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Abstract
In this paper, the damage accumulation of continuous fiber-reinforced ceramic-matrix composites (CMCs) with dif-

ferent fiber preforms, i.e. 2D and 2.5D woven, 3D braided and needled C/SiC, 2D and 3D woven SiC/SiC composites,
subject to cyclic tensile loading/unloading at room temperature has been investigated using the hysteresis-based dam-
age parameters. Based on the damage mechanisms of matrix multiple cracking modes and relative frictional sliding
between fibers and the matrix, the relationships between the hysteresis-based damage parameters and damage mech-
anisms of matrix cracking modes, fiber/matrix interface debonding/sliding have been established. The cyclic tensile
loading/unloading stress/strain hysteresis loops, matrix cracking mode ratio and fiber/matrix interface sliding ratio
of 2D and 2.5D woven, 3D braided and needled C/SiC, and 2D and 3D woven SiC/SiC composites have been predicted
for different peak stresses. The comparisons of damage accumulation between C/SiC and SiC/SiC composites with
different fiber preforms under cyclic tensile loading/unloading have been analyzed.
Keywords: Ceramic-matrix composites (CMCs), damage accumulation, matrix cracking, interface debonding, hysteresis loops.

I. Introduction
Ceramic materials possess high specific strength and spe-

cific modulus at elevated temperatures. In spite of this,
their use as structural components is severely limited ow-
ing to their brittleness. The continuous fiber-reinforced
ceramic-matrix composites (CMCs) obtained by incorpo-
rating fibers in ceramic matrices, however, can be made as
strong as metals, are lighter and can withstand much higher
temperatures with increasing operating efficiency of aero
engines, exceeding the capability of current nickel alloys
typically used in high-pressure turbines 1, 2. CMC com-
ponents, i.e. combustion chamber, turbine vanes/blades,
and tail nozzles, have already been designed and tested
in commercial aeroengines 3, 4. But these applications re-
quire very long lifetime in-service conditions. A big issue
is therefore a better understanding of the damage mecha-
nisms and kinetics in order to perform reliable life predic-
tions.

Under cyclic loading, multiple damage mechanisms of
transverse matrix cracking, fiber/matrix interface debond-
ing/sliding and fibers break occur throughout the fiber-re-
inforced CMCs, leading to modulus and strength degrada-
tion 5-19. The non-destructive testing (NDT) techniques
used for damage monitoring of structural metallic com-
ponents, i.e. optical microscopy, acoustic emission (AE),
acousto-ultrasonic, ultrasonic C-scan, X-ray, thermogra-
phy, eddy current and digital image correlation (DIC) have
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been adapted to characterize CMCs at room or elevated
temperature. Whitlow et al. 20 monitored the localized
damage in situ and full-field surface strain of a 2D woven
melt-infiltrated (MI) Hi-NicalonTMCSiC/SiC compos-
ite subjected to monotonic tensile loading using acous-
tic emission (AE) and digital image correlation (DIC)
methods. The initiation and propagation of damage is re-
lated to strain field changes with increasing applied stress.
Momon et al. 21 developed an acoustic emission-based
technique to predict the residual fatigue life of two differ-
ent types of CMCs, i.e. 2D woven chemical vapor infil-
tration (CVI) Hi-NicalonTM-SiC/[Si-B-C] and ex PAN-
HRTMC/[Si-B-C] with PyC interface layer, at elevated
temperatures in air condition. The elastic energy released
under static fatigue tests was found to accelerate before
ultimate failure, which allows prediction of the end of a
static fatigue test from the AE activity. However, for the
AE technique, it is necessary to monitor the material dur-
ing all its service life, due to its sensitivity to transitions of
state (i.e. a crack creation), and it cannot evaluate a damage
state at zero stress without previous monitoring, which
would be useful for maintenance. The electrical resistance
(ER) provides a sensitive measure of internal damage in
CMCs. Smith et al. 22 measured the electrical resistance of
2D woven Sylramic-iBN, Hi-NicalonTM and Hi-Nicalon
type S fibers-reinforced CVI SiC matrices with boron ni-
tride (BN) interfaces subjected to cyclic tensile loading/
unloading. The damage and maximum loading history can
be recorded based on the residual resistance. Mansour et
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al. 23 estimated the interlaminar crack length in 2D woven
melt-infiltrated (MI) Hi-NicalonTM-SiC/SiC composite
at room temperature using electrical resistance. Simon
et al. 24 investigated the damage evolution of 2D woven
CVI Hi-NicalonTM-SiC/[Si-B-C] composite subjected
to cyclic tensile loading/unloading at room temperature
with electrical resistance monitoring and acoustic emis-
sion recording. The evolution of the electrical resistivity
during the interposed unload-reload cycles can give key
information about the matrix crack density and the state
of fiber/matrix interfaces. At an elevated temperature of
450 °C under oxidizing environments (i.e. ambient air and
moist air with an imposed water pressure of 10 kPa), the
electrical resistance is an accurate indicator of the damage
of the PyC interphase in SiC/[Si-B-C] composite, which
is sensitive to the oxidation environment 25. Chateau et
al. 26 characterized matrix cracking propagation and fiber
breaking occurrence within a 1D CVI Hi-Nicalon type S
SiC/SiC minicomposite using an in situ X-ray microto-
mography tensile test. Minor matrix cracks exist within
the minicomposite and could become a transverse crack
or remain localized. However, these minor matrix cracks
have insignificant influence on the macro mechanical be-
havior compared to main matrix cracks. The application
of these NDT methods mentioned above is based on the
understanding of the macro mechanical behavior and mi-
crostructural damage inside of CMCs. The stress-strain
hysteresis loops are another way to monitor the inter-
nal damage accumulation of CMCs. The damage mech-
anisms of matrix multicracking, fiber/matrix interface
debonding/sliding and fiber fracture can be reflected on
the hysteresis modulus, hysteresis width and hysteresis
energy dissipation 27 -34. Campbell and Jenkins 35 used
the hysteresis modulus degradation and hysteresis energy
dissipation to investigate the thermal degradation of an
oxide/oxide CMC. Mei 36 determined the thermal residu-
al stress (TRS) of 2D woven CVI T300TM-C/SiC and Hi-
NicalonTM-SiC/SiC composites by solving the geometric
intersection points of the regression lines of consecutive
unloading/reloading hysteresis loops. Mei and Cheng 11

compared the mechanical hysteresis behavior of C/SiC
composite with different fiber preforms. An effective co-
efficient of the fiber volume fraction in the direction of
loading (ECFL) was used to characterize fiber architec-
tures and preforms. Fantozzi and Reynaud 37 investi-
gated the 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 and oxidation
conditions. However, the effect of matrix cracking modes
on the hysteresis behavior of CMCs is not considered.
Kuo and Chou 38 investigated the matrix multicracking in
cross-ply CMCs, and divided the multiple matrix crack-
ing states into five different modes, in which the matrix
cracking mode 3 and mode 5 involve matrix cracking and
fiber/matrix interface debonding/sliding in the longitudi-
nal plies. Lamon 39 distinguished the matrix cracking in
2D woven CMCs into three main steps, and illustrated the
schematic diagram showing the matrix cracking develop-
ment. Under oxidizing environments, the matrix cracking

mode is critical with the formation of paths towards fibers
and interphase for oxidizing volatile species (O2, H2O),
contributing to a dramatic reduction in the mechanical
properties 40, 41, 42. However, in the researches mentioned
above, the effect of multiple matrix cracking modes on
the damage accumulation of CMCs with different fiber
preforms is not considered.

