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Abstract: SiC fiber-reinforced SiCmatrix composites (SiCf/
SiC) with 2D woven fabric as preform were tested under
compression with in-situ X-ray computed tomography.
The microstructure and damage evolution of the material
under continuous loading levels were accurately revealed
by image reconstruction of CT data. There were inhomo-
geneous pores in SiCf/SiC composite because of the un-
uniform fiber distribution in the preform. The result also
showed that 2D woven SiCf/SiC composite had obvious
non-linear characteristics by its compressive load–displa-
cement curve, and the damagemodes included transverse
matrix cracking, interlayer cracking, longitudinal matrix
cracking, and fiber bundle fracture. Matrix cracking tended
to occur near the pores or holes of the material, and the
number of longitudinal cracks was relatively high com-
pared to the number of transverse cracks.

Keywords: SiCf/SiC composite, in-situ CT, microstructure,
damage evolution

1 Introduction

SiCf/SiC composites are attractive for high-performance
engineering applications due to their thermal properties,
corrosion resistance, low density compared to metals,
and higher toughness compared to monolithic ceramics
[1–3]. Therefore, a thorough understanding of the com-
plex damage initiation and accumulation mechanisms
under typical mechanical loading conditions is essential
for the safe design and practical service life prediction of

SiCf/SiCcomposites [4,5].One-dimensional statisticalmodels
based on matrix and fiber failure probability laws (e.g.,
Weibull’s law) have been well documented [6–13]. These
models can make satisfactory predictions of macroscopic
responses. However, they cannot be adequately validated
for microscopic phenomena. In fact, even when qualita-
tive damage evolution is accepted, most of the observa-
tions reported in the literaturewere confined to the surface
and collected after the final failure, which does not facil-
itate the study of their damage process [14,15].

In-situ X-ray computed tomography (XCT) is a non-
destructive testing technique developed in recent years,
which enables 3D microscopic imaging of materials and
can provide volumetric information about microstructure
and microcrack meshes [16–18], which cannot be done by
traditional microscopy techniques. Currently, some scho-
lars [19,20] have successfully applied XCT techniques to
the study of fracture failure processes of SiCf/SiC and Cf/SiC
composites and comprehensively analyzed the damage
processes of a variety of composites under stress loading
from microstructure analysis (Table 1). Zhang et al. [21]
used XCT to study the plain SiC fiber-reinforced SiC
matrix composites in terms of microstructure and tensile
damage evolution and developed a miniature high-preci-
sion in-situ XCT test fixture that can be used to perform
miniature XCT in-situ tensile tests. Ai et al. [22] recon-
structed the precise microstructure of Cf/SiC composites
composed of C fiber bundles and chemical vapor infiltration
(CVI)–SiC matrix, performed in-situ tensile experiments on
Cf/SiC composites using a CT real-time quantitative ima-
ging system, and investigated the damage and failure
characteristics of the material, which showed that the
material damage occurred first at the defects and then
extended to the fiber bundle SiC matrix interface, even-
tually forming macroscopic cracks. Duan et al. [23] inves-
tigated the bending progressive damage behavior of 2.5D
SiCf/SiC braided composites using a three-point bending
method. In this process, acoustic emission and digital
image correlation were used to monitor the damage pro-
gression. Subsequently, micro-CT was used to identify
the internal damage evolution. It can be seen that the
use of in-situ loaded CT imaging technique to study the
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damage failure mechanism of SiCf/SiC composites has
unique advantages [24].

However, most of the in-situ studies on the damage
evolution of SiCf/SiC composites have focused on tensile
damage evolution [21,25,26], while the damage process
of SiCf/SiC composites under compression loading has
rarely been reported. Therefore, in this article, for the
damage evolution mechanism of plain SiCf/SiC compo-
sites, in-situ XCT compression tests were carried out to
investigate the damage process under transverse com-
pression loading, the damage sprouting and evolution
lawof SiCf/SiC composites during compressionwas revealed
and failure behavior was analyzed.

2 Experimental

2.1 Description of SiCf/SiC composites

The specimen was fabricated by CVI process, and the
toughened phase was laminated 2D plain fabric woven

by third-generation SiC fiber with about 500 fibers per
fiber bundle and the average diameter of single fiber
was 12.6 μm. Prior to CVI process, pyrolytic carbon was
deposited on the preforms by chemical vapor deposition,
yieldinga thickness of about 200 nm.Methyltrichlorosilane
was used to deposit the SiCmatrix at 1,100°C until the den-
sity of composites remained steady. Specimens with a size
of 2mm × 4mm × 20mm were prepared for the test.

