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The delamination of SiC coating on C/SiC composites leads to severe oxidation of the carbon fibers and
causes reliability problems of these composites during service. In this study, flexural test was conducted
at room temperature to analyze the delamination behavior of SiC coating deposited on C/SiC substrate
and finite element method (FEM) was adopted to simulate the interfacial crack between the SiC coating
and the C/SiC substrate based on the experimental results. Results show that the fiber orientation has sig-
nificant influence on the delamination of surface SiC coating. When the SiC coating is deposited parallel to
the fiber orientation and interfacial delamination direction is along fiber direction, once delamination
occurs, it inclines to propagate. However, when coating is prepared in other directions, the delamination
inclines to be crested. The present analyses show that a proper combination of different fiber orientations
can decrease the delamination of coating for better service of the materials in applications.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon fiber reinforced silicon carbide (C/SiC) composites are
important materials in aerospace and automobile industry, due
to their high strength and superior fracture toughness in high tem-
perature [1,2]. However, oxidation of C/SiC composites in high-
temperature environment is still a key problem because the non-
negligible porosity, internal and external multi-cracks exist in C/
SiC substrate. To further enhance the anti-oxidation and the high
temperature limit of C/SiC composites, a silicon carbide (SiC) coat-
ing is fabricated by chemically-vapor-deposition (CVD) on the sur-
face of C/SiC composites. The SiC is an ideally promising coating for
the C/SiC composites. During service, the silica formed at high tem-
perature has a small diffusivity of oxygen and it can also seal the
microcracks in coating and thus retard the further oxidation pro-
cess of composites [2–5].

However, during service, especially in a sudden cooling process,
the SiC coating may delaminate because of residual stress induced
by the mechanical property difference and mismatch of thermal
expansion coefficients between the coating and substrate. The
delamination of SiC coating leads to the oxidation of the carbon
fiber and even the catastrophic damage of composites finally. It
is one dominant factor causing reliability problems of C/SiC com-
posites [6].

Therefore, the degradation of the coating that results from ten-
sile or compressive stress generated in practical applications
including thermal cycling process is of major concern and the
mechanisms of coating delamination and failure are worth study-
ing under controlled experimental conditions. Fang et al. devel-
oped three point bending test stage integrated with high speed
camera for high temperature environment and realized real time
observation of the surface coating spalling from substrate of C/
SiC composites at 1400 �C [7]. However, the mechanism based on
fracture mechanics for the delamination is not yet revealed. Par-
ticularly, C/SiC composites are prepared by chemical vapor infiltra-
tion (CVI) in which the preforms are fabricated to the 3-
dimensional braid procedure and the composites are anisotropic
materials. The orientation of fibers dominates the elastic property
of composites and has a significant effect on the delamination of
SiC coating. The effect of anisotropy of properties of C/SiC compos-
ites on the delamination of SiC coating is of great value for optimiz-
ing the application of C/SiC composites, which however, is still
unclear.

In this paper, flexural test at room temperature is used to ana-
lyze the delamination behavior of SiC coating deposited on C/SiC
substrate. Based on the experimental results, a computational
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analysis of a coated composite material under loading is conduct-
ed, in which material failure at the interface between the substrate
and coating under loading is analyzed. The coating/substrate sys-
tem which is taken into consideration consists of a C/SiC composite
with varied fiber arrangements (orientations) and a SiC coating on
it. In addition, the interfacial crack between the C/SiC substrate and
the SiC coating is modeled. The purpose of the study is to deter-
mine the influence of the arrangement of carbon fiber as well as
the coating thickness on the interfacial delamination and the driv-
ing force for the propagation of the interfacial crack.
2. Experiment

The present experiment focused on the delamination pattern of
SiC coating on the C/SiC composite substrate with different fiber
orientations. A bulk of 3D needled C/SiC composite was prepared
by chemical vapor infiltration (CVI), then specimens with size of
3 mm � 4 mm � 40 mm were cut from the fabricated composite
and a monolayer SiC coating with a thickness of about 10 lm
was deposited on the composite surface by chemical vapor deposi-
tion (CVD). Three point bending tests were conducted by using an
electronically controlled universal testing machine with a speci-
men span of 30 mm and a cross-head speed of 0.5 mm/min, as
illustrated in Fig. 1(a). Surface morphology of the bottom surfaces
of the specimens were characterized using field emission scanning
electron microscope (SEM) after fracture failure.