The objective of this paper is to analyze the damage accu-
mulation of C/SiC and SiC/SiC composites with different
fiber preforms subjected to cyclic tensile loading/unload-
ing at room temperature using the hysteresis-based dam-
age parameters. Based on the damage mechanisms of ma-
trix multiple cracking modes and relative frictional sliding
between fibers and the matrix, the relationships between
the hysteresis-based damage parameters (i.e. the hystere-
sis dissipated energy, hysteresis modulus and fiber/matrix
interface sliding ratio) and damage mechanisms of matrix
multicracking modes, fiber/matrix interface debonding/
sliding are established. The cyclic loading/unloading ten-
sile stress/strain hysteresis loops, matrix cracking mode
ratio and fiber/matrix interface sliding ratio of 2D and
2.5D woven, 3D braided and needled C/SiC, and 2D and
3D SiC/SiC composites are predicted for different peak
stresses. The comparisons of damage accumulation of C/
SiC and SiC/SiC composites with different fiber preforms
under cyclic tensile loading/unloading are analyzed.

II. Theoretical Analysis
If matrix cracking and fiber/matrix interface debonding
are present upon first loading, the stress/strain hystere-
sis loops develop as a result of energy dissipation through
frictional sliding between fibers and the matrix upon un-
loading/reloading 43 -47. The shape, location and area of
the stress/strain hysteresis loops depend upon the fiber/
matrix interface debonding and frictional sliding. Under
cyclic loading, matrix cracking in 2D or 3D CMCs can be
divided into five different modes, as shown in Fig. 1, in-
cluding:
(1) Matrix cracking mode 1: transverse cracking in the

transverse yarns;
(2) Matrix cracking mode 2: transverse cracking and ma-

trix cracking occurring in the transverse and longitu-
dinal yarns with perfect interface bonding in the lon-
gitudinal yarns;

(3) Matrix cracking mode 3: transverse cracking and ma-
trix cracking occurring in the transverse and longitu-
dinal yarns with interface debonding in the longitudi-
nal yarns;

(4) Matrix cracking mode 4: matrix cracking in the longi-
tudinal yarns with interface bonding;

(5) Matrix cracking mode 5: matrix cracking in the longi-
tudinal yarns with interface debonding.

The difference between the matrix cracking mode 2 and
mode 4, or mode 3 and mode 5, is that only the matrix
cracking in the longitudinal yarns occurs, and the trans-
verse cracking does not appear in the transverse yarns at
the location where matrix cracking appears corresponding
to mode 4 or mode 5; and the difference between mode 2
and mode 3, or mode 4 and mode 5, is that the fiber/ma-
trix interface debonding occurs in the longitudinal yarns
corresponding to the cracking mode 3 and mode 5.
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Fig. 1: The undamaged state and five damaged modes of CMCs (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.

Based on the damage mechanisms of matrix multicracking,
fiber/matrix interface debonding/sliding upon unloading/
reloading, the stress/strain hysteresis loops in 2D or 3D
CMCs for matrix cracking mode 3 and mode 5 can be
divided into four different cases, as following:
(1) Case 1: the fiber/matrix interface partially debonding

and the fiber sliding completely relative to the matrix
in the fiber/matrix interface debonded region;

(2) Case 2: the fiber/matrix interface partially debonding
and the fiber sliding partially relative to the matrix in
the fiber/matrix interface debonded region;

(3) Case 3: the fiber/matrix interface completely debond-
ing and the fiber sliding partially relative to thematrix
in the fiber/matrix interface debonded region;

(4) Case 4: the fiber/matrix interface completely debond-
ing and the fiber sliding completely relative to the ma-
trix in the fiber/matrix interface debonded region.

(1) Hysteresis models for matrix cracking mode 3

When the fiber/matrix interface partially debonds, the
unit cell of the longitudinal yarn can be divided into two

regions, i.e. fiber/matrix interface debonded region and in-
terface bonded region. Upon unloading, counter slip oc-
curs at the matrix crack plane over a distance y, which is de-
fined as the fiber/matrix interface counter-slip length. The
fiber/matrix interface debonded region can be divided into
two regions, i.e. fiber/matrix interface counter-slip region
and interface slip region. Upon reloading, new slip occurs
near matrix crack plane over a distance z, which is denoted
to be the fiber/matrix interface new-slip region. The fiber
axial stress distributions for matrix cracking mode 3 cor-
responding to the fiber/matrix interface slip Cases 1 - 4 are
given in Fig. 2.

When the fiber/matrix interface partially debonds, the
unloading strain (ecu) and reloading strain (ecr) corre-
sponding to the fiber/matrix interface slip Case 1 and
Case 2 are determined using the following equations.

εcu =
σ

Vf_axial Ef
+ 4

τi
Ef

y2

rflc

- 2
τi
Ef

(2y - ld)(2y - lc + ld)
rfc

- (αc - αf) ΔT
(1)
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Fig. 2: The fiber axial stress distribution for matrix cracking mode 3 upon unloading and reloading corresponding to fiber/matrix interface slip
cases of (a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.
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εcr=
σ

Vf_axial Ef
- 4

τi
Ef

z2

rflc
+

4τi
Ef

(y - 2z)2

rflc

+ 2
τi
Ef

(ld - 2y + 2z)(ld + 2y - 2y - lc)
rflc

- (αc - αf) ΔT
(2)

where Vf_axial denotes the fiber volume content along the
longitudinal direction; Ef denotes the fiber elastic modu-
lus; rf denotes the fiber radius; si denotes the fiber/matrix
interface shear stress in the longitudinal yarns; lc denotes
the matrix crack spacing; ld denotes the fiber/matrix inter-
face debonded length; af and ac denote the fiber and com-
posite thermal expansion coefficient, respectively; and DT
denotes the temperature difference between the fabricated
temperature T0 and testing temperature T1 (DT = T1-T0).

