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Abstract: Ceramic matrix composites with environmental barrier coatings (CMC/EBCs) are the
most promising material solution for hot section components of aero-engines. It is necessary to
access relevant information and knowledge of the physical properties of various CMC and EBCs,
the characteristics of defects and damages, and relevant failure mechanisms. Then, effective failure
prediction models can be established. Individually assessing the failure of CMC and EBCs is not
a simple task. Models considering the synergetic effect of coating properties and substrate fibrous
architecture are more reasonable and more challenging. This paper offers a review and a detailed
description of the materials features, failure mechanism, and failure modeling for both CMC substrate
and EBC coatings. The various methods for failure analyses and their pros and cons are discussed.
General remarks on technical development for failure modeling are summarized subsequently.

Keywords: failure modeling; ceramic matrix composites; environmental barrier coatings; aero-engine

1. Introduction

Ceramic matrix composites (CMC) have broad application prospects in aviation,
aerospace, nuclear energy, and other fields, especially in the hot section components of aero-
engines. The operation temperature of these hot end components of the new generation
aero-engine will reach more than 1400 ◦C, which is far beyond the temperature range
that the traditional superalloy materials can withstand. As an excellent high-temperature
performance material, CMC is the most potential new thermal structure/functional material
to replace superalloys. In aero-engines, CMC, represented by SiCf/SiC, is mainly used in
hot section components such as the combustion liner, turbine blade, and turbine vane, as
shown in Figure 1. This material can increase the operating temperature by 400–500 ◦C and
reduce the weight by 50%–70% [1,2].

The SiCf/SiC composite refers to the composite material in which SiC fiber is intro-
duced into the SiC ceramic matrix as the reinforcement phase. By exerting the strengthening
and toughening mechanism of the SiC fiber, the inherent defects of poor toughness and
poor resistance to the external impact load of the material are overcome, which makes the
material very suitable for the extreme environment of aero-engines [3–5].

Under the operating environment of an aero-engine, the dense SiO2 protective film
formed by oxidation on the SiCf/SiC surface will react with the water vapor to form volatile
Si (OH)x, mainly Si (OH)4. The reaction process leads to the deterioration of the material
performance and becomes one of the main factors restricting its application in hot end
components of aero-engines [6–8]. Generally, a layer of coating, called Environmental
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Barrier Coatings (EBCs), which is resistant to water oxygen corrosion, molten salt corrosion,
and other environmental factors, is introduced on the surface of CMC components. The
EBCs have been becoming a key technology for SiCf/SiC composites to be applied to hot
end components of aero-engines [9,10].
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In other words, the EBCs are a partner of CMC when applied to aero-engines. The
CMC component coated with EBCs is abbreviated as CMC/EBCs in the following part.
It needs to be pointed out that commercial turbine aero-engines have started to use
CMC/EBCs at some of the hot section components. According to Steibel [11], CMC/EBC
R&D has enabled the commercial introduction of CMC high-pressure turbine shrouds in
the CFM International LEAP engine, which was certified by the Federal Aviation Authority
and European Aviation Safety Agency (EASA) in May of 2016. In 2019, the CMC shrouds
surpassed four million hours of flight time in commercial LEAP engines flying on Airbus
(A320neo), Boeing (737 MAX), and COMAC (C919) aircrafts [11].

Aero-engines are a kind of reusable high-speed rotating machinery. Both stator and
rotor components bear complex loads during service. It is widely recognized that how to
predict the failure of CMC will be one of the key technical challenges. Therefore, effective
failure modeling is a key problem to be solved that determines whether CMC structures
can be successfully applied to aero-engines, in addition to the fact that the manufacturing
methods and materials need to be further improved.

With the increase of the operating temperature of hot section components of the aero-
engine, the requirements for the performances of materials are becoming higher and higher.
CMC/EBC’s integrated design plays a more important role [12,13]. Since CMC/EBCs are
usually used in extreme service environments, coating peeling, cracks, and other damage
phenomena are inevitable. At the same time, the internal microstructure of CMC/EBCs
changes uncontrollably due to complex loadings, such as those at high temperature and
high pressure. Therefore, it is very important to develop high-performance CMC/EBC
systems under actual operating conditions, and it is also particularly important to develop
failure prediction tools for this system. Developing CMC/EBCs with an excellent perfor-
mance by the experimental method is a very complex and expensive process, and there are
many unknown factors that need further exploration and long-term persistence. Failure
models such as the finite element numerical simulation can help validate the experimental
results and optimize the preparation process. In turn, it can shorten the development
time and save costs. Failure models can help to find the optimal manufacturing method
and material structures under specific target conditions [13]. To develop CMC/EBCs, it
is necessary to access relevant information and knowledge of the physical properties of
various CMC and EBCs, the characteristics of defects and damages (pores and microcracks),
and the relevant failure mechanisms. Then, effective prediction models can be established.
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For this purpose, many researchers have carried out a lot of research. This paper will
discuss the relevant achievements and development trends in this field.

