increases from 0.015 %
to 0.019 %; and the hysteresis modulus decreases from
169 GPa to 162 GPa, as shown in Fig. 9.
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Fig.9: The effect of the first peak stress (o, =140 MPa and
180MPa) on (a) in-phase thermomechanical fatigue hystere-
sis loops; and (b) the fiber/matrix interface slip length of SiC/
SiC composite under a high-low multiple loading sequence of
Omax2 =120 MPa at the thermal cyclic temperature range of T =
100 °C and T, = 800 °C.
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When o,,,,, =120 and 140 MPa, the TMF stress/strain
hysteresis loops correspond to the partial debonding and
sliding in the fiber/matrix interface debonded region; with
increasing second peak stress from 120 to 140 MPa, the
fiber/matrix interface slip range increases from 54 % to
58 %; the TMF stress/strain hysteresis loops’ area increas-
es from 12.2 kJ/m3 to 18.1 kJ/m3; the peak strain increas-
es from 0.093% to 0.115%; the residual strain increases
from 0.0196 % to 0.0247 %; and the hysteresis modulus
decreases from 163 GPa to 155 GPa, as shown in Fig. 10.
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Fig.10: The effect of the second peak stress (o, = 120 and
140MPa) on (a) in-phase thermomechanical fatigue hystere-
sis loops; and (b) the fiber/matrix interface slip length of SiC/
SiC composite under a high-low multiple loading sequence of
Omaxi =180 MPa at the thermal cyclic temperature range of T =
100 °C and T, = 800 °C.

(4) Effect of damage state

The effect of matrix crack spacing (i.e. [.=200 and
300 um), cycle number (i.e. N =1, 10 and 100) and thermal
cyclic temperature range (i.e., T{ = 100 °C, T, = 800 °C
and T¢=200°C, T, = 600 °C) on the in-phase TMF stress/
strain hysteresis loops and fiber/matrix interface dam-
age state subjected to a multiple-loading sequence of
Imax1 =120 MPa and o,,,,,» = 180 MPa at the thermal cyclic
temperature range of T; =100 °C and T, =800 °C is given
in Figs. 11 ~13.

When /,=200 and 300 pum, the TMF stress/strain hys-
teresis loops correspond to the partial debonding and slid-
ing in the fiber/matrix interface debonded region; with
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increasing matrix crack spacing from 200 to 300 pm, the
fiber/matrix interface slip range decreases from 64 % to
43 %; the TMF stress/strain hysteresis loops” area decreas-
es from 28.6 kJ/m3 to 19 kJ/m3; the peak strain decreas-
es from 0.164 % to 0.131 %; the residual strain decreases
from 0.038 % to 0.025 %; and the hysteresis modulus in-
creases from 142 GPa to 170 GPa, as shown in Fig. 11.
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Fig. 11: The effect of matrix crack spacing (/. =200 and 300 pm)
on (a) in-phase thermomechanical fatigue hysteresis loops; and (b)
the fiber/matrix interface slip length of SiC/SiC composite under
multiple loading levels of s,,,4; = 120 MPa and s,;,4» = 180 MPa at
the temperature range of T| =100 °C and T, =800 °C.

When N =1, 10 and 100, the TMF stress/strain hystere-
sis loops correspond to the partial debonding and slid-
ing in the fiber/matrix interface debonded region; with in-
creasing applied cycle number from N =1 to N = 100, the
fiber/matrix interface slip range increases from 41 % to
51 %; the TMF stress/strain hysteresis loops” area increas-
es from 16.8 kJ/m3 to 21.3 k]/m3; the peak strain increases
from0.128 % t00.135 %; the residual strain increases from
0.022 % t0 0.025 %; and the hysteresis modulus decreases
from 170 GPa to 163 GPa, as shown in Fig. 12.

When T, = 100 °C, T, = 800 °C and T = 200 °C, T, =
600 °C, the stress/strain TMF hysteresis loops correspond
to the partial debonding and sliding in the fiber/matrix in-
terface debonded region; with increasing thermal cyclic
temperature range, the fiber/matrix interfaceslip range in-
creases from 65 % to 67 %; the TMF stress/strain hystere-
sis loops” area increases from 36 kJ/m3 to 37.3 kJ/m3; the
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peak strain increases from 0.187 % t0 0.192 %; the residual
strain increases from 0.045 % to 0.049 %; and the hystere-
sis modulus decreases from 127 GPato 125 GPa, as shown
in Fig. 13.
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Fig. 12: The effect of the thermomechanical cycle number (N = 1, 10
and 100) on (a) in-phase thermomechanical fatigue hysteresis loops;
and (b) the fiber/matrix interface slip length of SiC/SiC composite
under a multiple loading sequence of ;.1 = 120 MPa and s> =
180 MPa at the thermal cyclic temperature range of T{ = 100 °C and
T, = 800 °C.

