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Abstract

Manufacturing defects in ceramic matrix composites (CMCs), such as voids, microcracks,
etc., significantly affect the damage events and strength of the materials. This study aims
to reveal the effect of void defects on the failure behavior and tensile strength of a plain-
woven C/SiC composite. The mesoscopic architectures of the C/SiC composites are tested
by micro-computed tomography. Based on the p-CT images of the material, finite element
models (IB-FEM) of the C/SiC composite are established with different void volume frac-
tions and different void geometry. The tensile strength and fracture features of the C/SiC
composites are calculated by using the IB-FEM. The effects of void volume fraction and
geometry on failure behaviors and tensile strength of the C/SiC composites are investigated
and discussed. This study is of great significance for further understanding the influence of
defects on the mechanical behavior of CMCs.

Keywords Image-based finite element method - C/SiC composite - Void defect - Tensile
strength

1 Introduction

Ceramic matrix composites (CMCs) are recognized as promising thermal protection mate-
rials for their remarkable high-temperature mechanical properties [1], which have been
used in many spacecraft components [2—4]. Their mechanical behavior under thermo-
mechanical coupled loads is an essential issue in mechanics and material science. Due to
their unique material preparation process, CMCs inevitably have preparation defects, such
as micro-cracks, voids, fiber breakage, folds, and so on. The internal defects can disturb
the textile architecture of the composites, affecting stress distribution inside the materials
under external load and induce the damage and failure of the materials. Therefore, it is
crucial to study the damage evolution and reveal the failure mechanisms of the CMCs con-
sidering internal defects under external loads.

P< Shigang Ai
sgai @bit.edu.cn

Institute of Advanced Structure Technology, Beijing Institute of Technology, Beijing 100081,
China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10443-021-10002-3&domain=pdf

1022 Applied Composite Materials (2022) 29:1021-1039

As a critical research approach for composite materials, numerical simulation has
unique advantages compared with experimental research. Numerical simulation can
directly access the physical parameters in materials or structures, such as deformation,
temperature, damage events, etc. [5, 6]. At the same time, it significantly reduces research
costs. For composite material calculations, Represented Volume Element (RVE) models
are widely used to investigate their mechanical properties [7-10] and damage behaviors
[11-15]. As an important topic, the effects of internal defects have been the interest of
many researchers [16—19]. Liu et al. [20, 21] used Delaunay based feature preserving
rational Bezier triangles to subdivide geometric regions, which solved the continuity prob-
lem of special points in NURBS multi-patch interfaces or T-spline curves, and grid genera-
tion could be automated. In addition, the hermitage high ladder damage model is used to
correct the non-physical grid dependence shown in the continuous damage analysis. A lot
of numerical examples show that this method has obvious advantages in efficiency and pre-
cision. Liu et al. [22], under the framework of continuum damage mechanics is established
to describe the fatigue load caused by the damage evolution model, put forward loop jump
method is used to describe the fatigue damage and its yield strength related to loop and
the associated flow rule, solved the predefined phases and loading paths of plastic related
questions, in order to determine the subsequent damage cumulative rate under cyclic load-
ing. Finally, the fatigue test of metal bolt connection is simulated numerically to verify the
validity of the proposed model. Then, based on previous studies, a cumulative fatigue dam-
age assessment method for metal bolt joints was proposed based on CDM theory and criti-
cal plane method [23]. A numerical approximation algorithm with fixed damage evolution
rate based on periodic jump is used to avoid the calculation of cyclic stress history of total
loading and unloading. Ahmadian et al. [24] studied the failure behavior of ceramic fiber-
reinforced aluminum composites with initial holes under load by FE simulations. They find
that pores significantly affect the mechanical strength of the composite. Gowayed et al. [25]
studied the volume and direction of the defects in SiC/SiNC and MI-SiC /SiC composites
utilized microscopic images. They investigated the effects of the defect volume fraction and
orientation on the elastic properties of the materials. Xu et al. [26] established a FE model
with random void defects to calculate the progressive damage in C/C braided composites
under unidirectional stretching. It is found that void defect almost does not affect the elastic
modulus and tensile strength of the C/C composite but significantly influences the failure
behavior of the carbon matrix. Xu et al. [27] performed a nonlinear FE buckling analy-
sis of the C/SiC composite plate and investigated the effect of initial defects particularly.
In the framework of isometric analysis, Liu et al. [28] developed a formula for multilayer
shells based on the layered deformation theory. Taking multilayer composite materials and
sandwich plates as examples, the performance of the model was verified, and the accuracy
of the proposed formula was verified by numerical results. Then, Liu et al. [29] a distrib-
uted plastic isometric frame model based on layer discretization is proposed to capture the
plastic growth in a large deformation frame, and the effectiveness of the model is proved
by an example of a beam yielding gradually under small deformation and large deforma-
tion. Recently, Liu et al. [30] developed a geometrically nonlinear continuous shell element
for structural analysis of functionally graded materials, which can accurately describe the
material properties of functionally graded materials varying with thickness. The perfor-
mance of the equal-geometry continuous shell model is evaluated by some datum nonlinear
shell problems, and the accuracy of the model is verified by numerical results.