When the fiber/matrix interface completely debonds,
the unloading strain (ecu) and reloading strain (ecr) cor-
responding to the fiber/matrix interface slip Case 3 and
Case 4 are determined using the following equations.

εcu =
σ

Vf_axial Ef
+ 4

τi
Ef

y2

rflc
- 2

τi
Ef

(2y - lc / 2)2

rflc

- (αc - αf) ΔT
(3)

εcr =
σ

Vf_axial Ef
- 4

τi
Ef

z2

rflc
+

4τi
Ef

(y - 2z)2

rflc

- 2
τi
Ef

(lc / 2 - 2y + 2z)2

rflc
- (αc - αf) ΔT

(4)

(2) Hysteresis models of matrix cracking mode 5

For matrix cracking mode 5, the fiber axial stress dis-
tributions corresponding to the fiber/matrix interface slip
Cases 1 - 4 are shown in Fig. 3. The unloading strain (ecu)
and reloading strain (ecr) corresponding to the fiber/ma-
trix interface slip Case 1 and Case 2 are determined using
the following equations.

εcu =
1

Vf_axialEf
(σ - kσto) + 4

τi
Ef

y2

rflc

- 2
τi
Ef

(2y -ld)(2y + ld - lc)
rflc

- (αc - αf) ΔT
(5)

εcr =
1

Vf_axialEf
(σ - kσto) - 4

τi
Ef

z2

rflc
+

4τi
Ef

(y - 2z)2

rflc

+2
τi
Ef

(ld - 2y + 2z)(ld + 2y - 2z - lc)
rflc

- (αc - αf) ΔT
(6)

where k denotes the proportion of transverse yarns in the
entire composite.

When the fiber/matrix interface completely debonds,
the unloading strain (ecu) and reloading strain (ecr) cor-
responding to the fiber/matrix interface slip Case 3 and
Case 4 are determined using the following equations.

εcu =
1

Vf_axialEf
(σ - kσto) + 4

τi
Ef

y2

rflc

- 2
τi
Ef

(2y - lc / 2)2

rflc
- (αc - αf) ΔT

(7)

εcu =
1

Vf_axialEf

(σ - kσto) - 4
τi
Ef

z2

rflc
+ 4

τi
Ef

(y - 2z)2

rflc

-2
τi
Ef

(lc / 2 - 2y + 2z)2

rflc
- (αc - αf) ΔT

(8)

(3) Hysteresis-based damage parameters
Considering the effect of multiple matrix cracking

modes, the composite unloading and reloading strains
are described using the following equations.

(εu)c = η(εcu)3 + (1 - η)(εcu)5 (9)
(εr)c = η(εcr)3 + (1 - η)(εcr)5 (10)

where (eu)c and (er)c denote the unloading and reloading
strain of the composite, respectively; (ecu)3 and (ecr)3 de-
note the unloading and reloading strain of matrix cracking
mode 3, respectively; (ecu)5 and (ecr)5 denote the unloading
and reloading strain of matrix cracking mode 5, respective-
ly; and g is the damage parameter determined based on the
composite damage condition, i.e. the proportion of crack-
ing mode 3 in the entire of matrix cracking modes of the
composite, g ∈[0,1].

Upon cyclic loading, the area associated with the stress/
strain hysteresis loops is the energy lost during the corre-
sponding cycle, which is defined using the following equa-
tion.

U =
∫ σmax

σmin

[
εu (σ) - εr (σ)

]
dσ (11)

The hysteresis dissipated energy of matrix cracking
mode 3 and mode 5 can be derived by inserting corre-
sponding unloading and reloading strains into Eq. (11).
The composite hysteresis dissipated energy is determined
using the following equation.

Uc = ηU3 + (1 - η)U5 (12)
where U3 and U5 denote the hysteresis dissipated energy
of matrix cracking mode 3 and mode 5, respectively.

Under cyclic loading, the hysteresis modulus is deter-
mined using the following equation.

Ea =
σmax - σmin
εmax - εmin

(13)

where rmax and rmin denote the peak and valley stresses,
respectively; and emax and emin denote the fatigue peak and
valley strains, respectively.

III. Experimental Comparisons
The damage accumulation of 2D and 2.5D woven, 3D

braided and needled C/SiC, 2D woven SiC/SiC and
SiC/[Si-B-C], and 3D woven SiC/SiC composites subject-
ed to cyclic tensile loading/unloading are analyzed using
the hysteresis-based damage parameters, i.e. the hystere-
sis dissipated energy, hysteresis modulus and fiber/matrix
interface sliding ratio.

(1) 2D and 2.5D woven, 3D braided and needled C/SiC
composites

Wang et al. 7 investigated the cyclic tensile loading/un-
loading behavior of 2D woven CVI T300TM-C/SiC com-
posite at room temperature. The monotonic tensile stress/
strain curve of 2D woven C/SiC is shown in Fig. 4, and
the composite tensile strength is about 245 MPa and the
failure strain is 0.69 %. The composite is cyclic loading/
unloading at different peak stresses of 90, 110, 130, 150,
170, 190 and 210 MPa, as shown in Fig. 5. With increasing
peak stress, the damage parameter g (i.e., the proportion
of matrix cracking mode 3) increases from g = 0.3 at the
peak stress of rmax = 90 MPa to g = 0.7 at the peak stress
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Fig. 3: The fiber axial stress distribution for matrix cracking mode 5 upon unloading and reloading corresponding to fiber/matrix interface slip
cases of (a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.
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of rmax = 210 MPa, as shown in Fig. 5a-g; the hystere-
sis dissipated energy increases from Uc = 4.4 kPa at the
peak stress of rmax = 90 MPa to Uc = 39.7 kPa at the peak
stress of rmax = 210 MPa; the hysteresis modulus decreas-
es from Ea = 81.7 GPa at the peak stress of rmax = 90 MPa
to Ea = 55.9 GPa at the peak stress of rmax = 210 MPa; the
fiber/matrix interface debonding ratio (y/ld and z/ld) cor-
responds to the fiber/matrix interface slip Case 2 at the
peak stresses of rmax = 90, 110 and 130 MPa, and the fiber/
matrix interface slip Case 4 at the peak stresses of rmax =
150, 170, 190 and 210 MPa for matrix cracking mode 3,
as shown in Fig. 6a-g; and for matrix cracking mode 5,
the fiber/matrix interface debonding ratio (y/ld, z/ld) cor-
responds to the fiber/matrix interface slip Case 1 at the
peak stresses of rmax = 90, 110, 130 and 150 MPa, and the
fiber/matrix interface slip Case 2 at the peak stresses of
rmax =170, 190 and 210 MPa, as shown in Fig. 6a-g.