2. Development of Material System
2.1. Development of Ceramic Matrix Composites

This paper focuses on SiCf/SiC composites with good application prospects in aero-
engines, which are a kind of continuous fiber-reinforced composite. The manufacturing
process of SiCf/SiC composite components is shown in Figure 2. The process can be divided
into three stages.

Coatings 2023, 13, x FOR PEER REVIEW 3 of 5 
 

 

development time and save costs. Failure models can help to find the optimal manufac-
turing method and material structures under specific target conditions [13]. To develop 
CMC/EBCs, it is necessary to access relevant information and knowledge of the physical 
properties of various CMC and EBCs, the characteristics of defects and damages (pores 
and microcracks), and the relevant failure mechanisms. Then, effective prediction models 
can be established. For this purpose, many researchers have carried out a lot of research. 
This paper will discuss the relevant achievements and development trends in this field. 

2. Development of Material System 
2.1. Development of Ceramic Matrix Composites 

This paper focuses on SiCf/SiC composites with good application prospects in aero-
engines, which are a kind of continuous fiber-reinforced composite. The manufacturing 
process of SiCf/SiC composite components is shown in Figure 2. The process can be di-
vided into three stages. 

 
Figure 2. Manufacturing progress of CMC. 

Next, the characteristics and development status of the three constituents of SiCf/SiC 
composites—namely, SiC fiber, interphase, and ceramic matrix—are introduced. Then, 
the state-of-the-art components of the main manufacturing methods are also introduced. 

2.1.1. Constituents 
Mechanical responses and failure behaviors exhibited by composite materials sub-

jected to different loading conditions really depend on the properties of their constituents. 
• SiC fiber 

SiC fiber is a kind of high-performance fiber product with great potential that devel-
ops rapidly after carbon fiber. It has excellent mechanical properties, high specific strength 
and a specific modulus, excellent heat resistance, excellent fatigue resistance, creep re-
sistance, and reliability. Since SiC fiber has a good application prospect in aerospace, 
atomic energy, and other fields, the research on SiC fiber has become the focus of fiber 
research and also the focus of this paper. So far, three generations of SiC fibers have been 
successfully commercialized. Their key properties are shown in Table 1. As seen, the third-
generation SiC fiber is mainly represented by Hi-Nicalon S fiber, Tyranno SA fiber, and 
Sylramic fiber. The third-generation SiC fiber has improved the densification degree, 
high-temperature resistance, oxidation resistance, and creep resistance and can maintain 
stability in the atmospheric environment of 1300~1800 °C [5]. 

Table 1. Some key properties of the three generations of SiC-based fibers [14,15]. 

 Fiber Manufacturer 
Density 
(g/cm3) 

Diameter 
(μm) 

CTE *  
(10−6/K) 

Tensile 
Strength 

(GPa) 

Young’s 
Modulus 

(GPa) 

KIC (MPa 
m1/2) 

1st 
Gen. 

Nicalon 200 Nippon Carbon 2.55 14 3.2 3 200 1.2 
Tyranno LOX-M Ube Ind. 2.48 11 3.1 3.3 185 1.1 

2nd 
Gen. 

Hi-Nicalon Nippon Carbon 2.74 12 3.5 2.8 270 1.7 
Tyranno LOX-E Ube Ind. 2.39 11 - 2.9 200 1.0 
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Next, the characteristics and development status of the three constituents of SiCf/SiC
composites—namely, SiC fiber, interphase, and ceramic matrix—are introduced. Then, the
state-of-the-art components of the main manufacturing methods are also introduced.

2.1.1. Constituents

Mechanical responses and failure behaviors exhibited by composite materials subjected
to different loading conditions really depend on the properties of their constituents.

• SiC fiber

SiC fiber is a kind of high-performance fiber product with great potential that develops
rapidly after carbon fiber. It has excellent mechanical properties, high specific strength and
a specific modulus, excellent heat resistance, excellent fatigue resistance, creep resistance,
and reliability. Since SiC fiber has a good application prospect in aerospace, atomic energy,
and other fields, the research on SiC fiber has become the focus of fiber research and
also the focus of this paper. So far, three generations of SiC fibers have been successfully
commercialized. Their key properties are shown in Table 1. As seen, the third-generation
SiC fiber is mainly represented by Hi-Nicalon S fiber, Tyranno SA fiber, and Sylramic fiber.
The third-generation SiC fiber has improved the densification degree, high-temperature
resistance, oxidation resistance, and creep resistance and can maintain stability in the
atmospheric environment of 1300~1800 ◦C [5].