The geometrical models should be established based on the actual structures for accurate
numerical calculations for composite materials. Computed tomography (CT) technology has
been widely used in medical and material science to get internal information about objects
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[31, 32]. Huang et al. [33] used the threshold segmentation method to segment CT images
of composites to construct the geometry mode. The same way was adopted in Zhu et al.’s
work [34] to generate the FE models of aluminum foam. Many researchers have also estab-
lished geometric models of braided composites based on CT images [35—40]. Sencu et al.
[41] proposed a new fiber tracking algorithm that can effectively locate the fiber centerlines
from CT images to generate the micro-scale FE models of composites. Mazars et al. [42] built
a FE model of CMC material using CT images, which is used to calculate the damage of
the composite in an in-situ tensile test. Gao et al. [43] studied 2D and 3D braided compos-
ites microstructure using synchrotron radiation X-ray microtomography. The cross-sections
and 3D models are constructed, in which the pores are quantitatively analyzed. Ai SG et al.
[44, 45] reconstructed the FE models of C/C and C/SiC composites based on CT images, in
which the void defects were considered. Numerical simulations and material experiments have
shown that the virtual material specimen which reveals internal defects had better calculation
accuracy. Recently, Ge et al. [46] observed and reconstructed 3D braided composite geom-
etry models using micro-CT scanning technology to investigate the effect of void defects on
material strength and damage behavior. Yang et al. [47] reconstructed the internal structure of
fabric-rubber composite using p-CT scanning technology combined with deep learning neural
network image processing and systematically studied its mechanical properties. The finite ele-
ment method based on CT image develops rapidly, but there are still some problems and chal-
lenges. The reconstruction method of the fiber tows geometry model has been well developed,
but the research of the matrix fidelity reconstruction method is less. The reason is that there
are many irregular shape defects in the matrix, so it is very difficult to establish its geometric
model. Most of the existing methods do not consider the defects in the matrix, establish a rela-
tively ideal geometric model, or carry out statistical analysis of the defects in the matrix and
then make them randomly distributed in the matrix model. At present, there have been some
reports on the effect of defects on the damage and failure behavior of composite materials.
However, the effect of actual defects on composite materials’ damage and failure behavior is
still not well understood.

In this paper, two groups of reconstruction models with different defect volume fractions
(void volume fractions are 0, 1.52%, 3.04%, 4.56%, 6.08%, and 7.60%, respectively) and dif-
ferent defect geometry (wide hole, narrow hole, and elliptic hole with different aspect ratio)
are established, respectively. The effects of defect volume fraction and defect geometry on
damage behavior and tensile strength of C/SiC composites are studied and discussed. It is of
great significance to further understand the influence of defects on the mechanical behavior of
CMCs. In this study, p-CT images of 2D plain-weave woven C/SiC composites are obtained
by X-ray microtomography. The fiber tow and SiC matrix in the CT image is segmented by
the threshold segmentation method and then filtered to reduce noise and enhance material
boundaries, especially to retain the factual boundary information of defects in the matrix. A
geometric model of C/SiC composites containing actual geometric defects is established for
numerical simulation analysis based on the image segmentation results.

2 Materials and Method
2.1 Materials

The material studied in this paper is two-dimensional plain braided C/SiC composites prepared
by isothermal Chemical-Vapor-Infiltrated (CVI) technology in Northwestern Polytechnical
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University. The prefabricated parts (18 layers) were made of carbon fiber tows (T300,1 K)
from Toray Corporation, Japan. Then 2D C/SiC laminates were prepared by the CVI method
at 1000°C for 240 h. The fiber volume fraction of C/SiC laminates was about 42%. To improve
the properties of the fiber-matrix interface, pyro-carbon interphase was coated on the surface
of carbon fiber with a thickness of about 2 pm before deposition of SiC matrix. Then a stand-
ard size sample is obtained by cutting (thickness: 4 mm).