(5) Comparisons of in-phase TMF hysteresis loops be-

tween single- and multiple-loading sequence

The comparisons of in-phase TMF stress/strain hys-
teresis loops and fiber/matrix interface damage state be-
tween a single-peak stress and multiple-loading sequence
of 0,41 =120MPa and 0,,,,» =180 MPa at the thermal
cyclic temperature range of T{ =100 °C and T, = 800 °C
are shown in Fig. 14.

Under single-peak stress and a multiple-loading se-
quence, the TMF stress/strain hysteresis loops corre-
spond to the partial debonding and sliding in the fiber/
matrix interface debonded region; and the fiber/matrix
interface slip lengths under the multiple-loading sequence
can be divided into two regions, which are different from
the fiber/matrix interface slip lengths under single-peak
stress, owing to the low fiber/matrix interface shear stress
in the interface wear region.
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Fig. 13: The effect of temperature range (T; = 100 °C, T, = 800 °C and T = 200 °C, T, = 600 °C) on (a) in-phase thermomechanical fatigue
hysteresis loops; and (b) the fiber/matrix interface slip length of SiC/SiC composite under a multiple loading sequence of ,,),,; =120 MPa and
Omax2 =180 MPa at the thermal cyclic temperature range of T = 100 °C and T, =800 °C.
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Fig. 14: (a) The fatigue hysteresis loops; and (b) the fiber/matrix interface slip lengths of SiC/SiC composite under a single- and multiple-
loading sequence of ;.1 =120 MPa and g,,,,,» =180 MPa at the thermal cyclic temperature range of T = 100 °C and T, = 800 °C.

Under multiple-loading stress levels, the fiber/matrix
interface slip lengths approach 67 % of matrix crack spac-
ing and are larger than those under single-peak stress level
of 43 % of matrix crack spacing; the TMF stress/strain
hysteresis loops” area increases from 26 kJ/m3 under sin-
gle-peak stress to 37.4 kJ/m3 under multiple-loading se-
quence; the peak strain increases from 0.147 % t0 0.192 %;
the residual strain increases from 0.042 % to 0.049 %;
and the hysteresis modulus decreases from 171 GPa to
126 GPa.

IV. Experimental Comparisons

Baker35 investigated the cyclic loading/unloading stress/
strain hysteresis loops of 22D SiC/SiC composite subject-
ed to a multiple loading sequence. The stress/strain hys-
teresis loops and fiber/matrix interface slip lengths of the
2D SiC/SiC composite at the multiple loading sequence
of 0051 =113 MPa, 0,49 =137 MPa and 0,3 = 168 MPa
under cyclic loading/unloading tensile at room tempera-
ture and thermal cyclic temperature range of 100 °C and
800 °C are shown in Figs. 15~ 17.

The stress/strain hysteresis loops and fiber/matrix inter-
face slip lengths of the 2D SiC/SiC composite at the first
peak stress of ;1 =113 MPa under cyclic loading/un-
loading tensile at room temperature and thermal cyclic
temperature range of 100 °C and 800 °C are illustrated
in Fig. 15. Under cyclic loading/unloading tensile at room
temperature and in-phase TMF cyclic loading at thermal
cyclic temperature range of 100 °C and 800 °C, the stress/
strain hysteresis loops correspond to the partial debond-
ing and sliding in the fiber/matrix interface debonded re-
gion, as shown in Fig. 15(a); the fiber/matrix interface slip
lengths under in-phase TMF cyclic loading approach to
42.8 % of the matrix crack spacing and are larger than those
under cyclic loading at room temperature of 26.6 % of ma-
trix crack spacing; the stress/strain hysteresis loops’ area
increases from 9.7 k]/m3 under cyclicloading atroom tem-
perature to 17.8 kJ/m3 under TMF cyclic loading; and the
hysteresis modulus decreases from 88.2 GPa to 86.2 GPa,
as shown in Fig. 15(b).

