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Abstract
The effects of matrix cracking, fiber/matrix interfacial debonding and fiber fracture on the nonlinear constitutive
behavior of SiC/SiC minicomposites were studied. An in-situ tensile test was performed to detect the matrix cracking
in real time. The macroscopic tensile test was also performed on the SiC/SiC minicomposites to obtain their stressstrain responses. Based on the test results, models of these types of damage were developed. The shear-lag model was
adopted to simulate the stress-strain response of SiC/SiC minicomposites. The contributions of these types of damage
to the nonlinearity were discussed. The experimental and numerical results showed that fiber fracture occurs near
the ultimate stress of minicomposites and that the nonlinear behavior of SiC/SiC minicomposites is primarily caused
by matrix cracking and interfacial debonding. In addition, the mechanical behavior will recover its linearity after the
saturation of matrix cracks and the complete debonding of the interface.
Keywords: Ceramic matrix composites, nonlinearity, micro-damage, matrix cracks, in-situ mechanical testing

I. Introduction
Owing to their excellent mechanical behavior at elevated
temperatures, SiC/SiC composites are the materials with
the highest potential for use in high-temperature parts of
aeronautical vehicles 1. The SiC/SiC minicomposite is defined as the combination of a SiC fiber bundle, the SiC matrix that surrounds the fibers and the interface between the
SiC fiber and the matrix 2. The minicomposite is the most
important component of the SiC/SiC composite because
it bears most of the external load 3 – 7. Moreover, since the
composite can be seen as reinforced by the minicomposite,
its mechanical behavior is influenced by that of the minicomposite. Thus, in recent years, the mechanical behaviors
of minicomposites have received substantial attention.
Sauder 8, Jacques 9, Morscher 10 and Bertrand 11 performed tensile tests on minicomposites and found that
they had a nonlinear constitutive behavior. In addition,
they found that there is a second linear region after the
nonlinear region on the stress-strain curve. For a better understanding of the nonlinear constitutive behavior,
some researchers have studied the microscopic damage of
minicomposites upon loading.
Chateau et al. 12 observed matrix cracking at various
strain states using an in-situ scanning electron micro*
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scopic (SEM) tensile test. They also observed a few fiber
failures using an in-situ X-ray microtomography tensile
test 13. Maillet et al. 14 proposed a testing protocol that
combines acousto-ultrasonics (AU) and acoustic emission (AE) monitoring and provided a global measure of
matrix cracking damage. Jacques et al. 9 found debonding
in the fiber/matrix interface based on SEM observation of
the failure surfaces of minicomposites.
In these works, it was observed that matrix cracking,
fiber/matrix interfacial debonding and fiber fracture were
the primary damage patterns for minicomposites. However, effects of these forms of damage on the nonlinearity of
minicomposites were not studied due to a lack of damage
models.
Other researchers focused on the effects of constituents
on the mechanical behavior of minicomposites. Sauder et
al. 8 studied the influence of interface characteristics on
the mechanical properties of minicomposites. Morscher et
al. 10 studied the mechanical behaviors of minicomposites
reinforced by several types of SiC fibers. They found that
fibers affect the ultimate strength, the strain to failure and
the interfacial shear strength of minicomposites.
However, constituent properties have no direct connection to the damage patterns and therefore these works have
not revealed the amount that these damage patterns contribute to nonlinearity. This is important to better under-
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stand and model the damage of minicomposites. Moreover, the cause of the second linear region has not been
demonstrated theoretically.
In the present study, the effects of matrix cracking, interfacial debonding and fiber fracture on the nonlinearity
of SiC/SiC minicomposites were studied. An in-situ tensile test was performed to detect the matrix cracking in real
time. The macroscopic tensile test was also performed on
the minicomposites to obtain their stress-strain responses.
Based on the test results, the models of these types of damage were developed, and the contributions of these types
of damage to the nonlinearity were discussed. A comparison of the stress-strain responses of different fiber fracture
processes showed that the fiber fracture occurred almost
simultaneously in the present study, which was not the
same as the phenomenon observed in the mentioned studies. Both the experimental results and the theoretical calculation indicated that fiber fracture does not contribute
to the nonlinear behavior of the present minicomposites
and that the nonlinear behavior is mainly caused by matrix cracking and interfacial debonding. In addition, it was
demonstrated that the mechanical behavior will recover
its linearity (the second linear region on the stress-strain
curve) after the saturation of matrix cracks and the complete debonding of the interface.
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(2) Tensile test
A unidirectional tensile test on the SiC/SiC minicomposites (Fig. 1) was performed at room temperature under a constant displacement rate of 0.05 mm/min. The load
was measured by a 300-N load cell, and the deformation
was measured with an extensometer with a 25-mm gauge
length.