Fig. 4: The monotonic tensile stress/strain curve of 2D woven C/
SiC composite 7.

Chang et al. 10 investigated the cyclic tensile loading/
unloading behavior of 2.5D woven CVI T300TM-C/SiC
composite at room temperature. The monotonic tensile
stress/strain curves of 2.5D woven C/SiC composite along
the warp and weft direction are given in Fig. 7. Along the
warp direction, the composite tensile strength is about
334 MPa and the failure strain is 0.72 %; and along the weft
direction, the composite tensile strength is about 136 MPa
and the failure strain is 0.7 %. Under cyclic tensile loading/
unloading along the warp direction, the stress/strain hys-
teresis loops of 2.5D woven C/SiC at different peak stress-
es of rmax =110, 127, 142, 160, 180 and 325 MPa are shown
in Fig. 8a-f; with increasing peak stress, the damage param-
eter g (i.e., the proportion of matrix cracking mode 3) in-
creases from g = 0.2 at the peak stress of rmax = 110 MPa to
g = 0.55 at the peak stress of rmax = 325 MPa; the hysteresis
dissipated energy increases from Uc = 2.8 kPa at the peak
stress of rmax = 110 MPa to Uc = 89.8 kPa at the peak stress
of rmax = 325 MPa; the hysteresis modulus decreases from
Ea = 135 GPa at the peak stress of rmax = 110 MPa to Ea =
74.9 GPa at the peak stress of rmax = 325 MPa; the fiber/
matrix interface debonding ratio (y/ld and z/ld) corre-
sponds to the fiber/matrix interface slip Case 1 at the peak
stress of rmax =110 MPa, and the fiber/matrix interface slip

Case 2 at the peak stresses of rmax = 127, 142, 160, 180 and
325 MPa for matrix cracking mode 3, as shown in Fig. 9a-f;
and for matrix cracking mode 5, the fiber/matrix interface
debonding ratio (y/ld and z/ld) corresponds to the fiber/
matrix interface slip Case 1 at the peak stresses of rmax =
110, 127, 142, 160 and 180 MPa, and the fiber/matrix in-
terface slip Case 2 at the peak stress of rmax = 325 MPa, as
shown in Fig. 9a-f. Under cyclic tensile loading/unloading
along the weft direction, the stress/strain hysteresis loops
of 2.5D C/SiC at different peak stresses of rmax = 56, 77,
96 and 134 MPa are shown in Fig. 10a-d; with increasing
peak stress, the damage parameter g (i.e., the proportion
of matrix cracking mode 3) increases from g = 0.2 at the
peak stress of rmax = 56 MPa to g = 0.4 at the peak stress of
rmax = 134 MPa; the hysteresis dissipated energy increas-
es from Uc = 1.8 kPa at the peak stress of rmax = 56 MPa to
Uc = 31.4 kPa at the peak stress of rmax = 134 MPa; the hys-
teresis modulus decreases from Ea = 51.2 GPa at the peak
stress of rmax = 56 MPa to Ea = 31.6 GPa at the peak stress
of rmax = 134 MPa; the fiber/matrix interface debonding
ratio (y/ld and z/ld) corresponds to the fiber/matrix inter-
face slip Case 1 at the peak stresses of rmax = 56 and 77 MPa,
and the fiber/matrix interface slip Case 2 at the peak stress-
es of rmax = 96 and 134 MPa for matrix cracking mode 3,
as shown in Fig. 11a-d; and for matrix cracking mode 5,
the fiber/matrix interface debonding ratio (y/ld and z/ld)
corresponds to the fiber/matrix interface slip Case 1 at the
peak stresses of rmax = 56 and 77 MPa, and the fiber/ma-
trix interface slip Case 2 at the peak stress of rmax = 96 and
134 MPa, as shown in Fig. 11a-d.

Mei and Cheng 11 investigated the cyclic tensile loading/
unloading behavior of 3D braided CVI T300TM-C/SiC
composite at room temperature. The monotonic tensile
stress/strain curve of 3D braided C/SiC composite is given
in Fig. 12. The composite tensile strength is about 308 MPa
and the failure strain is 0.6 %. Under cyclic tensile loading/
unloading, the stress/strain hysteresis loops of 3D braid-
ed C/SiC at different peak stresses of rmax = 245, 260, 275
and 300 MPa are shown in Fig. 13a-d; with increasing peak
stress, the damage parameter g (i.e. the proportion of ma-
trix cracking mode 3) increases from g = 0.4 at the peak
stress of rmax = 245 MPa to g = 0.55 at the peak stress of
rmax = 300 MPa; the hysteresis dissipated energy increases
from Uc = 35.1 kPa at the peak stress of rmax = 245 MPa to
Uc = 76.2 kPa at the peak stress of rmax = 300 MPa; the hys-
teresis modulus decreases from Ea = 70.5 GPa at the peak
stress of rmax = 245 MPa to Ea = 59.1 GPa at the peak stress
of rmax = 300 MPa; the fiber/matrix interface debonding
ratio (y/ld and z/ld) corresponds to the fiber/matrix in-
terface slip Case 1 at the peak stresses of rmax = 245, 260
and 270 MPa, and the fiber/matrix interface slip Case 2 at
the peak stresses of rmax = 300 MPa for matrix cracking
mode 3, as shown in Fig. 14a-d; and for matrix cracking
mode 5, the fiber/matrix interface debonding ratio (y/ld,
z/ld) corresponds to the fiber/matrix interface slip Case 1
at the peak stresses of rmax = 245, 260 and 270 MPa, and
the fiber/matrix interface slip Case 2 at the peak stress of
rmax = 300 MPa, as shown in Fig. 14a-d.
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Fig. 5: The theoretical and experimental stress/strain hysteresis loops of 2D woven C/SiC composite 7 corresponding to different peak stresses
of (a) rmax = 90 MPa; (b) rmax = 110 MPa; (c) rmax = 130 MPa; (d) rmax = 150 MPa; (e) rmax = 170 MPa; (f) rmax = 190 MPa; and (g) rmax =
210 MPa.
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Fig. 6: The fiber/matrix interface sliding ratio (y/ld and z/ld) of 2D woven C/SiC composite corresponding to different peak stresses of (a)
rmax = 90 MPa; (b) rmax = 110 MPa; (c) rmax = 130 MPa; (d) rmax = 150 MPa; (e) rmax = 170 MPa; (f) rmax = 190 MPa; and (g) rmax = 210 MPa.
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Fig. 7: The monotonic tensile stress/strain curve of 2.5D woven C/
SiC composite along the warp and weft direction 10.