Table 1. Some key properties of the three generations of SiC-based fibers [14,15].

Fiber Manufacturer Density
(g/cm3)

Diameter
(µm)

CTE *
(10−6/K)

Tensile
Strength

(GPa)

Young’s
Modulus

(GPa)

KIC (MPa
m1/2)

1st Gen.
Nicalon 200 Nippon Carbon 2.55 14 3.2 3 200 1.2

Tyranno LOX-M Ube Ind. 2.48 11 3.1 3.3 185 1.1

2nd Gen.

Hi-Nicalon Nippon Carbon 2.74 12 3.5 2.8 270 1.7
Tyranno LOX-E Ube Ind. 2.39 11 - 2.9 200 1.0

Tyranno ZM Ube Ind. 2.48 11 - 3.4 200 1.0
Tyranno ZE Ube Ind. 2.55 11 - 3.5 233 1.3

3rd Gen.

Tyranno SA1 Ube Ind. 3.02 11 - 2.8 375 -
Tyranno SA3 Ube Ind. 3.1 7.5 - 2.9 375 -

Sylramic COI Ceramics 3.05 10 5.4 3.2 400 3–3.5
Hi-Nicalon Type-S Nippon Carbon 3.05 12 - 2.5 400 1.9

* Thermal expansion coefficient within temperatures up to 1000 ◦C.
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• matrix

There are two issues when selecting the ceramic matrix: (1) the ability to protect the
fiber and bear the load under high temperature and (2) the stability of the material under
the combustion gas environment and complex load. These two aspects are related to the
properties of ceramics. That is, the matrix needs excellent corrosion resistance and good
interface compatibility. The molding performance of ceramics and the bonding performance
between the matrix and fiber will affect the properties of CMC [16].

Non-oxide ceramics are mainly chosen as matrix materials for CMC in aero-engines.
Non-oxide ceramics mainly refer to SiC and Si3N4. They both have good corrosion resis-
tance, oxidation resistance, and high strength. By contrast, the sintering temperature of
Si3N4 is relatively lower than SiC. Therefore, the SiC matrix has very broad application
prospects. Pure SiC ceramics are mainly obtained by the high-temperature pyrolysis of
polycarbosilane or chemical vapor deposition of trichloromethylsilane, while the SiC matrix
of CMC composites is modified by doping other elements into pure SiC ceramics [17].

• interphase

As the transition zone of the load transfer between fiber and matrix, the bonding
strength, bonding mode, and the interphase type have a great impact on the mechanical
properties and failure mode of CMC. The existence of a weak interphase enables the
introduction of crack deflection at the fiber/matrix bonding system, which can cause a
nonductile fracture [18].

At present, the widely used interphases are the fiber treatment by pyrolytic carbon
(PyC) and boron nitride (BN). The PyC interphase acts as a weak interface between the fiber
and matrix to improve the fracture toughness. It is usually prepared by the chemical vapor
infiltration method or resin impregnation pyrolysis method. The BN interphase is different
from the PyC, as the BN can protect fibers from oxidation. That is, the CMC with the BN
interphase has better oxidation resistance than the PyC [19]. The preparation methods for
the BN interphase also include chemical vapor infiltration and precursor impregnation
pyrolysis. Although the PyC and BN interphases have been widely used in Cf/SiC and
SiCf/SiC composites, the targeted research has still been in progress in recent years. These
two kinds of interphases have poor oxidation resistance when water vapor exists, which is
the universal environment within aero-engines. A better choice is the multilayer interphase,
which contains different sublayers, such as (PyC/SiC)n and (BN/SiC)n. As the sublayers
of different constituents combined, integrating the advantages of both, they are adapted to
the application under a combustion gas environment [20].

2.1.2. Manufacturing Methods

Different manufacturing methods will lead to different failure characteristics. The
preparation processes of SiCf/SiC composites mainly include polymer infiltration and
pyrolysis (PIP), chemical vapor infiltration (CVI), and melt infiltration (MI).

• PIP

The PIP was invented to prepare Cf/C composites with an asphalt or resin polymer
precursor and then gradually extended to CMC preparation. The liquid precursor is
pyrolysis at high temperatures under inert gas protection or a vacuum environment and
converted into the ceramic matrix in situ. The preparation temperature of PIP is relatively
low, with little damage to the fibers. The process is of strong designability of the ceramic
matrix and easy-to-manufacture large and complex components. Its disadvantages lie in
the large shrinkage of the matrix, which introduces high porosity. Therefore, the latest
efforts are focusing on developing a precursor with a high ceramic conversion rate or filler
that can be used to optimize the process [2,21].