2.2 Computed Tomography Test

A C/SiC composite specimen was scanned by an Xradia 510 Versa X-Ray Micro-Computed-
Tomography system developed by Carl Zeiss. The beamline receives tunable X-rays in the
energy range 30-160 keV with the maximum power of 10 W, and the spatial resolution is
0.7 pm. The CT images reported herein were collected using the X-rays of energy 60 keV
5 W to get the internal structural information of the materials. The scanning field is ® 0.7 X
0.7 mm, and the voxel resolution is 2.0 pm. The total exposure period of the test was 7.2 h,
with 994 CT images captured, as illustrated in Fig. 1b to c. The transmission images were
collected and used to reconstruct the 3D images, which can be viewed by XM3DViewer.
From the CT images, we can find that there are plenty of voids in the C/SiC specimen.
More voids are located in the center of the specimen, and they are bigger than those near the
surfaces.

2.3 Image-based FEM Method
2.3.1 CT Image Segmentation
As noted in Fig. 2a, there are four components in the virgin CT slices of the C/SiC com-

posite: in-plane fiber tows (belt-like), out-of-plane fiber tows (oval-like), SiC matrix,
and porosity defects. There are some challenges to segment the four components from
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Fig.1 CT images of C/SiC composite, a C/SiC sample and the CT slice locations, b CT image near the
side surface of the specimen (section A-A), ¢ CT image near the center of the specimen (section B-B), d
CT image near the front surface of the sample (section C—C), (d) CT image near the center of the specimen
(section D-D)
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Fig.2 CT image segmentation, a the virgin CT image of the C/SiC composite, b binary image of porosity
defects, ¢ binary image of fiber tows. d image of porosity defects after filtering, e image of out-of-plane
fiber tows, f image of in-plane fiber tows, g image of SiC matrix, h boundaries of the four components in
the C/SiC composite

the CT images because their gray levels are so close, especially for the in-plane and out-
of-plane fiber tows.

This work adopted the threshold segmentation method to segment the CT images
using the Matlab procedure. The threshold segmentation approach is a standard method
to segment gray images, and the key for this method is how to select the threshold val-
ues. There are some methods to choose the threshold value, such as the Otsu method
[22], iteration method, minimum error method, etc. For the CT images of the C/SiC
composite, the gray distribution histogram has three peaks representing the three com-
ponents in the composite: porosity defects, fiber tows, and SiC matrix. Therefore, the
two gray values of the valleys were taken as the image segmentation thresholds (48 and
82) to segment the virgin CT images preliminarily, as presented in Fig. 2b and c.

The binary image of the porosity defects was obtained by the threshold segmenta-
tion method, whereas there is still a lot of noise in the picture, as illustrated in Fig. 2b.
Some approaches reduce the noise, such as the corrosion and expansion method, median
filtering, wavelet transform, etc. The actual shapes of defects and the SiC matrix will
be somewhat affected when filtering the noise by those approaches. So in this work, a
noise-detecting procedure based on the Matlab program was proposed to detect and fil-
ter the noise. First, a detection operator was created (the size of the detection operator is
related to the size of the noise), which was used to detect the noise in the image. Then,
by the coincidence degrees between the detection operator and the detection regions, it
will be judged whether the detected area contains defects to reduce the influence of the
noise filtering on the defect boundaries. It is observed in Fig. 2a, the cross-section shape
of the out-of-plane fiber tows is approximately ellipse, so ellipse was adopted to fit the
out-of-plane fiber tows, and the fitting results are plotted in Fig. 2e. By Boolean opera-
tion between Fig. 2c and e, noise filtering, and boundary smoothing, the in-plane fiber
tows can be obtained, as shown in Fig. 2f. The SiC matrix can be obtained by Boolean
operation, as noted in Fig. 2 (g), and the boundaries of the four components in the C/
SiC composite are illustrated in Fig. 2h.