(2) 3D needled C/SiC composite

Xie et al. 13 investigated the cyclic tensile loading/un-
loading behavior of 3D needled chemical vapor infiltration
(CVI)/polymer impregnation-pyrolysis (PIP)/liquid sili-
con infiltration processes (LSI) T300TM-C/SiC composite
at room temperature. The monotonic tensile stress/strain
curve is shown in Fig. 15. The composite tensile strength
is about 104 MPa and the failure strain is 0.45 %. Under
cyclic tensile loading/unloading, the stress/strain hystere-
sis loops of 3D needled C/SiC at different peak stresses
of rmax = 45, 55, 65 and 90 MPa are shown in Fig. 16a-d;

Fig. 8: The theoretical and experimental stress/strain hysteresis loops of 2.5D woven C/SiC composite 10 under cyclic loading along the warp
direction corresponding to different peak stresses of (a) rmax = 110 MPa; (b) rmax = 127 MPa; (c) rmax = 142 MPa; (d) rmax = 160 MPa; (e) rmax =
180 MPa; and (f) rmax = 325 MPa.
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Fig. 9: The fiber/matrix interface sliding ratio (y/ld and z/ld) of 2.5D woven C/SiC composite under cyclic loading along the warp direction
corresponding to different peak stresses of (a) rmax = 110 MPa; (b) rmax = 127 MPa; (c) rmax = 142 MPa; (d) rmax = 160 MPa; (e) rmax = 180 MPa;
and (f) rmax = 325 MPa.
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Fig. 10: The theoretical and experimental stress/strain hysteresis loops of 2.5D woven C/SiC composite 10 under cyclic loading along the weft
direction corresponding to different peak stresses of (a) rmax = 56 MPa; (b) rmax = 77 MPa; (c) rmax = 96 MPa; and (d) rmax = 134 MPa.

Fig. 11: The fiber/matrix interface sliding ratio (y/ld and z/ld) of 2.5D woven C/SiC composite under cyclic loading along the weft direction
corresponding to different peak stresses of (a) rmax = 56 MPa; (b) rmax = 77 MPa; (c) rmax = 96 MPa; and (d) rmax = 134 MPa.
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with increasing peak stress, the damage parameter g (i.e.
the proportion of matrix cracking mode 3) increases from
g = 0.1 at the peak stress of rmax = 45 MPa to g = 0.25
at the peak stress of rmax = 90 MPa; the hysteresis dis-
sipated energy increases from Uc = 1.8 kPa at the peak
stress of rmax = 45 MPa to Uc = 10.8 kPa at the peak stress
of rmax = 90 MPa; the hysteresis modulus decreases from
Ea = 33.7 GPa at the peak stress of rmax = 45 MPa to Ea =
25.7 GPa at the peak stress of rmax = 90 MPa; the fiber/ma-
trix interface debonding ratio (y/ld and z/ld) corresponds
to the fiber/matrix interface slip Case 1 at the peak stress
of rmax = 45 MPa, and the fiber/matrix interface slip Case 2
at the peak stresses of rmax = 55, 65 and 90 MPa for matrix
cracking mode 3, as shown in Fig. 17a-d; and for matrix
cracking mode 5, the fiber/matrix interface debonding ra-
tio (y/ld and z/ld) corresponds to the fiber/matrix interface
slip Case 1 at the peak stresses of rmax = 45 and 55 MPa, and
the fiber/matrix interface slip Case 2 at the peak stresses of
rmax = 65 and 90 MPa, as shown in Fig. 17a-d.

Fig. 12: The monotonic tensile stress/strain curve of 3D braided C/
SiC composite 11.

(3) 2D and 3D woven SiC/SiC composite
Li et al. 15 investigated the cyclic tensile loading/unload-

ing behavior of 2D woven CVI SiC/SiC composite at
room temperature. The monotonic tensile stress/strain
curve is given in Fig. 18. The composite tensile strength
is about 268 MPa and the failure strain is 0.34 %. Under
cyclic tensile loading/unloading, the stress/strain hystere-
sis loops of 2D woven SiC/SiC at different peak stresses
of rmax = 152, 166, 181, 195, 210, 224, 239 and 253 MPa
are shown in Fig. 19a-h; with increasing peak stress, the
damage parameter g (i.e. the proportion of matrix crack-
ing mode 3) increases from g = 0.2 at the peak stress of
rmax = 152 MPa to g = 0.65 at the peak stress of rmax =
253 MPa; the hysteresis dissipated energy increases from
Uc = 2.3 kPa at the peak stress of rmax = 152 MPa to Uc =
45.4 kPa at the peak stress of rmax = 253 MPa; the hystere-
sis modulus decreases from Ea = 162 GPa at the peak stress
of rmax = 152 MPa to Ea = 79.7 GPa at the peak stress of
rmax = 253 MPa; the fiber/matrix interface debonding ra-
tio (y/ld and z/ld) corresponds to the fiber/matrix interface
slip Case 1 at the peak stresses of rmax = 152, 166, 181, 195

and 210 MPa, and the fiber/matrix interface slip Case 2 at
the peak stresses of rmax = 224, 239 and 253 MPa for ma-
trix cracking mode 3, as shown in Fig. 20a-h; and for ma-
trix cracking mode 5, the fiber/matrix interface debonding
ratio (y/ld and z/ld) corresponds to the fiber/matrix inter-
face slip Case 1 at the peak stresses of rmax = 152, 166, 181,
195, 210, 224, 239 and 253 MPa, as shown in Fig. 20a-h.

Simon et al. 24 investigated the cyclic tensile loading/un-
loading behavior of 2D woven CVI/PIP NicalonTM NL
207 SiC/[Si-B-C] composite at room temperature. The
monotonic tensile stress/strain curve is shown in Fig. 21.
The composite tensile strength is about 250 MPa and the
failure strain is 0.8 %. Under cyclic tensile loading/un-
loading, the stress/strain hysteresis loops of 2D woven
SiC/[Si-B-C] at different peak stresses of rmax = 140, 157,
168, 180, 194 and 213 MPa are shown in Fig. 22a-h; with
increasing peak stress, the damage parameter g (i.e. the
proportion of matrix cracking mode 3) increases from g =
0.3 at the peak stress of rmax = 140 MPa to g = 0.65 at
the peak stress of rmax = 213 MPa; the hysteresis dissi-
pated energy increases from Uc = 17.8 kPa at the peak
stress of rmax = 140 MPa to Uc = 120.4 kPa at the peak
stress of rmax = 213 MPa; the hysteresis modulus decreas-
es from Ea = 84.4 GPa at the peak stress of rmax = 140 MPa
to Ea = 37.1 GPa at the peak stress of rmax = 213 MPa; the
fiber/matrix interface debonding ratio (y/ld and z/ld) cor-
responds to the fiber/matrix interface slip Case 1 at the
peak stress of rmax = 140 MPa, the fiber/matrix interface
slip Case 2 at the peak stresses of rmax = 157 and 168 MPa,
the fiber/matrix interface slip Case 3 at the peak stress of
rmax = 180 MPa, and the fiber/matrix interface slip Case 4
at the peak stresses of rmax = 194 and 213 MPa for matrix
cracking mode 3, as shown in Fig. 23a-f; and for matrix
cracking mode 5, the fiber/matrix interface debonding ra-
tio (y/ld and z/ld) corresponds to the fiber/matrix interface
slip Case 1 at the peak stresses of rmax = 140, 157, 168, 180,
194 and 213 MPa, as shown in Fig. 23a-f.