II. Materials and Experimental Procedure
(1) Materials

Fig. 1: Tensile test of the SiC/SiC minicomposites.

The SiC/SiC minicomposites were provided by the Institute of Metal Research, Chinese Academy of Sciences.
The samples were manufactured using the chemical vapor
infiltration (CVI) process, which deposited the pyrocarbon interphase and SiC matrix onto the SiC fiber bundle.
The material property data of the samples are listed in Table 1. In Table 1, the subscripts f and m denote the fiber and
matrix, respectively. In addition, E is the elasticity modulus, v is the volume fraction, a is the coefficient of thermal
expansion, r is the diameter of SiC fiber and DT is the variation between room temperature and the operation temperature. Note that in Table 1, the volume fraction v f and v m
were determined from the mass of each constituent. E f was
obtained with the tensile test on the SiC fiber bundle, E m
was obtained with the nanoindentation experiment and r f
was measured by means of SEM. The standard deviations
of these parameters are also provided to reflect the scatter.
a f, a m and DT were quoted from the literature 8, 15.

(3) Real-time matrix crack detection
Real-time matrix crack detection was conducted using
the in-situ tensile test. The minicomposite sample (with
a 25-mm gauge length) was clamped in a specific loading apparatus that could hold the sample and measure the
load. The loading equipment was placed below the lens of
a digital microscope (Fig. 2). The tensile process was interrupted at various loads to observe and record the number of matrix cracks until the ultimate failure. At each step,
the load was measured using the load cell and the matrix
cracks were observed through the digital microscope. The
present study was focused on the gauge length, which allowed the observation of a significant number of matrix
cracks. After the number of the matrix cracks was counted,
the tensile process was continued. On the basis of the division of the number by the gauge length, the matrix crack
densities under different stress levels can be obtained.

Table 1: Material properties of SiC/SiC minicomposites.
Item

Mean value

Standard
deviation

Item

Mean value

Standard deviation

E f/GPa

160

7.0

E m/GPa

190

22.7

vf

0.23

0.03

vm

0.77

0.03

a f/×10 -6/°C

3.1

-

a m/×10 -6/°C

4.6

-

r f/lm

6.5

0.12

DT/°C

-1000

-
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where E c is the composite elasticity modulus and a c is the
composite coefficient of thermal expansion.
Ec = νf Ef + νm Em
αc =

(4)

αf νf Ef + αm νm Em
Ec

(5)

As shown in Eq. (3), the length of the debonded region
increases with the increase in the applied stress until the
interface is debonded completely, i.e. d = L/2. When the
interface is debonded completely, the stress distribution is
expressed as follows:


σf (x) =



σ 2π
L
+
x,
νf rf
2

|x| ≤ L/2

(6)

(2) Fiber fracture
Fig. 2: Real-time matrix crack detection.

III. Modeling of the Micro-Damage
(1) Interfacial debonding
Owing to its low fracture toughness, the ceramic matrix
first cracks under the tensile load. In the plane of the matrix
cracks, the fiber carries the entire load, which causes fiber/
matrix interfacial debonding to occur near the plane of the
matrix cracks. In the debonded region, the interfacial shear
stress s is constant and transfers the normal stress back into
the matrix. According to the shear-lag model 16, 17, 18, the
distribution of the fiber’s normal stress in the debonded
(L/2-d≤|x|≤L/2) and bonded (|x|≤L/2-d) regions is shown
in Fig. 3 and described by Eq. (1).
⎧
σ 2τ
L
⎪
⎨
+ (x - ), L/2 - d ≤ |x| ≤ L/2
ν
r
2
f
f
σf (x) =
(1)
⎪
⎩
σf0 ,
|x| ≤ L/2 - d

Fig. 4 shows the stress-strain curve of SiC/SiC minicomposites obtained with the above tensile test. The curve
can be divided into three regions: the initial linear elastic region, the nonlinear region and the second linear region. The stress range of the nonlinear region is approximately 75 ∼ 200 MPa. In contrast to the results of previous studies 19, 20, a second nonlinear region was not observed before the fracture. This result shows that the gradual fiber fracture is not obvious for the minicomposites in
the present study. A detailed analysis regarding the effects
of the fiber fracture is presented in the Section Effects of
fiber fracture.