@ Springer



1026 Applied Composite Materials (2022) 29:1021-1039

2.3.2 Image-based Finite Element Model

Firstly, we import these boundary images into the commercial software Auto CAD 2016
to generate 2D sketches, and then import the sketches into the 3D modeling software
Pro/E for tensile modeling, and finally generate the 3D geometric model of C/SiC com-
posites, as shown in Fig. 3a. Then the 3D geometric model was imported into Abaqus to
generate the FE model of the C/SiC composite. The interactions between the fiber tows
and SiC matrix were set as ideal adhesion (Tie). There are 164,868-node linear brick
reduced integration elements (C3D8R) in the model in total.

We applied both in-plane stretching and out-plane stretching boundary conditions
(Fig. 3a and b). For the boundary conditions of out-of-plane tension, we first apply dis-
placement constraints in the X, Y, and Z directions and then applied displacement loads
at the other end of the Z direction (0.62% of nominal strain). For the boundary condi-
tions of in-plane tension, we first applied displacement constraints in the X, Y, and Z
directions and then apply displacement loads on the other side of the X direction (0.67%
of nominal strain). The components of the geometric model are shown in Fig. 3(c).
In addition, in-plane and out-plane in this paper are defined relative to materials, not
according to geometric models. In this paper, the out-of-plane direction refers to the Z
direction of the model, and the in-plane direction refers to the X direction of the model,
as shown in Fig. 3d.

This paper mainly studies the effect of the porosity defect fraction and geometric
parameters on the mechanical properties of the C/SiC composite. To this end, two groups
of virtual models were constructed. For group one, the models have different defect vol-
ume fractions (Vy4=0, V4=1.52%, V4=3.04%, V4=4.56%, V4=6.08% and V,=7.60%,
some of the virtual models are illustrated in Fig. 4). For group two, models have different
defect geometric parameters (wide defects, general defects, and narrow defects, as shown
in Fig. 5). The defect geometry is the same for the virtual models in the first group but with
different defect volume fractions. For the virtual models in the second group, the defect
volume fraction is the same but with different defect geometric parameters.

¢ in-plane fiber bundle d
7 Out-of-plane
direction
X(Y)
matrix out-plane fiber bundle In-plane direction

Fig.3 a b The geometric model and boundary condition, ¢ The geometric model component, d finite ele-
ment mesh of the C/SiC composite
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Fig.4 Virtual models with different defect volume fractions a V4=0%, b V4=1.52%, ¢ V4=7.60%

2.4 Progressive Damage Algorithm

The progressive damage criterion of the C/SiC composite used in the present study is a
strain-based continuum damage formulation with different failure criteria applied to the
SiC matrix and carbon fiber tows. The damage mechanism consists of two ingredients: the
damage initiation criteria and the damage evolution law, which were detailed in our other
work [44, 48].

Damage initiation and evolution criteria for the fiber tows in the longitudinal direction:

2
Gt
1y = ﬁ(fll)z““ e mral Sk el o)
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f

When the damage satisfies the damage initiation criterion (1), damage evolution will be
carried out according to the evolution criterion (2). L€ is the characteristic length associ-
ated with the material point. efllt and eflf are the tensile failure strain and compression fail-
ure strain of the fiber tow, respectively. C; represents the component of the elastic matrix in
the undamaged state.

Fig.5 Virtual models with a wide defects, b general defects, and ¢ narrow defects
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Damage initiation and evolution criteria for the fiber tows in the transverse direction:
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Equation (3) is the damage initiation criterion for the fiber tows in the transverse direc-
tion. Evolution is carried out when the damage satisfies the damage initiation criterion (3),
evolution is carried out according to (4). Where ef and ef are the failure strains of the
fiber tow during stretching and compression in the m plane dlrectlon and the ef is shear
failure strain in the 1 and 2 directions. The effective elasticity matrix of the ﬁber tow is
related to three damage variables, d7, dni and dfl , which is given by
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(&)
Fiber tows are in the X(1)-Y(2)-Z(3) Cartesian coordinate system, and the Z direction
corresponds to the fiber longitudinal direction. Using a user-defined subroutine UMAT,
the progressive damage and failure of the C/SiC composite are investigated. Three damage
variables, SDV1, SDV2, and SDV3, are used to indicate damages for fiber tows in trans-
verse (T and Z) and longitudinal (L) directions, respectively. Also, three damage variables,
SDV1, SDV2, and SDV3, indicate damages for the SiC matrix in X, Y, and Z directions,
respectively [44, 48]. When SDV1=0, the material is intact, SDV1=1, the material is
damaged (with no load capacity). The carbon fiber tow is a transverse anisotropic material,
and the SiC matrix is isotropic material.