Two typical curves of the load–deflection for SiC coated C/SiC
composites are plotted in Fig. 1(b). The curves can be divided into
two stages: the first stage ranges from the initial loading to the
peak load and it shows in both curves that the composite has a lin-
ear elastic behavior. In the second stage after the peak load, appar-
ent differences of the curves appear. The curve obtained from test 1
(black line) shows a rapid decrease of load after the peak load,
which reflects a characteristic brittle fracture of the material. But
in curve 2 a step-like behavior after the maximum flexural loading
indicates crack deflection and fiber pulling out [8]. Experimental
results also validate this analysis that the differences of these
two flexural behaviors are due to the fiber orientations within
the composite substrate, as directly illustrated by the SEM images
in Fig. 2. In Fig. 2(a and b) there is no fiber pulling out since the
fiber orientation is parallel to the cross section of the specimen,
while in Fig. 2(c and d) clear fiber pulling out could be seen, and
the fibers were arranged parallel to the longitudinal direction of
the specimen. The layered fiber arrangement in Fig. 2(c and d) also
corresponds to the step-like stages in the load–deflection curve.
Fig. 1. (a) Schematic of three point bending tes
Furthermore, Fig. 3 shows multiple cracks perpendicular to the
C/SiC substrate and the spallation of coating; the cracks emerge in
the SiC coating when the specimens are subjected to the bending
force, and then the coating delaminated along the interface. From
Fig. 3 one can see that when the coating deposited parallel to the
fiber, a large amount of coatings spalled off the substrate under
surface tension, i.e., under bending. In Fig. 4, the channel cracks
observed on the surface do not penetrate the substrate, but turn
to run parallel to the substrate, inducing the spallation of the coat-
ing. It can also be observed that the fiber arrangement in the sub-
strate, i.e., the fiber orientation (as illustrated in Fig. 5), has strong
effect on the delamination of coating. Most part of the coating
delaminated when it is parallel to the fiber, however, comparable
small amount of coating delaminated when it is perpendicular to
the fiber, which indicates the mechanisms of interfacial fracture
are different. During service, the stress generated due to the elastic
mismatch between the coating and substrate with different fiber
directions plays an important role in the degradation of the SiC
coating. Theoretically, when the interfacial energy release rate is
higher than the interface fracture toughness, the interfacial crack
would grow, causing spallation of the coating from the substrate.
In the present experiments, no plastic deformation was observed,
and the fracture is brittle. In the following section, theoretical
and numerical analysis on the coating spallation with respect to
the fiber orientation is presented.

3. Theoretical and numerical analysis

3.1. 2D plane strain model for the coating/substrate system

In this section, we established a 2D plane strain model for inter-
facial crack of SiC coated C/SiC composites.

The models of fiber orientations are established in Fig. 5(b)
based on microscopic observation results (see the morphologies
at top in Fig. 5(a)). Material properties of carbon fiber and SiC from
literatures [9,10] are adopted and a micromechanical model is used
to calculate properties of C/SiC substrate, which is simplified into
an unidirectional fiber-reinforced composite in this study.
Micromechanics equations for the longitudinal and transverse
mechanical properties of the unidirectional fiber-reinforced com-
posite have been summarized by Chamis [11]. For a unidirectional
C/SiC substrate, the modulus in the longitudinal direction is

E1 ¼ E f
1Vf þ Emð1� Vf Þ ð1Þ

and the transverse modulus is
t and (b) typical load vs. deflection curves.



Fig. 2. Fiber orientation influences the load–deflection curves: (a and b) correspond to test 1 in Fig. 1; (c and d) correspond to test 2 in Fig. 1. Red arrows indicate the fiber
orientations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. The multiple channel cracks of SiC coating.
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and Poisson’s ratios are

m12 ¼ m13 ¼ m f
12Vf þ mmVm ¼ m f

12Vf þ mmð1� Vf Þ; G23

¼ E2=ð2þ 2m23Þ ð4Þ

where E is elastic modulus; G shear modulus; V the fiber volume
fraction, which is taken to be 45% in this study; m is Poisson’s ratio
and the subscripts f and m refer to properties of carbon fiber and SiC
matrix, respectively. The subscripts 1, 2 and 3 are axes coordinates
of representative volume element, as shown in Fig. 6. The material
properties for transversely isotropic carbon fiber, isotropic SiC and
transversely isotropic C/SiC are summarized in Table 1. The elastic
moduli indicate that the brittle SiC coating is deposited on a
relatively compliant substrate.