• CVI

The CVI method is developed from Chemical Vapor Deposition (CVD). It is very
similar to CVD. The traditional CVD method is to directly deposit coatings on the surface
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of the substrate material, while the CVI method involves the problem of reactive gas
penetration, which is to generate solid ceramic materials inside the material preform and
deposit them on the internal fiber surface in the form of coatings [22]. The materials
prepared by the CVI process have high purity, a complete crystal structure, and excellent
mechanical properties. The disadvantage is that CVI has a long preparation period and
results in a high cost. To improve the deposition efficiency, researchers have developed
forced flow thermal gradient technology, whose mass transfer process is realized by forced
convection. The efforts are focusing on methods that can improve the deposition efficiency
and shorten the densification cycle [23].

• MI

The MI is a process in which the melt enters porous preforms spontaneously with-
out external force employing capillary pressure generated by wetting. The metal melt
infiltration method is that ceramic powder is first made into preforms through a certain
sintering process, and the metal melt or intermetallic compound melt spontaneously in-
filtrates into the ceramic preforms at high temperatures to form sintered products. The
MI process has obvious advantages, such as low manufacturing cost, short cycle, and low
porosity. The disadvantage of this process is that the reaction temperature of liquid phase
siliconizing is high (generally higher than 1400 ◦C), which is higher than the long-term
service temperature of the current SiC fibers and will cause damage to SiC fibers [24,25].

2.2. Development of Environmental Barrier Coatings, EBCs

As discussed in the literature [26–29], the development of EBCs is generally catego-
rized into different generations based on the main composition being used as shown in
Figure 3. A more detailed review of the different generations is presented in this section,
with a particular focus on the capabilities and their pros and cons.
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Mullite attracted the earliest interest because of its good coefficient of thermal ex-
pansion, CTE, and match and chemical compatibility with the ceramic matrix of CMC.
However, mullite does not have long durability in the steam environment. While the
barium–strontium–aluminosilicate (BSAS) is of improved thermal cycling durability and
has a low silica activity, good CTE match with SiC, and a low modulus. In addition, the in-
troduction of a Si bond coat can further improve the cycling life of coatings [26]. Therefore,
Si/mullite + BSAS/BSAS EBCs were applied on SiCf/SiC CMC as the first generation.

The new generation of aero-engines requires EBCs with higher temperature capabil-
ities. Owning high stability in water vapor, high melting points, and a close CTE match
with CMC, rare earth silicates were selected as prime candidates. The rare earth silicates
can be classified as monosilicates (RE2SiO5) and disilicates (RE2Si2O7), where RE = rare
earth elements [27,28]. For this reason, Si/mullite/RE2SiO5 and RE2Si2O7 were selected as
the second generation of EBCs.

The operating temperature of aero-engines is still rising to achieve more powerful
thrusts. Focusing on the development and application of CMC components in the future
aero-engines, the design concept of thermal/environmental barrier coatings (T/EBCs)
has been proposed in combination with TBC coating as the next generation of EBCs. A
thermal barrier layer is introduced to further improve temperature resistance to protect the
CMC/EBCs in a steam environment up to 1650 ◦C [29].
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2.3. Integration of CMC/EBCs

EBCs are different from thermal barrier coatings (TBCs). TBCs are mainly used to
protect the superalloy component. The superalloy substrate has better oxidation resistance
than CMC. The TBCs are introduced as insulating materials to further widen the usage
range of operating temperatures for superalloys. TBCs usually contain materials with
low thermal conductivity coatings that can reduce the surface temperatures of superalloy
components coated with TBCs [30,31]. Formerly, the main function of EBCs is to resist the
corrosion of the CMC substrate in the combustion gas environment. With the development
and progress in technology, more functions have been introduced, as shown in Figure 4.
According to the latest design concept of EBCs, there are four sublayers of coatings. The
top coat is designed as a high-temperature capable coating. Then, the intermediate coat
is used to dissipate thermal–mechanical energy. Next, the environment coat acts as a
corrosion and oxidation barrier. Finally, the bond coat bridges the two materials at the
coating/CMC interface. These functions lead to a closer connection between the coatings
and substrate. Meanwhile, the integration of the CMC substrate and EBCs becomes a more
challenging work. The latest efforts are focusing on optimizing EBC technologies and
making the coatings concordant with the CMC substrate. There is also a continuous push
for developing methods that can design CMC/EBCs integrally.
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3. Failure Mechanism
3.1. Failure Mechanism of Ceramic Matrix Composites

CMC is a typical brittle matrix material. Generally, the fracture strain of the fiber
(1%~1.5%) is greater than that of the matrix (0.1%~0.2%), and the CTE of the matrix is
generally greater than that of the fiber. When cooled down after preparation, there will
be tensile stress in the matrix and compressive stress in the fiber, leading to the initial
damage of the material, such as matrix cracking and interface debonding. Under the
mechanical load, the matrix cracks act as damage sources. With the increasing static and
cyclic loads, the matrix cracks will continue to propagate. When a crack arrives at the
interface between the fiber and the matrix, its propagation path depends on the relative
strength of the interface and the fiber. If the interface is strong, the crack penetrates into
the interphase and the fiber, leading to a fiber break. As a result, the composite exhibits
brittle fractures similar to that of monotonic ceramics. In contrast, the crack will deflect at a
weak interface. The crack propagates along the fiber/matrix interface, and the fiber will
not fracture. The fiber bridging mechanism plays a part that leads to the pseudo plasticity
failure behavior of the material. Around 2000, it was recognized and widely accepted that
matrix cracking, interfacial debonding, and fiber fractures were the three basic damage
modes of unidirectional CMCs [32].