The stress/strain hysteresis loops and fiber/matrix inter-
faceslip lengths of the 2D SiC/SiC composite at the second
peak stress of g,,,,,» =137 MPaunder cyclic tensile loading/
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unloading at room temperature and thermal cyclic tem- The stress/strain hysteresis loops and fiber/matrix inter-
perature range of 100 °C and 800 °C are shown in Fig. 16. face slip lengths of the 2D SiC/SiC composite at the third
Under cyclic tensile loading/unloading at room tempera- peak stress of o,,,,3 =168 MPaunder cyclic tensile loading/
ture, the stress/strain hysteresis loops correspond to the unloading at room temperature and thermal cyclic temper-
complete debonding and partial sliding in the fiber/ma- ature range of 100 °C and 800 °C are shown in Fig. 17. Un-

trix interface debonded region, as shown in Fig. 16(a); un-
der in-phase TMF cyclic loading at thermal cyclic tem-
perature range of 100 °C and 800 °C, the stress/strain
hysteresis loops correspond to the complete debonding
and complete sliding in the fiber/matrix interface debond-
ed region, as shown in Fig. 16(a); the fiber/matrix inter-
face slip lengths under in-phase TMF cyclic loading ap-
proach 100 % of matrix crack spacing and are larger than
thoseunder cyclicloading at room temperature; the stress/
strain hysteresis loops’ area increases from 46.7 kJ/m3 un-

der cyclic tensile loading/unloading at room temperature
and in-phase TMF loading at thermal cyclic temperature
range of 100 °C and 800 °C, the stress/strain hysteresis
loops correspond to the complete debonding and sliding
in the fiber/matrix interface debonded region, as shown
in Fig. 17(a); the fiber/matrix interface slip lengths under
cyclic loading at room temperature and in-phase TMF ap-
proach to 100 % of matrix crack spacing; the stress/strain
hysteresis loops” area increases from 70.9 k]J/m3 under

der cyclic loading at room temperature to 50 kJ/m3 under cyclic loa(‘iing at room temperature to 96.1 k]/m3 under
TMEF cyclic loading; and the hysteresis modulus decreas- TMF cyclic loading; and the hysteresis modulus decreas-
es from 48.5 GPa under cyclic loading at room tempera- es from 44.2 GPa under cyclic loading at room tempera-
ture to 44.4 GPa under TMF cyclic loading, as shown in ture to 41.5 GPa under TMF cyclic loading, as shown in
Fig. 16(b). Fig. 17(b).
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Fig. 15: (a) The fatigue hysteresis loops; and (b) the fiber/matrix interface slip lengths of the 2D SiC/SiC composite at the fatigue peak stress
of 0,01 =113 MPa under cyclic tensile loading/unloading at room temperature and thermal cyclic temperature range of 100 °C and 800 °C.
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Fig. 16: (a) The fatigue hysteresis loops; and (b) the fiber/matrix interface slip lengths of the 2D SiC/SiC composite at the fatigue peak stress
of opax2 = 137 MPa under cyclic tensile loading/unloading at room temperature and thermal cyclic temperature range of 100 °C and 800 °C.
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Fig. 17: (a) The fatigue hysteresis loops; and (b) the fiber/matrix in-
terface slip lengths of the 2D SiC/SiC composite at the fatigue peak
stress of o,,,3 = 168 MPa under cyclic tensile loading/unloading at
room temperature and thermal cyclic temperature range of 100 °C

and 800 °C.

V. Conclusions

In this paper, the effect of a multiple-loading sequence
on the in-phase TMF stress/strain hysteresis loops of SiC-
CMC:s has been investigated. The stress/strain hysteresis
loops and fiber/matrix interface damage of a 2D SiC/SiC
composite subjected to three low-high loading sequences
have been predicted.

(1) Under a TMF multiple-loading sequence, the fiber/
matrix interface debonding and slip lengths are larger than
those under TMF single-peak stress, leading to the in-
crease of the TMF hysteresis loops’ area, peak and residual
strain, and the decrease of the TMF hysteresis modulus.

(2) With increasing fiber volume fraction, fiber/ma-
trix interface frictional shear stress, fiber/matrix interface
debonded energy and fiber/matrix interface frictional co-
efficient, the TMF hysteresis loops” area and peak strain
decrease, and the TMF hysteresis modulus increases ow-
ing to the decrease in the fiber/matrix interface slip range.

(3) With increasing matrix crack spacing, the TMF hys-
teresis loops” area and peak strain decrease and the TMF
hysteresis modulus increases owing to the decrease of the
fiber/matrix interface slip range; with increasing applied
cycle numbers and thermal cyclic temperature, the TMF
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hysteresisloops’areaand peak strainincrease and the TMF
hysteresis modulus decreases owing to the increase in the
fiber/matrix interface slip range.
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