Ogasawara et al. 16 investigated the cyclic tensile loading/
unloading behavior of 3D woven Si-Ti-C-O fiber/Si-Ti-
C-O matrix composite at room temperature. The mono-
tonic tensile stress/strain curve is shown in Fig. 24. The
composite tensile strength is about 423 MPa and the fail-
ure strain is 1.2 %. Under cyclic tensile loading/unload-
ing, the stress/strain hysteresis loops of 3D woven SiC/
SiC composite at different peak stresses of rmax = 205, 236,
265, 299, 328, 355 and 389 MPa are shown in Fig. 25a-g;
with increasing peak stress, the damage parameter g (i.e.
the proportion of matrix cracking mode 3) increases from
g = 0.35 at the peak stress of rmax = 205 MPa to g = 0.6
at the peak stress of rmax = 389 MPa; the hysteresis dis-
sipated energy increases from Uc = 23.8 kPa at the peak
stress of rmax = 205 MPa to Uc = 231.2 kPa at the peak
stress of rmax = 389 MPa; the hysteresis modulus decreas-
es from Ea = 63.9 GPa at the peak stress of rmax = 205 MPa
to Ea = 39.5 GPa at the peak stress of rmax = 389 MPa; the
fiber/matrix interface debonding ratio (y/ld and z/ld) cor-
responds to the fiber/matrix interface slip Case 2 at the
peak stresses of rmax = 205, 236, 265 and 299 MPa, and
the fiber/matrix interface slip Case 3 at the peak stresses
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Fig. 13: The theoretical and experimental stress/strain hysteresis loops of 3D braided C/SiC composite 11 under cyclic loading corresponding
to different peak stresses of (a) rmax = 245 MPa; (b) rmax = 260 MPa; (c) rmax = 275 MPa; and (d) rmax = 300 MPa.

Fig. 14: The fiber/matrix interface sliding ratio (y/ld and z/ld) of 3D braided C/SiC composite under cyclic loading corresponding to different
peak stresses of (a) rmax = 245 MPa; (b) rmax = 260 MPa; (c) rmax = 275 MPa; and (d) rmax = 300 MPa.
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Fig. 15: The monotonic tensile stress/strain curve of 3D needled C/
SiC composite 13.

of rmax = 328, 355 and 389 MPa for matrix cracking
mode 3, as shown in Fig. 26a-g; and for matrix cracking
mode 5, the fiber/matrix interface debonding ratio (y/ld
and z/ld) corresponds to the fiber/matrix interface slip
Case 1 at the peak stress of rmax = 205 MPa, and the fiber/

matrix interface slip Case 2 at the peak stresses of 236, 265,
299, 328, 355 and 389 MPa, as shown in Fig. 26a-g.

IV. Discussions

The damage accumulation comparisons between C/SiC
and SiC/SiC composites with different fiber preforms, i.e.
2D and 2.5D woven, 3D braided and needled, are analyzed
using damage parameters of matrix cracking mode ratio,
hysteresis dissipated energy and hysteresis modulus.

(1) Damage accumulation comparisons between 2D and
2.5D woven, 3D braided and needled C/SiC composites

The damage parameter g (i.e., matrix cracking mode 3
proportion) versus normalized stress (rmax/r UTS) curves
of 2D and 2.5D woven, and 3D braided and needled C/
SiC composites are shown in Fig. 27a. At low peak stress
below 60 %r UTS, the damage parameter g is the highest for
2.5D woven C/SiC composite along the warp direction; at
high peak stress above 60 %r UTS, the damage parameter
g is the highest for 2D woven C/SiC composite; and the
damage parameter g is the lowest for 3D needled C/SiC
composite from low to high peak stress.

Fig. 16: The theoretical and experimental stress/strain hysteresis loops of 3D needled C/SiC composite 13 under cyclic loading corresponding
to different peak stresses of (a) rmax = 45 MPa; (b) rmax = 55 MPa; (c) rmax = 65 MPa; and (d) rmax = 90 MPa.
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Fig. 17: The fiber/matrix interface sliding ratio (y/ld and z/ld) of 3D needled C/SiC composite under cyclic loading corresponding to different
peak stresses of (a) rmax = 45 MPa; (b) rmax = 55 MPa; (c) rmax = 65 MPa; and (d) rmax = 90 MPa.

Fig. 18: The monotonic tensile stress/strain curve of 2D woven SiC/
SiC composite 15.

The hysteresis dissipated energy versus normalized
stress (rmax/r UTS) curves of 2D and 2.5D woven, 3D
braided and needled C/SiC composites are given in
Fig. 27b, in which the hysteresis dissipated energy in-
creases with peak stress, due to the increase of damage
parameter g and fiber/matrix interface sliding ratio. The
hysteresis dissipated energy is the highest for 2.5D woven
C/SiC composite along the warp direction, and the lowest
for 3D needled C/SiC composite.

The hysteresis modulus versus normalized stress
(rmax/r UTS) curves of 2D and 2.5D woven, and 3D braid-
ed and needled C/SiC composites are given in Fig. 27c, in
which the hysteresis modulus decreases with peak stress,
due to multiple matrix cracking mode evolution and in-
crease of fiber/matrix interface debonding ratio. The hys-
teresis modulus is the highest for 2.5D woven C/SiC com-
posite along the warp direction, and the lowest for 3D
needled C/SiC composite.

(2) Damage accumulation comparisons between 2D and
3D woven SiC/SiC composites

The damage parameter g (i.e. matrix cracking mode 3 pro-
portion) versus normalized stress (rmax/r UTS) curves of
2D woven SiC/SiC, SiC/[Si-B-C] and 3D woven SiC/SiC
composites are shown in Fig. 28a. At low peak stress be-
low 65 %r UTS, the damage parameter g is the highest for
3D woven SiC/SiC composite, at high peak stress above
65 %r UTS, the damage parameter g is the highest for 2D
woven SiC/[Si-B-C] composite; and the damage parame-
ter g is the lowest for 2D woven SiC/SiC composite.