The above is a typical failure process of unidirectional fiber reinforced CMC. For CMC
with complex fiber preforms, such as woven and braided CMC, the failure process becomes
more complicated. In addition, there are more voids and defects in the woven and braided
composite. The matrix cracking may occur under very small strain in these woven and
braided CMCs. It has been proven that cracks first occur in the matrix-rich area of the
material [33]. On the other hand, there are more abundant toughening mechanisms within
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the complex fiber preform, such as the pull-out of the fiber bundle. As the load-bearing
phase of CMCs, fibers can resist the propagation of matrix cracks perpendicular to the fiber.
The configuration, alignment, and orientation of fibers in the woven and braided composite
are more complicated. Thus, the damage mode and failure process will change accordingly.

As mentioned, CMC is the leading material candidate for the hot section component
of aero-engines subjected to an extreme temperature–time–oxidative environment. It is
important to figure out the influences of cyclic loading, thermal shock, oxidation, etc. on the
failure behavior of the composite. In addition, the composite structures usually serve in a
mixed-mode loading or coupling environment that induces more complex failure behavior,
such as crack propagation under fatigue loading and crack healing under an oxidation
environment. Lots of effort has been contributed to illustrate the results of an extensive
experimental investigation on the static and fatigue crack propagation, creep behavior,
oxidation, and corrosion of composite materials over the past decades [34–37].

In general, relevant studies have shown that the interphase, preparation process, fiber
architecture, loading mode, etc. will have a significant impact on the failure mechanism of
CMC [38–41]. Therefore, it is necessary to fully consider all the damage modes, as well as
the effect of these factors on the failure mode of CMC.

3.2. Failure Mechanism of Environmental Barrier Coatings, EBCs

To design and optimize the materials and microstructure of EBC coating, a compre-
hensive understanding of the physical and chemical properties, the damage modes of EBC
coatings, the driving force, and other factors are necessary. Therefore, most efforts in EBC
study have been focused on the failure mechanism, involving the material preparations,
damage evolution, failure mode, and life prediction. After several years of study, no sub-
stantial progress has been made in the failure mechanism of EBC coatings. Accordingly,
the results only point out that the failure of EBC coatings is in all probability caused by the
following aspects [42–52]:

• Thermal residual stress caused by the mismatch of CTE between the coating sublayers
and CMC substrate;

• Microcracks, voids, and other defects in the coatings and substrate;
• Oxide layer;
• Sintering and shrinkage of the coating;
• The degeneration of the bonding layer;
• Mechanical damage, such as delamination and spalling.

Nevertheless, many researchers remain dedicated to revealing the failure mechanism
of EBC coatings. J Kimmel et al. [42] conducted an experimental study of a SiCf/SiC
combustion liner coated with a BSAS coating system. They found that, after exposure to the
gas environment for 13,937 h, the coating spalled off in a large area. They pointed out that
spalling is one of the main damage modes that cause the failure of EBC coatings during
long-term service. In their observations, widely distributed through-thickness cracks in
the coating were found. Ai et al. [44] performed EBC tests under thermal cycles without
mechanical loads. They found that, when the penetrating cracks initiated in the top coat
propagate to the intermediate coat, transverse debonding cracks occur at the interfaces
between sublayers of coatings—specifically, the interface between the intermediate coat and
bond coat and the interface between the bond coat and CMC substrate. These debonding
cracks propagate and coalesce with each other, leading to the final spalling of the coat-
ings. Meanwhile, voids and oxidation in the coating will accelerate the failure procedure
of EBC coating.

Other studies focused on the CTE mismatch between coating sublayers and substrate.
It was found that the water oxygen corrosion may gradually diffuse to the substrate
surface and reacts with the CMC, eventually forming a large number of pores at the
coating/substrate interface when the CTE of the EBC coatings is very close to that of the
CMC substrate. These pores grow and interconnect; then, the EBC coatings spall from the
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CMC substrate [46]. That is, cracks and pores in EBC coatings play a very important role in
the failure procedure of EBC coatings.