2.2 X-ray in-situ compression test

The laboratory-based interrupted in-situCT imaging (described
as in Figure 1) was performed under compression load in
The State Key Laboratory of Nonlinear Mechanics, Institute
of Mechanics, Chinese Academy of Sciences. The in-situ
compression test equipment is the Y.CT Modular from
Yxlon, Germany. A pause of about 20min after every
loading was needed for collecting tomogram at the related
stress level. In the experiments, total ten loadings were
conducted until final fracture. The compression force was
successively loaded up to 483.657, 1288.506, 2330.982,

Table 1: Examples of XCT technology applied to composites

Composite
name

Research objective Research method Research results

C/SiC [19] Tensile dynamic fracture XCT Tensile failure:
Split Hopkinson pressure bar Delamination

Fiber pullout
Bundle breaking

SiC/SiC [20] Tensile test XCT A slow and discontinuous propagation of matrix cracks,
even after the occurrence of matrix crack saturation.Matrix crack

propagation Six successive loading levels Observations before the ultimate failure revealed only a
few fibers breaking homogeneously along the
minicomposite.

Fiber breaking
occurrences

SiC/SiC [21] Tensile damage
evolution

XCT Tensile failure:
Transverse matrix cracking

Microstructures Six successive loading levels Longitudinal matrix cracking
Fiber pull-outsHigh-precision in-situ XCT

test fixture
C/SiC [22] In-situ tensile test X-ray microtomography

digital images
Material damage initially occurs at the defects, followed
by propagating toward the fiber-tow/SiC–matrix
interfaces, ultimately, combined into macro-cracks

Meso-structural
Finite element analysisDamage evolution

Fracture behaviors
SiC/SiC [23] Flexural progressive

damage
XCT 2.5D warp samples present the pseudo-ductile fracture,

whereas 2.5D weft samples indicate the brittle fractureAcoustic emission
Digital image correlation
Three points bending method

SiC/SiC [24] Tensile test XCT Stress concentrations in the planes containing the
weft tows

Failure events Finite element analysis The first cracks and subsequent damage localization were
found
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2920.614,3561.132,4030.783,3956.554,3210.061,and3262.348N.
As the requirement of sample size, the resolution of CT
imaging used was selected as 9 μm.

3 Results and discussion

3.1 Analysis of initial microstructure

The complexity of the woven structure and CVI process
will lead to defects such as pores in the woven SiCf/SiC
composites. First, 3D images reconstructed by CT data
were used to detect the initial microstructure of SiCf/SiC
composites.

3.1.1 Initial defects

Pores are one of the major defects of SiCf/SiC composites.
The pores have a negative effect on the mechanical prop-
erties of the composite such as interlaminar shear strength,
longitudinal and transverse bending strength, and longitu-
dinal and transverse compression strength. Figure 2 shows
the structure of the plain fabric. It can be seen that the four
adjacent yarns do not closely overlap. Thenon-overlapping
parts then form corresponding pores. The internal pores of
the material can be divided into initial pores generated
during the preparation process and damage cracks caused
by external loading. The initial pores generated by SiCf/SiC
composites are a typical feature of the plain structure and
the CVI densification process and can be distinguished in
the reconstructed images. Depending on the volume of the

pore structure, there are two types of initial pores, namely
matrix micropores within the fiber bundles and macro-
pores between the fiber bundles, as shown in Figure 3 [27].

From Figure 3, it can also be seen that the micropores
in 2D woven SiCf/SiC composites were mainly distributed
inside the fiber bundles. By observing the pores in the
fiber bundles, it was found that the micropores were dis-
tributed along the longitudinal direction of the fiber bun-
dles. The micropores were small but large in number.
Besides, there was almost no connection among the
micropores. As shown in Figure 3, the large pores were
mainly distributed in the non-overlapping areas of warp
and weft yarns of each layer. This was because during the
CVI process, the overlapping fiber yarns provided a larger
surface area than the non-overlapping fiber yarns, and
the matrix can be deposited rapidly in the fiber yarns.
As the deposition process proceeded, the transport chan-
nels for the reaction gases gradually closed, eventually
leading to the formation of large pores with low deposi-
tion rates in the non-overlapping areas. Overall, the dis-
tribution of both microporosity and large pores was
irregular, but they can be clearly distinguished.