Fig. 7 shows the multiple channel cracks with symmetric inter-
facial crack, the simplified model is established to represent the
bottom surface (which is subjected to tensile stress during flexural
test) of the specimen based on the observation illustrated in Fig. 3.
The rectangular area indicated by dotted line in Fig. 7 is extracted
as a finite element method (FEM) model and is illustrated in Fig. 8
where the C/SiC substrate has a thickness of H with the SiC coating
has a thickness of h on one side of the substrate. Due to symmetry,
only a representative unit part of the coating/substrate system is
modeled along with proper boundary conditions. An edge-type
crack with length a is assumed. In the calculation we set
H = W = 2. 4 mm, while the coating thickness h and the crack
length a are set as variables. A uniform normal displacement
(u = 0.0006 mm) is prescribed onto the right edge of the integrated
structure based on the three-point bending test. Symmetry bound-
ary conditions are imposed at the left edge of substrate and the
bottom surface, ux = 0 at [x = 0, 0 6 y 6 H] and uy = 0 at [y = 0,
0 6 x 6W]. The interface of interest is the one between the sub-
strate and the coating. In general, the steady-state energy release



Fig. 4. SEM surface morphologies of the SiC coating after spallation failure subjected to three point bending test.
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Fig. 5. Three types of carbon fiber orientations in the substrate with respect to the coating: (a) orientation-I, the longitudinal direction of the carbon fiber is perpendicular to
the interface crack and along the y axis. (b) Orientation-II, the longitudinal direction is parallel to the interface and along the x axis. (c) Orientation-III, the longitudinal
direction is perpendicular to the interface and along the z axis.
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Fig. 6. Simplified representative volume element representing a fiber (f) and surrounding matrix (m) in a unidirectional fiber-reinforced composite.
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rate of interfacial crack can be calculated from a 2D plane strain
model. So we consider the steady-state propagation of the crack.
The finite element software Abaqus is used in the present work
and the method of J-integral is adopted for the calculation of the
interfacial energy release rate, since the fracture is brittle and lin-
ear elastic.



Table 1
Material properties at room temperature [9,10].

Materials Young’s
modulus
(GPa)

Shear
modulus
(GPa)

Poisson’s ratio
in plane axial

E1 E2 G12 G23 m12 m23

Carbon fiber (T300) 220 22 4.8 7.75 0.12 0.42
SiC matrix/coating 430 430 180 180 0.2 0.2
Substrate 335.5 32 7 11.32 0.164 0.42

Fig. 8. Finite element model of the 2D steady-state interfacial crack.
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Fig. 9. Crack problem in bimaterial structure.
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3.2. Fracture parameters

Here we focus on the delamination of SiC coating on an
anisotropic C/SiC composite material in this study. For interfacial
crack problems with anisotropic materials, the widely used frac-
ture criterion is the energy release rate criterion, which is based
on energy analysis.

Suo [12] carried out a theoretical analysis for interface fracture
problems for anisotropic materials, and related the energy release
rate G and stress intensity factor K for semi-infinite crack. Howev-
er, for anisotropic material, the stress intensity factor K and the
energy release rate G depend not only on the material properties,
but also on geometry and external loads. It is a complex process
to derive K and G for an arbitrarily general case and only under
some particularly simple conditions such as the interfacial cracks
in semi-infinite mediums can we get the expressions about K and
G. However, external loads and boundary conditions are usually
simple in composite materials’ working environment, as simplified
and illustrated in Fig. 8. From an energy standpoint, when studying
the interface failure problems of composites such as factors that
influence interfacial crack growth, some complex anisotropic prob-
lems can be simplified by analyzing G and J integral and as a result,
it is not necessary to find out the values of loading phases and the
K. Since the J integral (i.e. the value of G for linear elastic fracture)
for an interfacial crack can be easily obtained by employing finite
element methods, problems about interfacial cracks can be ana-
lyzed by using fracture mechanics based on the energy criterion
as mentioned above.

For two-dimensional problems, J is expressed as [13]

J ¼
Z

C
wdx2 � t � @u

@x1
ds

� �
ð5Þ

where w = w(x1, x2) is the strain energy density, x1, x2 are the Carte-
sian coordinates shown in Fig. 9. C is a closed counter-clockwise
contour surrounding the crack tip, t = n � r is the traction vector,
n is the normal to the curve C, r is the Cauchy stress tensor, and
u is the displacement vector.
Fig. 7. Schematic of the coating/substrate system of mult
4. Results and discussion

When the tension applied to SiC coating is greater than its ten-
sile strength, periodic surface crack forms (without delamination
yet), which usually has little influence on coating functions since
the molten silica can seal the cracks in high temperature. If the
stress induces a continuous extension of interfacial delamination,
the SiC coating will spall off the substrate, which has a significant
influence on the composites due to the further serious oxidation of
the substrate and fibers in the matrix [2]. From the viewpoint of
fracture mechanics, the spallation of coating means the fracture
driving force is continuously larger than interfacial toughness,
iple channel cracks with symmetric interfacial crack.



Fig. 10. The influences of fiber arrangements on the interfacial energy release rate, i.e., the J integral: (a) h = 0.04 mm, (b) h = 0.06 mm and (c) h = 0.08 mm.