The hysteresis dissipated energy versus normal-
ized stress (rmax/r UTS) curves of 2D woven SiC/SiC,
SiC/[Si-B-C] and 3D woven SiC/SiC composites are
given in Fig. 28b. The hysteresis dissipated energy
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Fig. 19: The theoretical and experimental stress/strain hysteresis loops of 2D woven SiC/SiC composite 15 corresponding to different peak
stresses of (a) rmax = 152 MPa; (b) rmax = 166 MPa; (c) rmax = 181 MPa; (d) rmax = 195 MPa; (e) rmax = 210 MPa; (f) rmax = 224 MPa; (g) rmax =
239 MPa; and (h) rmax = 253 MPa.
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Fig. 20: The fiber/matrix interface sliding ratio (y/ld and z/ld) of 2D woven SiC/SiC composite corresponding to different peak stresses of (a)
rmax = 152 MPa; (b) rmax = 166 MPa; (c) rmax = 181 MPa; (d) rmax = 195 MPa; (e) rmax = 210 MPa; (f) rmax = 224 MPa; (g) rmax = 239 MPa; and
(h) rmax = 253 MPa.
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Fig. 21: The monotonic tensile stress/strain curve of 2D woven
SiC/[Si-B-C] composite 24.

is the highest for 3D woven SiC/SiC composite and the
lowest for 2D woven SiC/SiC composite. The hysteresis
dissipated energy of 2D woven SiC/[Si-B-C] composite

lies between that of 3D woven SiC/SiC and 2D woven
SiC/SiC composite.

The hysteresis modulus versus normalized stress
(rmax/r UTS) curves of 2D woven SiC/SiC, SiC/[Si-B-C]
and 3D woven SiC/SiC composites are given in Fig. 28c.
The hysteresis modulus is the highest for 2D woven SiC/
SiC composite and the lowest for 3D woven SiC/SiC com-
posite. The hysteresis modulus of 2D woven SiC/[Si-B-C]
composite lies between that of 2D woven SiC/SiC and 3D
woven SiC/SiC composite.

(3) Damage accumulation comparisons between 2D wo-
ven C/SiC and SiC/SiC composite

The damage parameter g (i.e. matrix cracking mode 3
proportion) versus normalized stress (rmax/r UTS)
curves of 2D woven C/SiC and SiC/SiC composites
are shown in Fig. 29a. At low and high peak stress,
the damage parameter g of C/SiC is higher than that
of SiC/SiC composite, i.e. g = 0.3 at rmax = 90 MPa

Fig. 22: The theoretical and experimental stress/strain hysteresis loops of 2D woven SiC/[Si-B-C] composite 24 corresponding to different
peak stresses of (a) rmax = 140 MPa; (b) rmax = 157 MPa; (c) rmax = 168 MPa; (d) rmax = 180 MPa; (e) rmax = 194 MPa; and (f) rmax = 213 MPa.
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Fig. 23: The fiber/matrix interface sliding ratio (y/ld and z/ld) of 2D woven SiC/[Si-B-C] composite corresponding to different peak stresses
of (a) rmax = 140 MPa; (b) rmax = 157 MPa; (c) rmax = 168 MPa; (d) rmax = 180 MPa; (e) rmax = 194 MPa; and (f) rmax = 213 MPa.

or 39 %r UTS of C/SiC, and g = 0.2 at rmax = 152 MPa
or 56.7 %r UTS of SiC/SiC; g = 0.7 at rmax = 210 MPa or
91.3 %r UTS of C/SiC, and g = 0.65 at rmax = 253 MPa or
94.4 %r UTS of SiC/SiC. As the large mismatch of the axi-
al thermal expansion coefficient between carbon fiber and
silicon carbide matrix, i.e. 0 × 10-6/K vs. am = 4.6 × 10-6/K,
unavoidable microcracks existed within the SiC matrix
in transverse and longitudinal yarns when the composite
was cooled down from the high fabrication temperature
to ambient temperature. These processing-induced micro-
cracks propagated and, in conjunction with new microc-
racks during the loading process, formed mode 5 matrix
cracks in the longitudinal yarns. With increasing applied
stress, some matrix cracks in transverse yarns connected
with matrix cracks in the longitudinal yarns forming mode
3 matrix cracks, which propagate through transverse and
longitudinal yarns. However, for 2D woven SiC/SiC com-
posite, the axial thermal residual compressive stress exist-

ed in SiC matrix, which decreases matrix cracking evolu-
tion rate and also the damage parameter g.

Fig. 24: The monotonic tensile stress/strain curve of 3D woven SiC/
SiC composite 16.
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Fig. 25: The theoretical and experimental stress/strain hysteresis loops of 3D woven SiC/SiC composite 16 corresponding to different peak
stresses of (a) rmax = 205 MPa; (b) rmax = 236 MPa; (c) rmax = 265 MPa; (d) rmax = 299 MPa; (e) rmax = 328 MPa; (f) rmax = 355 MPa; and (g)
rmax = 389 MPa.
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Fig. 26: The fiber/matrix interface sliding ratio (y/ld and z/ld) of 3D woven SiC/SiC composite corresponding to different peak stresses of (a)
rmax = 205 MPa; (b) rmax = 236 MPa; (c) rmax = 265 MPa; (d) rmax = 299 MPa; (e) rmax = 328 MPa; (f) rmax = 355 MPa; and (g) rmax = 389 MPa.
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Fig. 27: (a) The damage parameter g versus normalized stress
rmax/r UTS curves; (b) the experimental and theoretical hystere-
sis dissipated energy versus normalized stress rmax/r UTS curves;
and (c) the experimental and theoretical hysteresis modulus versus
normalized stress rmax/r UTS curves of 2D 7 and 2.5D 10 woven, 3D
braided 11 and needled 13 C/SiC composites.