By applying threshold segmentation, variation of the
porosity distribution on the slices in different directions
can be clearly observed, as shown in Figure 4. From
Figure 4, it can be observed that the distribution of por-
osity along different directional slices was not regular. In
the X and Y directions, the surface fraction of porosity
showed a complex variation due to the periodicity of
the weaving pattern and the superimposed effect of the
number of layers. This variation was due to the presence
of an offset (“U”) of the weft yarns in the X-direction,
while the warp yarns were aligned with each other in

Figure 1: In-situ CT compression experiment. Figure 2: Structure of plain fabric.
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the Y-direction. The porosity of the composite showed
significant fluctuations in the X and Y directions due to
the low porosity within the plies and the high porosity
between the plies. The fluctuations in the Z-direction
were related to the superposition of the plies in the com-
posite. The local minima of porosity were caused by the
intermediate planes within the layers and the maxima of
porosity were related to the median plane between the
two layers. Similar results were also found by Gelebart
et al. [28] for the characterization of porosity of CVI SiCf/
SiC composites by X-ray chromatography.

3.2 Compression test results analysis

3.2.1 Load–displacement curve

The load–displacement response of the material during
loading was a macroscopic characterization of its internal
damage evolution process, and Figure 5 shows the load–

displacement curve at successive loading levels. From
this, the curve of the sample can be divided into five
stages. The first stage (OA stage): at the beginning of
loading, the curve was linear, and the sample load–
displacement curve increased linearly along the straight
line OA, indicating that the material was in the elastic
deformation stage and almost no damage occurred, and
the specimen can return to its original state after unloading.
The second stage (AB stage): the curve showed a non-linear
change, which might be caused by the gradual internal
damage and the transmission of cracks along the matrix
to the fibers and between the fiber layers. The third stage
(BC stage): the curve shows linearity, and the displacement
gradually increases with the increase of load. At this time,
the cracks on the matrix gradually extend to the fiber–
matrix bonding interface (i.e., the interface layer) with the
increase in load, and the interface layer, as the bridge
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Figure 4: Porosity distribution of slices in three different directions.

Figure 5: Compressive load–displacement curve of SiCf/SiC
composite.

Figure 3: Distribution of initial holes on different slices: (a) XOY slice, (b) XOZ slice, and (c) YOZ slice [27].
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connecting the matrix and the fiber inside the SiCf/SiC com-
posite, was the key factor regulating the bonding strength
between the fiber and the matrix. Its components and
structure largely determined the mechanical properties
of SiCf/SiC composites. The fourth stage (CD stage): as
the load continued to increase, the slope of the curve
gradually decreases. This indicates that the matrix has
failed, and the stress-relieving effect of the interfacial
layer has reached saturation, and cracks gradually start
to sprout and expand inside the fibers. The fifth stage
(DE stage): the curve was sawtooth-shaped, indicating
that the matrix did not reach the ultimate load immedi-
ately after fracture, but after a “buffer period,” which was
because when the load reached the matrix critical load,
crack expansion, interface debonding, fiber pullout and
fracture, and other toughening effect absorb part of the
stress. At the same time, the stresses were released by a
small mutual “slip” between the matrix grains, so that the
specimen can continue towithstand the load until the final
fracture.

In addition, it can be observed from Figure 5 that the
whole evolution of the load–displacement curve of the
sample showed brittle fracture characteristics, which was
due to the fact that the matrix was mainly loaded during
compression, thus the load increased more slowly with
displacement during the elastic deformation phase, and
the material has a lower modulus of elasticity in parallel
compression, and once the ultimate load that the matrix
can withstand was exceeded, the matrix fractures or
crushes and the curve drops steeply, leading to the
destruction of the material.

3.2.2 Damage evolution process

The 3D reconstructed CT data under different loading
states (the state 2: 483.657 N, the state 5: 2920.614 N, the
state 8: 3956.54 N, and the state 10: 3262.348 N) were

selected to visualize and analyze the microstructure mor-
phology of the material during the compression process
by using software “AVIZO 9.1” to observe the damage
change information such as internal pore distribution,
crack initiation, and size change of the material during
the compression process.