The material parameters used in the numerical simulation in this paper are listed
in Table 1. Both the SiC matrix and carbon fibers were treated as elastic materials. The
mechanical parameters of the carbon fibers are listed in Table 1. The mechanical param-
eters (B¢, Gy, Gposzs Oppps Up3) Of the carbon fiber tows in the three orthogonal direc-
tions (1, 2, 3) can be calculated using the properties of the component materials (fiber and
matrix), and the micromechanics formulae have been given in Ref. [49].

Where V. is the volume fraction of the carbon fiber and V_ =0.685 in this study, Eg, |,
Efy, is Young’s elastic modulus of the carbon fiber in longitudinal and transverse direc-
tions, respectively. Gyj,, Gyys is the shear modulus of the carbon fiber in 1-2 and 2-3
planes, respectively. Also, vy, is the Poisson’s ratio of the carbon fiber. E, v, and G,
represent Young’s elastic modulus, Poisson’s ratio, and shear modulus of the SiC matrix,
respectively.
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E\=VE, +(1-V)E,

E
Ey =Ey = -
1= \/V.x(1 = E,/Ep)
Gm
Gp=G;=
y 1= /V.(1-G,/Gp) (6)

G

m
Gy =

1 —+/V.( - Gm/Gf23)
vy = 03 = Voo + (1= Vo,
(023 = E5/(2Gy3) — 1

3 Results and Discussions

The quasi-static tensile tests of C/SiC composites were repeated three times. The sam-
ples used are shown in Fig. 6a. The tensile testing machine used is shown in Fig. 6b.
A quasi-static displacement control loading (0.5 mm/min) was used to obtain the
stress—strain curve during the experiment. Experimental results are shown in Fig. 6c¢.
The experimental results show that the strength of the C/SiC composite is 304.20 MPa.
The model with 6.08% defect volume fractions in this paper was established based on
the actual defect geometry and defect volume fraction in real materials (other models
studying the effect of defect volume fraction on mechanical properties of materials have
the same defect geometry and different defect volume fractions. This better reflects the
impact of the geometry of the defect.), and the strength obtained by numerical calcula-
tion was 325.86 MPa. The error is about 7.12%.

a C 30
No 1
300 ——No 2
——No 3
250
& 2004
=
-~
© 150 4
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50
0 T T T
0.0 0.2 0.4 0.6 0.8

/(%)

Fig.6 a C/SiC test specimens, b tensile testing machine, ¢ stress—strain curve of C/SiC tensile test
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3.1 The Influence of Void Defect Fraction
3.1.1 In-plane Tension

The failure process and tensile strengths of the C/SiC composite with different void defect
fractions are obtained, and the failure features of the fiber tows and SiC matrix are illus-
trated in Fig. 7. The simulation results show that the initial damage location in the fiber
tows is the same. In contrast, the final failure features of the fiber tows are greatly affected
by the void defects, as plotted in Fig. 7.

Figures 7 (a) and (b) (¢=0.67%) illustrate the failure features of the fiber tows. In the
virtual model V;=6.08%, the material damage is located in the second, third, and fifth
fiber tows. In this virtual model, void defects are located near the second, third, fourth,
and fifth tows damaged sites. It indicates that the void defects greatly influence the damage
and failure of the fiber tows. With the increase of the defect volume fraction, the damage
in the SiC matrix becomes more and more serious, and the material damage mainly occurs
around the defect. This phenomenon is more evident in the virtual models with void defect
volume fractions larger than 1.52%. The material damage propagation in the SiC matrix in
each virtual model is also different. The higher the defect volume fraction, the more pro-
nounced the damage propagation. It should be noted that the SiC matrix may also damage
at other locations and result in the degradation of the carrying capacity of the materials that
have not yet failed. It is more likely to occur in the SiC matrix in the virtual models with
larger defect fractions, which indicates that the void defects can result in the earlier failure
of the SiC matrix surrounding these voids and reduce the load-bearing properties of the
matrix.