Fig. 4: The stress-strain curve of the SiC/SiC minicomposites.

Fig. 3: Stress distributions in the debonded and bonded regions.

In this equation, L is the matrix crack spacing, r f0 is the
normal stress if the composite is undamaged and d is the
length of the debonded region.
E
σf0 = f σ + Ef (αc - αf )ΔT
(2)
Ec

The fiber fracture process is well described by the
Weibull distribution 21. For a two-parameter Weibull distribution, the percentage of fractured fibers P is as follows:
 

σ
P = 1 - exp - f
σ0

 mf

(7)

where σ0f and m f are the statistical parameters. Once a fiber
is fractured, it is no longer capable of carrying the load.
Therefore, the volume fraction of fibers can be regarded as
(1-P)v f.
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(3) Matrix cracking
The matrix crack densities (number of matrix cracks per
unit length) under different loading levels can be obtained
by means of the above real-time matrix crack detection.
Fig. 5 shows a representative image of matrix cracks observed with a digital microscope.
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where m m and σ0f are the statistical parameters, and D sat is
the final density when crack saturation is reached. In the
present study, m m = 5, = 160 MPa and D sat = 2.5 mm -1. As
shown in Fig. 7, the predicted crack density versus applied
stress plot matches well with the empirical data.

Fig. 7: The predicted crack density.
Fig. 5: A representative image of the matrix cracks.

The matrix crack densities under different stress levels
are presented in Fig. 6. The evolution rate of the matrix
cracks initially increases and then decreases as the saturation of the cracks (i.e., when the crack density remains unchanged) is reached rapidly. The stress range for the matrix
cracks to propagate rapidly in Fig. 6 is 75 ∼ 200 MPa. Note
that this range is also the range of the nonlinear region of
the stress-strain curve (Fig. 4). This result shows that the
nonlinearity of the unidirectional tensile behavior is related to the evolution of matrix cracks.

IV. Results and Discussion
(1) Stress-strain response
The minicomposites’ average strain ε̄c can be seen as
equivalent to the average strain of the undamaged fibers
ε̄f .
ε̄c = ε̄f
=
=

2
Ef L
2
Ef L

L/2

0

σf (x)dx + (αf - αc )ΔT

L/2-d
0

σf0 dx +

L/2
L/2-d

+ (αf - αc )ΔT


=

π
2
σ
d - d2 + σf0
Ef L νf rf

L
-d
2

L
σ 2π
+
xν f rf
2




dx

(9)

+ (alphaf - αc )ΔT

When the interface is completely debonded, the average
strain is expressed as follows:
ε̄c = ε̄f
L/2
2
σf (x)dx + (αf - αc )ΔT
Ef L 0

L/2 
2
L
σ 2π
=
+
xdx + (αf - αc )ΔT
νf rf
2
Ef L 0
πL
σ
+ (αf - αc )ΔT
=
νf Ef 2rf Ef

=

Fig. 6: The crack density versus applied stress plot.

There are some failure criteria in the literature 16, 22 – 24
for modeling the matrix cracking process. In the present
study, matrix cracking models are also based on the
Weibull distribution. The matrix crack density at the applied stress r can be expressed as follows:
 

D = Dsat

σ
1-exp - m
σ0

 mm

(8)

(10)

The stress-strain response can be calculated using Eqs.
(9) and (10). The percentage of fractured fibers P and the
matrix crack spacing L are determined with the models
in Sections Fiber fracture and Matrix cracking. As shown
in Eq. (10), s can be determined from the intercept of the
second linear region. In the present study, s = 15 MPa.
For the fiber fracture model in the present study, σ0f and
m f = 24. A comparison between the stress-strain response
determined with the present analysis and the experimental
results under monotonic loading is presented in Fig. 8. The
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present analysis and the experimental values are in good
agreement.
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main linear until they reach the ultimate strength; thus,
the matrix cracking substantially contributes to the nonlinear constitutive behavior of minicomposites. Note that
for D sat = 2.5 mm -1 and D sat = 4 mm -1, the slopes of the
second linear regions are the same because the slope will
recover to v fE f after the interface is debonded completely, as shown in Eq. (10). For D sat = 0.4 mm -1, the interface
will not be debonded completely before reaching the ultimate strength due to the relatively longer crack spacing.
Therefore, Eq. (10) is not valid, and the slope of the stressstrain curve will not recover to v fE f.