The internal damage process of SiCf/SiC composites
during compression was obtained by observing the internal
tomography of the material perpendicular to the three
coordinate axes. Figure 6 shows a set of local CT 2D sec-
tions on the frontal ZOY section of the test piece. In the
first loading condition, no damage was observed within
the fiber matrix. In the fourth loading condition, there
were two transverse cracks perpendicular to the compres-
sion direction. The crack indicated by the arrow in A
occurs at the fiber bundle lap boundary, which was con-
nected to the large hole and belonged to the matrix crack
outside the fiber bundle. And the crack with the B arrow
was a transverse crack of the matrix inside the weft fiber
bundle. Longitudinal cracking parallel to the fiber direc-
tion occurs at loading condition 7, which started at the
edge of the large matrix hole and extended inside the
fiber bundle, and this longitudinal cracking was also
observed in the cross-section at other locations inside
the test piece. The longitudinal crack extension path
related to the cracks at positions A and B (described in
Figure 6) led to the fracture of the fiber bundle sur-
rounded by the transverse and longitudinal cracks. Under
the tenth loading condition, the test piece was already
partially crushed, the longitudinal crack did not occur
too close and the hole at the fracture of the fiber bundle
became larger.

Figure 7 shows a set of local CT 2D sections on the
ZOX cross-section of the side of the test piece. At the
seventh loading, the cracks inclined to the compression
direction can be clearly seen. As described in the figure,
the crack at position A started from the large hole in the
matrix and it extended from the hole to the inside of the

Figure 6: Damage evolution process of local area on ZOY cross-section.
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fiber bundle and gradually parallel to the fiber bundle.
The crack at B was a longitudinal crack inside the fiber
bundle, which started from the edge of the test piece and
extended to the inside of the test piece. In addition, a
significant interlaminarcrackingwithin thematrixbetween
the two adjacent fiber bundles at the seventh loading con-
dition was observed, where the cracking started from the
hole, and the interlaminar cracking was almost parallel to
the nearby fiber bundles. After the test piece was crushed,
the interlaminar cracking was more pronounced and more
longitudinal cracks appeared inside the fiber bundles than
in the seventh loading condition.

Figure 8 shows a set of local CT 2D sections on the
YOX cross-section of the test piece. No obvious changes
were produced at the fourth loading, and there was a
tendency for the local pores to shrink, and some of the
micropores almost disappeared by the compression to the
ninth loading. The cracks at positions A and B started
from the holes and extended in a direction almost parallel
to the weft fiber bundle, and the end of the cracks at
position A extended to the beginning of the cracks at
position B. The cracks at position B extended to the edge
of the test piece and finally formed matrix cracks between

the two layers, causing interlayer cracking. There were
more voids, less matrix, and weaker interlayer connec-
tion at this place, so after the cracks sprouted under the
seventh loading condition, the cracks gradually expanded
as the pressure increased. By the ninth loading, the inter-
laminar cracking was so severe that the fiber bundles
between the left and right of the interlaminar matrix
separated.

Figure 9 shows the strain distribution calculated by
digital volume correlation (DVC) under the maximum
loading condition. Figure 9(a–c) shows the strains in the
X, Y, and Z directions, respectively (Z direction is the
loading direction). From the figures, the strain was not
uniform, and the variation in the Y and Z directions was
more serious than that in the X direction, and there was a
serious strain concentration in the lower part of the test
piece. Although the test piece was subjected to unidirec-
tional compression load in the experiment, the internal
stress state and deformation behavior were non-uniform
and the complex stress/strain states due to the com-
plexity of the material microstructure. The most severe
deformation at the interlaminar crack can be observed
in the lower part of the strain concentration, where one

Figure 8: Damage evolution process of local area on YOX section.

Figure 7: Damage evolution process of local area on ZOX cross-section.
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of the sides of the interlaminar crack moved outward,
resulting in a significant change in its displacement in
the X, Y, and Z directions, as shown in Figure 10. It was
observed that the distribution of the displacement
showed inhomogeneity, and its significant changes also
occurred mainly in the stress concentration part. There-
fore, the strain concentration had a significant effect on
the displacement variation of the specimen.

3.2.3 Failure mechanisms

According to damage evolution of the material, it was
found that the 2D woven SiCf/SiC composites mainly

experienced damage modes such as matrix transverse
cracking, interlayer cracking, fiber bundle matrix long-
itudinal cracking, and fiber bundle fracture from the
beginning of damage to final failure.

3.2.4 Transverse matrix cracking

Since the fracture strain of the matrix was small, trans-
verse cracks in the matrix perpendicular to the compres-
sion direction occurred first during the compression
process, which were mainly divided into transverse cracks
in the matrix outside the fiber bundle and transverse
cracks in the matrix inside the fiber bundle (Figure 6).