In addition, the behavior of EBCs under thermal shock, thermal gradients, and a
corrosion environment directly affects the service life and stability of the coatings and
substrate. Lots of studies had been conducted to investigate the failure mechanism of EBCs
under such an environment [48,50,53,54]. Within these studies, the performances of EBCs
were tested using a high-temperature induction furnace, specially designed electric furnace,
and burner rig facilities. Obviously, the burner rig facility can provide combustion gas
similar to actual working conditions, which is the best method to test the performances
of the EBCs. Meanwhile, the phase analysis and the surface topography observation are
usually performed to obtain the characteristics the EBCs during the loading procedure.
The results will be helpful to improve the performance and service life of EBCs in a high-
temperature extreme environment.

3.3. Failure Mechanism of CMC/EBCs

As discussed, most efforts have been devoted to studying the failure modes of CMC
and EBCs, respectively. However, the damages within the CMC substrate and EBC coatings
influence each other and also the parallel development. As shown in Figure 5, fiber
breaks and matrix cracks may occur under the thermomechanical load, while cracking
and oxidation take place due to the steam environment. Following this, the propagation
of cracks in the substrate and coatings may influence each other and coalesce with one
another. The fibrous architecture of the CMC substrate plays an important role in the
damage mode of EBCs. Similarly, the layer properties of coatings also have a significant
impact on the failure process of the CMC substrate. Thus, it is necessary to consider the
synergetic effect of coating properties and substrate fibrous architecture when analyzing
the failure mechanism of the CMC/EBC system.
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4. Failure Modeling
4.1. Failure Modeling of Ceramic Matrix Composites

The failure prediction of composite materials is usually referred to using single or
multiple models to calculate the stress/strain states and simulate the damage evolution.
The failure can be determined by different criteria. Different mechanisms such as fiber
failure, matrix cracks, interfacial debonding, and delamination can be considered within
the criteria. The failure prediction for fiber-reinforced composites is necessarily based on
an accurate determination of the microscale stress/strain states. For example, the shear
stress at the fiber/matrix interface is significantly important to estimate the initiation
and propagation of debonding between fiber and matrix. To accurately and efficiently
calculate the stress/strain states within the composites, different types of methods have
been proposed over the decades. Among them, the progressive damage analysis based on
the micromechanics method is the most widely used.
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In early studies, the macro-mechanical model [55] was applied to analyze the behavior
of the CMC structure. However, these models based on the elastoplastic mechanics, which
are usually used for metal materials, are not actually applicable to the CMC. As known, the
concept of plasticity cannot be directly used to describe the mechanical behavior of the CMC
material. To describe the nonlinear characteristics of CMCs, researchers have introduced
variables characterizing microscale damage into the constitutive equation [56,57]. Damage
variables are in the form of scalar or tensor. By fitting the test data, these models can well
describe the nonlinear behaviors of CMCs.

The homogenization method provides a feasible way to establish a mechanical model
that can build the quantitative relationship between macroscale properties and the mi-
crostructure of the composite. The homogenization method decomposes the composite
into different scales, and a mechanical analysis can be executed at each scale separately.
It has been realized that the deformation and stress field of composites at different scales
is clearly different. Accordingly, the method to determine the bulk deformation behavior
from the local response is necessary. Such methods refer to the homogenization algorithms,
which usually conduct over a specifically selected volume of the composite [58]. Then,
the relationship between different scales can be developed through homogenization meth-
ods. From another perspective, the homogenization method is a numerical procedure for
predicting the elastic properties of the composite from the available elastic properties of
the constituents. This procedure often involves generating a model, applying appropriate
boundary conditions on the model, and calculating the average stress and strain of the
model volume [59,60]. As known, the different properties of the constituents, such as
the fiber, matrix, and interfacial region, cooperatively influence the thermomechanical
properties of composite materials. Therefore, the underlying random microstructure and
the uncertainties of the constituents’ properties could be accounted for to conduct reliable
failure predictions for composites using the homogenization method [61].

According to the methodology of the homogenization method and micromechanics,
a representative volume element (RVE) is widely used for the modeling of composite
materials. RVE is the basic unit or element of the material, capturing all details of the
microstructure. Generally, RVE is referred to as a repeating unit cell (RUC) for composites.
Meanwhile, RUC is often used to model materials that show periodic characteristics. It
should be mentioned that the asymptotic homogenization theory has been developed by
Raghavan et al. [62] to describe the characteristics mathematically of periodic composites.
RVE models are used with the FE analysis to determine the mechanical properties and
also to study the damage mechanisms of composites. So far, the concept of RVE has been
successfully implemented as the underlying concept in homogenization techniques for the
failure analysis of a composite [63,64]. Ismar et al. [65] established a representative volume
element (RVE) model considering the fluctuation of both warp and weft yarns. In the RVE,
the transverse cracking of the matrix and debonding between yarns was introduced by
defining the fracture criteria. The gradual degradation process of yarn properties along the
fiber direction was described using damage variables. Then, a simulation of the nonlinear
behavior of a braided CMC under tensile loading can be carried out. A model framework
such as this is the most effective and widely accepted right now. As shown in Figure 6, a
typical example of the failure analysis of CMC is a combination of the progressive damage
simulation and micromechanical RVE concept.