Figure 8 plots the equivalent tensile stress—strain curves of the C/SiC virtual mod-
els with different defect volume fractions. The pattern of the stress—strain curves is the
same. Before the stress reaches the peak value, material damage mainly occurs in the SiC-
matrix, slightly fluctuating the equivalent stress—strain curves. When the stress reaches the
peak value, material damage occurs in fiber tows and affects the loading capacity of the
C/SiC composite. However, this effect is different from that result by the damage of the

Sbvi
1.00

0.00

£=0.17% £=0.67%

Fig.7 The damage evolution in fiber tows and CVI-SiC matrix a V4=1.52%. b V;=6.08%
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Fig.8 Equivalent tensile stress— 400
strain curves of C/SiC virtual
models with different defect ©
volume fractions under in-plane o
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SiC-matrix. The deterioration of fiber tows would induce the failure of the whole fiber tows
in a short time. The sharp drops in the stress—strain curves indicate the fracture of fiber
tows. It should be noted out that the number of stress drops in a stress—strain curve is not
exactly consistent with the total number of fiber tows, as there are multiple fiber tows broke
simultaneously. Figure 8 indicates that with the increment of void defect volume fraction,
the tensile strength of the C/SiC virtual models gradually decreases. The tensile strength
difference between the model V;=0 and the model V;=7.60% is 34.46 MPa (x9.7%). In
addition, the time of fiber tow damage is almost the same in all models.

3.1.2 Out-of-plane Tension

Figure 9 illustrated the damage evolution in the fiber tows and SiC matrix, taking the vir-
tual models V =1.52% and V4=6.08% as examples. It is clear that, under the out-of-plane

CR——————— e U] I
T ey =, ety
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e — *: % 0.83
e e —— ——_— 0
£=0.15% £=0.46% £20.15% £=0.46% M
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bA.A-» —«‘»— —J!:
e :0433
\_—”'E\%%b%
— il
— —— e

£=0.15% £=0.46% £=0.15% £=0.46%

0.17
0.00
Fig.9 The damage evolution in fiber tows and CVI-SiC matrix a V4=1.52%, b V;=6.08%
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tension, material damage mainly occurs in the SiC matrix. Material damage in the fiber
tows is only found in some fiber tows in the virtual model with low defect fractions. The
fiber tows are transversal tensile damaged (SDV 3), as presented in Fig. 9a. The mate-
rial damage in fiber tows decreases with defect volume fraction increasing, as plotted in
Fig. 9. The SiC matrix has serious damage around void defects, especially in the big-sized
voids matrix. With the increase of tensile load, material damage gradually extends from
the defect boundary to the fiber tow. It then continues to expand along with the interface
between the fiber tow and SiC matrix until the failure of the model (transverse failure or
damage of the fiber tow extends along with the interface between the fiber tow and SiC
matrix to the model boundary). This phenomenon usually occurs where defects are con-
centrated. In the process of damage propagation, these defects are more likely to form a
connection phenomenon, resulting in earlier extension of damage to the interface between
fiber tow and matrix and further expansion, and even lead to fiber tow damage.

Most fiber tows almost didn’t damage and fracture under the out-of-plane tension, so
there is no step-like drop for the stress—strain curves, as illustrated in Fig. 10. However,
the defect has a significant effect on the out-of-plane tensile strength of the C/SiC compos-
ite. With the defect volume fraction increasing, the out-of-plane tensile strength decreased.
The out-of-plane tensile strength of the virtual model V;=0 is 65.43 MPa, while the vir-
tual model V;=7.60% is 23.65 MPa, which decreased by 63.85%. Except that the strength
decreased by 3.0% between V ;=0 and V;=1.25%, the strength of the other models
decreased by 21.8%, with the defect volume fraction increasing gradually.

3.2 The Influence of Defect Geometry
3.2.1 In-plane Tension

Progressive damage features of the three C/SiC virtual samples with different defect geom-
etries, as illustrated in Fig. 11, under in-plane tension, are numerically studied. The failure
process and in-plane tensile strengths at room temperature of the five samples have been
obtained. From the simulation results, it can be seen that the initial damage features of the
fiber tows are the same. The final fiber tow and matrix damage of the two virtual models
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Fig. 11 Material damage in fiber tows and SiC matrix for the virtual models with a wide defects and b nar-
row defects under in-plane tension