Fig. 11. The influences of the thickness of the SiC coating on the interfacial energy release rate, i.e., the J integral: (a) orientation-I, (b) orientation-II, and (c) orientation-III.
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i.e., G P Gc. The coating delamination will finally stop if the frac-
ture driving force decreases rapidly and soon be smaller than the
interfacial toughness with the propagation of delamination. Figs. 3
and 4 indicate that SiC coatings deposited on the surface of com-
posite with different fiber orientations show different delamina-
tion behaviors. The coating deposited parallel to the fiber
orientation is much easier to spall off the substrate than that per-
pendicular to the fiber orientation.

In Fig. 10, the energy release rate is plotted as a function of the
normalized crack length a/h for various fiber geometric orienta-
tions. The numerical results show that the J-integral monotonically
decreases as the crack length increases, the decrease of the J-inte-
gral is nonlinear and the decreasing rate becomes smaller as the
crack length increases. The curve for orientation-I coincides with
the one for orientation-III, indicating that the two kinds of fiber
arrangements have identical influence on interfacial energy release
rate. Elastic moduli along the loading direction for orientation-I
and -III are equal because of the transverse isotropy of properties
of C/SiC substrate. This resulted in identical energy release rate cal-
culated. The descending trend of J integral for orientation-I and -III
can be divided into two stages, the energy release rate for orienta-
tion-I is larger than that for orientation-II with the same crack
length at the initial stage. However, at the second stage the energy
release rate for orientation-I becomes smaller than that for orien-
tation-II when the normalized crack length reaches a critical value,
as the J integral for orientation-I decreases more rapidly with the
increase of crack length. It can be observed that the existence of
these two stages is independent on coating thickness, which
explicitly illustrates that the interfacial crack for orientation-I is
more prone to generate than that for orientation-II at the initial
stage, but it may be arrested earlier than the crack for orienta-
tion-II at the second stage, which can be validated by the SEM
observation in Fig. 3. The ratio of the coating elastic modulus to
substrate modulus along the loading direction for orientation-I is
greater than that for orientation-II, in other words, the coating is
relatively stiffer for orientation-I. It should be noticed that the mul-
tiple cracks illustrated in Fig. 7 would influence each other, the stif-
fer the coating is the stronger the influence of interaction between
cracks on the energy release rate would become, leading to a more
rapid decrease of the J integral.

In Fig. 11, the energy release rate is plotted as a function of the
normalized crack length a/h for various coating thickness. For a
given coating/substrate structure, the finite element calculations
show that the J integral decreases monotonically and nonlinearly
as the delamination width a increases. From Fig. 11, it can be seen
that the interfacial energy release rate is larger for thicker coating
at the initial stage of the crack propagation for all three orienta-
tions. However, the energy release rate becomes smaller for thicker
coating when the normalized crack length exceeds a threshold val-
ue. The reason for this phenomenon is that the thicker the coating
is, the faster the interfacial energy release rate decreases. Consider-
ing the fact that the multiple cracks in a stiff coating on a relatively
compliant substrate, the interference between the multiple cracks
affects the energy release rate directly, and the interaction
becomes more and more prominent with the increasing of coating
thickness, which leads to the rapid decreasing of the interfacial
energy release rate.

Coating completely spalls off the substrate means G P Gc in the
whole process. From experimental results shown in Figs. 2 and 3,
one can see coating with respect to fiber orientation-II is easier
to completely spall. Meanwhile, from Figs. 10 and 11, there is a
slow downward stage in the curve of energy release rate in orien-
tation-II. Combining the experimental and numerical results, once
the interfacial delamination begins to propagate, it is difficult to
stop for the coating with respect to orientation-II. However, the
curve corresponding to orientation-I is more rapidly downward
(i.e. with a steeper slope), and even the interfacial delamination
begins to propagate, it will soon stop. The present analyses show
that, in application, a suitable combination of different fiber orien-
tations can decrease the delamination of coating for better service.
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5. Summery and conclusions

The delamination of SiC coating on C/SiC composites is analyzed
by experimental observation and numerical simulation. Results
show that no plastic deformation occurred in the composite frac-
ture and the linear elastic fracture mechanics can be used to ana-
lyze the failure of SiC coatings. The SiC coatings are harder than
the composite substrate. The fiber orientation has significant influ-
ence on the delamination of surface SiC coating. When the SiC coat-
ing is deposited parallel to the fiber orientation and interfacial
delamination direction is along fiber direction, once delamination
occurs, it inclines to propagate. When coating is prepared in other
directions, the delamination inclines to stop. The present analyses
show that, in application, a suitable combination of different fiber
orientations can decrease the delamination of coating for better
performance.
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