Based on this framework, different factors that have impacts on the failure behavior
of CMC can be modeled [8,66]. For example, most of the latest efforts have been devoted
to studying the effects of voids, manufacturing defects, fiber architectures, etc. on the
failure of CMC.
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4.2. Failure Modeling of Environmental Barrier Coatings, EBCs

The failure of the EBCs is a gradual progress when subjected to actual service con-
ditions. As discussed in the previous section on failure mechanism, the final failure of
EBCs is often related to the thermal residual stress, sintering effects, oxidation, and so
on. However, overall, the failure is often attributed to the initiation and propagation of
cracks and the associate stress state, cyclic loading, and temperature. Therefore, the failure
prediction of EBCs is usually referred to using analytical or numerical models to calcu-
late the stress/strain states and simulate the cracking propagation. Different factors such
as thermal residual stress, sintering effects, and oxidation need to be considered within
the model [67,68]. The failure prediction for EBCs is necessarily based on an accurate
description of these factors and their effects.

However, the factors that can affect the failure modes and lifetimes of the EBCs are
very complicated and unpredictable. For instance, the CTE mismatch of different sublayers
and substrates will cause nonignorable thermal residual stress in the coatings. Further,
different bonding strengths between sublayers may lead to delamination nonuniformly
and randomly. There are many methods to account for the effects of these factors on the
cracking behavior of EBCs [69–72]. Generally, the cracks within EBCs can be classified into
two categories according to their orientation: horizontal cracks and vertical cracks. In much
of the research, the mentioned factors were modeled using analytical or numerical methods
to figure out their impacts on the two kinds of cracks.

As discussed, the loading mode and service environment play an important role in
the damage evolution. They should be taken into account when building the failure model.
For most high-temperature applications, thermal shock, or thermal cycling is inevitable.
Therefore, it is necessary to investigate the transient stress distribution and stress evolution
in the EBCs. Transient FEA is capable of capturing the dynamics of thermal shock and has
been applied to analyze the tangential stress distribution and evolution in EBCs [73]. The
influences of thermal gradient, creep relaxation, and oxide growth on the failure of EBCs
were also investigated using an analytical model or FEA [74].

In addition, the oxidation of the bond coat (usually, Si BC) takes place between the
coatings and the CMC substrate under the steam environment of the aero-engine. This
issue also plays a significant role in the failure behavior of the EBCs. The oxidation products
have a different CTE compared to the original bond coat. Thermal mismatch due to CTE
between these constituents will induce large residual stress near the interface. The thermal
residual stress tends to increase with the oxidation process [75–77]. As a result, the cracks
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initiate nearby. The final failure modes will be very complicated due to the coexistence of
the cracks and the oxidation.

As shown in Figure 7, FEM is an efficient method to solve the failure problems
of the EBCs associated with cracking. Firstly, the voids, interfacial defects, and other
geometry factors can be captured in well-constructed geometry models. Subsequently,
the FE models are capable of considering the differences between the physical properties
of constituents [78]. Then, it is convenient to simulate the initiation and propagation of
cracks by various methods integrated into the FE analysis, such as VCCT and XFEM. For
instance, the author conducted a numerical study of the effect of the roughness interface on
thermal stress in the EBCs [79]. A micromechanical RVE model of the coated composites
was established and calculated using the FE method. One of the mentioned factors, the
rough interfaces between the coating layers, was considered in the model. The distribution
of thermal residual stress and the stress concentration was analyzed. The latter is prone to
causing delamination cracking. Then, the cracking patterns and their influencing factors
were discussed.
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4.3. Failure Modeling of CMC/EBCs

As mentioned, most efforts have been devoted to developing the failure models of
CMC and EBCs, respectively. However, the damages within the CMC substrate and EBCs
coating influence each other and also the parallel development [80]. An ideal model for the
failure prediction of CMC/EBCs must consider the synergetic effects of coating properties
and substrate fibrous architecture. Unfortunately, there are not many such models. Based
on this, a previous work of the author developed a numerical model to study the synergetic
effect of coating properties and fibrous architecture on the evolution of thermal stress
within a CMC/EBC system [81]. The microstructures of both EBC coatings and CMC
substrate were precisely modeled in a FE model, as shown in Figure 8. The results show
that both the layer properties of the coatings and the fibrous architecture of the composite
substrate have significant impacts on the stress distribution. Thus, it can be concluded
that an adequate failure model for the CMC/EBC requires a realistic representation of the
fibrous architecture, as well as the coating layers. However, the former is usually ignored
in most studies.
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5. General Remarks on Technical Development

The CMC is a kind of material compounded by brittle fibers, brittle matrix, and
interphase. Although the fiber and matrix of CMC are elastic, the composites exhibit
nonlinear characteristics, also noted as pseudoplasticity. The fracture process and cracking
mode are also very complicated due to the various microscale damages, such as fiber
break, matrix cracking, interfacial debonding, etc. It should be noted that these macroscale
mechanical behaviors are closely related to the microstructure of preform and physical
properties of constituents as the CMC is of significant heterogeneity.