The experimental and theoretical hysteresis dissipated
energy versus normalized stress (rmax/r UTS) curves of 2D
woven C/SiC and SiC/SiC are illustrated in Fig. 29b. With
increasing peak stress, the hysteresis dissipated energy of
C/SiC and SiC/SiC increases, i.e. from 4.4 kPa at rmax =
90 MPa or 39.1 %r UTS, to 39.7 kPa at rmax = 210 MPa
or 91.3 %r UTS for C/SiC; and from 2.3 kPa at rmax =
152 MPa or 56.7 %r UTS, to 45.4 kPa at rmax = 253 MPa
or 94.4 %r UTS for SiC/SiC. The experimental hysteresis

Fig. 28: (a) The damage parameter g versus normalized stress
rmax/r UTS curves; (b) the experimental and theoretical hystere-
sis dissipated energy versus normalized stress rmax/r UTS curves;
and (c) the experimental and theoretical hysteresis modulus versus
normalized stress rmax/r UTS curves of 2D woven SiC/SiC 15 and
SiC/[Si-B-C] 24, and 3D woven SiC/SiC 16 composites.

dissipated energy of the C/SiC composite under low or
high peak stresses is higher than that of the SiC/SiC, due
to the higher damage parameter g and wider range of inter-
face slip in the interface debonded region of C/SiC com-
posite compared with those of SiC/SiC. For C/SiC, the
hysteresis loops of matrix cracking mode 3 and mode 5
correspond to the fiber/matrix interface slip Case 2 and
Case 1, respectively, under low peak stresses of 90, 110,
and 130 MPa; when the peak stress is 150 MPa, the hys-
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teresis loops of cracking mode 3 transfer from fiber/matrix
interface slip Case 2 to Case 4; and when the peak stresses
are 170, 190 and 210 MPa, the hysteresis loops of matrix
cracking mode 3 and mode 5 correspond to the fiber/ma-
trix interface slip Case 4 and Case 2. For SiC/SiC, the hys-
teresis loops of matrix cracking mode 3 and mode 5 corre-
spond to the fiber/matrix interface slip Case 1 under low
peak stresses of 152, 166, 181, 195 and 210 MPa; and when
the peak stress increases to 224 MPa, the hysteresis loops
of matrix cracking mode 3 transfer from fiber/matrix in-
terface slip Case 1 to Case 2, and the hysteresis loops of
matrix cracking mode 5 remain the fiber/matrix interface
slip Case 1.

The experimental and theoretical hysteresis modulus
versus normalized stress (rmax/r UTS) curves of 2D woven
C/SiC and SiC/SiC are illustrated in Fig. 29c, in which
the hysteresis modulus decreases with increasing peak
stress, i.e. for C/SiC, the hysteresis modulus decreas-
es from 81.7 GPa at rmax = 90 MPa or 39.1 %r UTS, to
55.9 GPa at rmax = 210 MPa or 91.3 %r UTS; and for SiC/
SiC, the hysteresis modulus decreases from 162 GPa at
rmax = 152 MPa or 56.7 %r UTS, to 79.7 GPa at rmax =
253 MPa or 94.4 %r UTS. The hysteresis modulus of the
SiC/SiC composite is higher than that of the C/SiC com-
posite at low and high peak stress, due to the matrix crack-
ing caused by thermal residual stress, and the degradation

rate of the hysteresis modulus is higher for SiC/SiC than
that of C/SiC, which indicates that matrix multicracking
of SiC/SiC occurs with increasing peak stress.

(4) Damage accumulation comparisons between 3D
braided and needled C/SiC and 3D woven SiC/SiC com-
posite

The damage parameter g (i.e. matrix cracking mode 3
proportion) versus normalized stress (rmax/r UTS) curves
of 3D braided and needled C/SiC and 3D woven SiC/SiC
composites are shown in Fig. 30a. The damage parameter
g is the highest for 3D woven SiC/SiC composite and the
lowest for 3D needled C/SiC composite.

The hysteresis dissipated energy versus normalized
stress (rmax/r UTS) curves of 3D braided and needled C/
SiC and 3D woven SiC/SiC composites are shown in
Fig. 30b. The hysteresis dissipated energy is the highest
for 3D woven SiC/SiC composite and the lowest for 3D
needled C/SiC composite.

The hysteresis modulus versus normalized stress
(rmax/r UTS) curves of 3D braided and needled C/SiC
and 3D woven SiC/SiC composites are shown in Fig. 30c.
The hysteresis modulus is the highest for 3D braided C/
SiC composite and the lowest for 3D needled C/SiC com-
posite.

Fig. 29: (a) The damage parameter g versus normalized stress rmax/r UTS curves; (b) the experimental and theoretical hysteresis dissipated energy
versus normalized stress rmax/r UTS curves; and (c) the experimental and theoretical hysteresis modulus versus normalized stress rmax/r UTS
curves of 2D woven C/SiC 7 and SiC/SiC 15 composites.
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Fig. 30: (a) The damage parameter g versus normalized stress
rmax/r UTS curves; (b) the experimental and theoretical hystere-
sis dissipated energy versus normalized stress rmax/r UTS curves;
and (c) the experimental and theoretical hysteresis modulus versus
normalized stress rmax/r UTS curves of 3D braided 11 and needled 13

C/SiC and 3D woven SiC/SiC 16 composites.

IV. Conclusions
The damage accumulation in 2D and 2.5D woven, 3D
braided and needled C/SiC, 2D woven SiC/SiC and
SiC/[Si-B-C], and 3D woven SiC/SiC composites un-
der cyclic tensile loading/unloading has been investigated
using damage parameters of matrix cracking mode ratio,

fiber/matrix interface sliding ratio and hysteresis-based
damage parameters, i.e., hysteresis dissipated energy and
hysteresis modulus. The damage comparisons between C/
SiC and SiC/SiC with different fiber preforms have been
analyzed.
(1) Among 2D and 2.5D woven, 3D braided and nee-

dled C/SiC composites, at low peak stress below
60 %r UTS, the damage parameter g is the highest for
2.5D woven C/SiC composite along the warp direc-
tion; at high peak stress above 60 %r UTS, the damage
parameter g is the highest for 2D woven C/SiC com-
posite; and the damage parameter g is the lowest for
3D needled C/SiC composite from low to high peak
stress.

(2) Among 2D woven SiC/SiC and SiC/[Si-B-C], and 3D
woven SiC/SiC composites, at low peak stress be-
low 65 %r UTS, the damage parameter g is the highest
for 3D woven SiC/SiC composite, at high peak stress
above 65 %r UTS, the damage parameter g is the high-
est for 2D woven SiC/[Si-B-C] composite; and the
damage parameter g is the lowest for 2D woven SiC/
SiC composite.

(3) Among 2D woven C/SiC and SiC/SiC composites,
the experimental hysteresis dissipated energy of C/
SiC composite under low or high peak stresses is high-
er than that of SiC/SiC, due to the higher damage pa-
rameter g and wider range of fiber/matrix interface slip
in the fiber/matrix interface debonded region of C/
SiC compared with those of SiC/SiC.

(4) Among 3D braided and needled C/SiC and 3D woven
SiC/SiC composites, the hysteresis dissipated energy
is the highest for 3D woven SiC/SiC composite and
the lowest for 3D needled C/SiC composite.
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