Figure 9: Strain distribution under maximum loading calculated by DVC: (a) X-direction, (b) Y-direction, and (c) Z-direction.

Figure 10: Displacement variation under maximum loading calculated by DVC: (a) X-direction, (b) Y-direction, and (c) Z-direction.
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Matrix cracks in the fiber bundle mainly occurred in the
weft direction, and many transverse cracks evolved from
the development of microvoids in the fiber bundle. Due to
the presence of a weak interfacial layer in the fiber, these
transverse cracks generally extended along the interface
and did not cause fiber fracture. Matrix cracks outside the
fiber bundle mainly occurred at the fiber lap boundary,
near the large holes in the matrix, and at the edges of
the material, where the holes disrupted the continuity of
the material and produced stress concentrations that pro-
moted damage cracking.

3.2.5 Interlaminar cracking

As the loading increased, interlaminar cracking gradually
appeared in the matrix between the bundles (Figure 7).
Interlaminar cracking mostly sprouted at the edge of
large holes and developed along the intersection of fiber
bundles and the external matrix, and because the direc-
tion of interlaminar cracking was almost parallel to the
adjacent fibers, it was not easy to enter the interior of
fiber bundles in expansion, but was continuous within
the matrix between the fiber layers, resulting in delami-
nation of the material. In regions where interlaminar
cracking was more severe, it can lead to separation of
the interlaminar matrix from the fiber bundles on both
the sides.

3.2.6 Longitudinal cracking of fiber bundles

The causes of longitudinal cracking inside the fiber bun-
dles were more complex and were less likely to occur
before material damage. The geometric characteristics
of fiber bundles, their arrangement, and initial defects
led to the susceptibility to stress concentration and long-
itudinal cracks along the ZOY plane inside the bundles
(Figure 7); the fiber bundles were wavy, and the bundles
were bent at the same time during the compression pro-
cess, and the compression deformation of the upper and
lower parts of the bundles was different in the longitu-
dinal direction, which was prone to longitudinal cracks
along the ZOX plane (Figure 6). It can be seen that when
the compression load does not reach the strength limit of
the composite, compression damagewas resisted together
by the fiber and matrix in the composite, and the damage
modes were matrix cracking, delamination, and fiber
bundle cracking.

3.2.7 Fiber bundle fracture

Fiber bundle fracture occurs as the composite reaches its
strength limit, and the sudden release of the potential
energy accumulated in the composite under compression
causes a serious separation of the fiber bundle from the
matrix. Thus, part of the fiber bundles fracture and cracks
appear.When the fiber bundle breaks, the friction between
the fiber bundle and the matrix can effectively absorb the
energy generated by the compression load. At the same
time, the fracture of the fiber bundle weakens the ability
of the composite to resist damage.With the appearance of a
large number of fiber fractures, composite loses the ability
to continue to resist damage, and failure occurs finally.

4 Conclusion

In this article, we characterized the microstructure of 2D
woven SiCf/SiC composite using synchronous radiation
X-ray computed tomography and investigated the damage
evolution of the material under compression by in-situ CT
experiment and discussed the damage evolution and failure
mechanismof 2Dwoven SiCf/SiC composites. Themain con-
clusions are as follows:
(1) XCT can better reveal the microstructure, porosity

distribution, and damage evolution of 2D SiCf/SiC
composite. The distribution of the initial porosity
along the different directional slices has obvious irre-
gularity. The micropores produced during the manu-
facturing process were small but large in number and
distributed along the fiber bundles, and the large
pores were mainly distributed in the overlapping
areas of the warp and weft direction filament bundles.

(2) The load–displacement curves of SiCf/SiC composite
showed obvious non-linear characteristic curves, and
the damage mainly occurred in the second, third, and
fourth stages. The damage modes mainly included
transverse matrix cracking, interlaminar cracking,
longitudinal matrix cracking, and fiber bundle fracture.

(3) Matrix cracks tended to occur near the pores or holes
of the material, and the number of longitudinal cracks
was relatively high compared to the number of trans-
verse cracks.

(4) It is recommended that preform of the composite can
be optimized and denser composites will be prefer-
able to improve their mechanical properties. Besides,
numerical simulation can also be implemented to
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verify the failure mechanisms concluding from the
experiments.
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