Fig. 8: The predicted stress-strain response and the experimental
results.

The first turning point in the stress-strain curve occurs
near r = 75 MPa, followed by a decrease in stiffness, which
is caused by the propagation of matrix cracks. The second
turning point is near r =200 MPa, and then, the stressstrain curve recovers its linearity due to the saturation of
matrix cracks and the completely debonded interface.
(2) Effects of fiber fracture
To verify the effects of fiber fracture, the stress-strain responses of different σ0f values are presented. As shown in
Fig. 9, the fiber fracture has no effect on the first nonlinear
region and primarily affects the second nonlinear region.
With a high σ0f , the second nonlinear region is not obvious because all the fibers fracture almost simultaneously.
This result also indicates that the fiber fracture does not
contribute to the nonlinearity of minicomposites in the
present study.

Fig. 9: The stress-strain responses of different fiber fracture processes.

(3) Effects of matrix cracking
The stress-strain responses of different saturated matrix
crack densities are calculated. As shown in Fig. 10, the
nonlinearity is not obvious with a low crack density. Without matrix cracking (D sat=0), the minicomposites will re-

Fig. 10: The stress-strain responses of different saturated matrix
crack densities.

(4) Effects of interfacial debonding
Eq. (3) indicates that the debonded length is inversely
proportional to the interfacial shear stress. To verify the
effects of interfacial debonding, the stress-strain responses of different interfacial shear stresses are presented in
Fig. 11.

Fig. 11: The stress-strain responses of different interfacial shear
stresses.

As shown in Fig. 11, the nonlinearity is not obvious with
a high interfacial shear stress. When the interfacial shear
stress tends to infinity, the debonded length is as follows:


r
r
σ
σ
d= f
- σf0 = f
- σf0 = 0
(11)
2π νf
2(∞) νf
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The minicomposite average strain determined with
Eq. (9) is as follows:


σ
L
2
π
-d
d - d2 + σf0
+ (αf - αc )ΔT
ε̄c =
rf
2
Ef L νf
σ
= f0 + (αf - αc )ΔT
Ef


(12)
1 Ef
σ + Ef (αc - αf )ΔT + (αf - αc )ΔT
=
Ef Ec
σ
=
Ec
Eq. (12) demonstrates that the constitutive behavior will
always be linear when there is no interfacial debonding
(i.e. the interfacial shear stress tends to infinity). Thus,
the interfacial debonding substantially contributes to the
nonlinear constitutive behavior of the minicomposites.
V. Conclusions
When under loading, SiC/SiC minicomposites exhibit a
nonlinear behavior along with matrix cracking, fiber/matrix interfacial debonding and fiber fracture. To study the
effects of these forms of micro-damage on nonlinearity,
a macroscopic tensile test was performed on the SiC/SiC
minicomposites. Real-time matrix crack detection was also conducted using an in-situ tensile test. Based on the test
results, the characteristics, models and effects of these micro-damages were discussed.
The following conclusions were drawn regarding the effects of these forms of micro-damage on the nonlinearity
of SiC/SiC minicomposites:
1) Fiber fracture has no effect on the first nonlinear region
of the stress-strain curves and primarily affects the second nonlinear region. A comparison of the stress-strain
responses of different fiber fracture processes showed
that all the fibers fractured almost simultaneously in
the present study. Thus, fiber fracture does not contribute to the nonlinearity of the present minicomposites.
2) Without matrix cracking, the minicomposites will remain linear until they reach the ultimate strength. This
behavior indicates that the matrix cracking process
contributes to the nonlinear constitutive behavior of
minicomposites.
3) The interfacial debonding also contributes to the nonlinearity because the constitutive behavior is always
linear when there is no interfacial debonding.
4) The mechanical behavior will recover its linearity after the saturation of matrix cracks and the complete
debonding of the interface.
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