with wide defects and narrow defects are shown in Fig. 11. As shown in Fig. 11a and b,
the damage of the fiber tow as a whole is basically the same in the two models with wider
and narrower defects, indicating that the geometric characteristics of the defect have little
influence on the damage location of the fiber tow. From the simulation results, the initial
damage in the SiC matrix mainly occurs around the defects, especially at both ends of the
defects in the length direction. With the tensile load increases, the damage evolution in the
SiC matrix in the three virtual models is different. The matrix around a wide defect is more
likely to be damaged and expanded in a narrow position, while the matrix around a narrow
defect is more likely to be damaged at both the ends of a defect in the length direction.
Figure 12 shows the stress—strain curves of the three C/SiC virtual models with differ-
ent defect geometries. In general, the stress—strain curves of the three models are simi-
lar in shape but different after the second decline of the curves. Before material damage
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Fig. 13 Material damage in fiber tows and SiC matrix for the virtual models with a wide defects and b nar-
row defects under out-of-plane tension

occurred in the model (about £ <0.15%), the equivalent tensile stress—strain curves were
almost coincident. The in-plane tensile strength of the virtual model with narrower defects
is lower than the strengths of the other two models, while the strength of the virtual model
with wider defects is the highest. It indicates that narrow defects are more likely to cause
material damage and failure of the C/SiC composites, while wide defects have less influ-
ence on the in-plane tensile strength of the C/SiC composites.

3.2.2 Out-of-plane Tension

Progressive damage features of the three C/SiC virtual samples with different defect geom-
etries under out-of-plane tension were numerically studied, as illustrated in Fig. 13. Under

Fig. 14 Equivalent out-of-plane
tensile stress—strain curves of the
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ent defect geometries
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the out-of-plane tensile load, material damage in the fiber tows for the three C/SiC virtual
models is slight. Material damage in the SiC matrix does not appear and expand around
all defects, but most of them only appear in the positions where defects are denser. It then
expands along with the interface between the fiber tow and SiC matrix, causing the fiber
tow to fail or expand to the model boundary, as shown in Fig. 13.

The out-of-plane equivalent tensile stress—strain curves of the three C/SiC virtual
models with different defect geometries are plotted in Fig. 14. The strength of the vir-
tual model with wide defects is significantly higher than the strengths of the other two
virtual models. It indicates that longer defects are more likely to cause the C/SiC com-
posite failure under the out-of-plane tensile load. As shown in Fig. 14, the virtual model
with narrow defects has the lowest strength (24.86 MPa), while the model with wide
defects has the highest strength (38.96 MPa), with a difference of 56.7%. Besides, the
three stress—strain curves have different shapes, and it indicates that the defect geometry
has a significant influence on the failure process of the C/SiC composites.

4 Conclusions

In this paper, p-CT images are used to establish the image-based FE models of a plain-
woven C/SiC composite. Based on the IB-FEM approach, numerical simulations are
carried out to investigate the influences of matrix void defects on the mechanical prop-
erties of the C/SiC composite. The results show that the out-of-plane tensile strength
is more sensitive to the volume fraction of void defects. When the void volume frac-
tion increases by 1%, the tensile strength decreases by 14.34%. The in-plane tensile
strength difference between the model V=0 and the model V=7.60% is about 9.7%.
Under in-plane tension, the damage appears around every void and extends along with
the interface between the fiber tow and the matrix, eventually leading to fiber tow frac-
ture. However, under the out-plane tension, the material damage appears around some
concentrated voids. It then expands along with the interface between the fiber tow and
the matrix, failing the fiber tow and the whole model. The numerical results also show
that the tensile strength of the C/SiC composite is more sensitive to the narrow void
defects, especially for the out-plane tensile strength. Specifically summarized as the fol-
lowing conclusions:

(1) Under in-plane tension, material damage initially occurs in the SiC matrix surround-
ing the defects, and this phenomenon becomes more serious with the defect volume
fraction increase. When the load reaches the peak value, the fiber bundles break sud-
denly, which triggers the fracture of the composites. The in-plane tensile strength of the
C/SiC composite decreases slightly with the increase of defect volume fraction.

(2) Under out-of-plane tension, material damage occurs in the SiC matrix around
the defects. It expands along with the SiC matrix-fiber bundles interfaces, eventually
result in the failure of the C/SiC composite. The out-of-plane tensile strength decreases
sharply with the increase of defect volume fraction.

(3) Defect geometry has little effect on the in-plane tensile strength of the C/SiC com-
posites but has a significant impact on the out-of-plane tensile strength of the C/SiC
composites. The virtual model with narrow defects has the minimum tensile strength of
the C/SiC composites, both the in-plane and out-of-plane tensile strength.
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