As an excellent high-temperature performance material, the SiCf/SiC composite is
the most potential new thermal structure/functional material to replace superalloys. The
complex mechanical behavior of this kind of CMC has aroused great interest in many
researchers. The basic failure mechanism has been revealed. Most of the latest efforts have
been devoted to figuring out the main factors that influence failure behaviors under service
conditions of aero-engines.

On the other hand, the EBCs are developed to increase the service life of SiCf/SiC
components in the gas environment. There are high durability and reliability requirements
for the components in the aero-engine in order to reduce the operating and maintenance
costs. The improvement of the durability of EBC coatings can effectively increase the
service life of SiCf/SiC components. Therefore, how to improve the durability of EBCs
coatings has always been an important perspective of the CMC study.

In the as-processed state, EBCs are well-bonded to the CMC substrate. However, as
these coatings are exposed to the steam environment, various damages appear, such as
cracking, oxidation, spalling, etc. Thus, most of the efforts are focusing on identifying the
damage mode and the related factors.

The failure mechanism of a CMC/EBC system is summarized in Figure 9. As seen, the
damage modes of the CMC substrate can be divided into intralaminar and interlaminar,
while the damage modes inside the EBCs contain thermomechanical and environmental
damages. The details can be found in the figure. It should be noted that the damages
within the CMC substrate and EBC coatings influence each other. As discussed, most of
the existing research has studied the failure modes of CMC and EBCs, respectively. Thus,
it is necessary to pay more attention to considering the synergetic effect of the coating
properties and substrate fibrous architecture when analyzing the failure mechanism of the
CMC/EBC system.

Compared to the experimental studies, model research on the failure of CMC/EBCs
is inadequate. As mentioned, many experimental studies have been conducted to figure
out the main factors that influence the failure behavior of CMC under service conditions.
Meanwhile, tests are performed by exposing the EBC to a variety of service environments,
including isothermal dry air exposures, exposures to water vapor, and cyclic thermal expo-
sures. These experimental studies that intended to capture the key factors that influence
the failure are necessary pre-works for developing prediction models. However, the influ-
ence factors are too complicated. There are still many issues that are not clear within the
failure mechanism of the CMC/EBC system. As a result, the progress of model research is
relatively slow and not meeting expectations.



Coatings 2023, 13, 357 13 of 17Coatings 2023, 13, x FOR PEER REVIEW 13 of 15 
 

 

 
Figure 9. The failure mechanism of the CMC/EBC system. 

Compared to the experimental studies, model research on the failure of CMC/EBCs 
is inadequate. As mentioned, many experimental studies have been conducted to figure 
out the main factors that influence the failure behavior of CMC under service conditions. 
Meanwhile, tests are performed by exposing the EBC to a variety of service environments, 
including isothermal dry air exposures, exposures to water vapor, and cyclic thermal ex-
posures. These experimental studies that intended to capture the key factors that influence 
the failure are necessary pre-works for developing prediction models. However, the in-
fluence factors are too complicated. There are still many issues that are not clear within 
the failure mechanism of the CMC/EBC system. As a result, the progress of model research 
is relatively slow and not meeting expectations. 

According to the published literature, most of them intended to develop failure mod-
els of CMC and EBCs, respectively. The typical modeling methodology of the CMC and 
EBCs is summarized in Figure 10. As seen, the failure analysis of CMC is a combination 
of the damage evolution and failure simulation. The simulations are usually based on pro-
gressive damage analysis and the micromechanical RVE concept, while the failure models 
of the EBCs can be divided into analytical and numerical methods. The particular method 
is selected to calculate the thermal residual stress or to simulate crack propagation. Similar 
to the technical trends of mechanism study, more attention should be paid to developing 
models that consider the synergetic effects of coating properties and substrate fibrous ar-
chitecture for the failure prediction of CMC/EBCs. As demonstrated by a previous study, 
an adequate failure model for the CMC/EBCs requires a realistic representation of fibrous 
architecture, as well as the coating layers.  

Figure 9. The failure mechanism of the CMC/EBC system.

According to the published literature, most of them intended to develop failure models
of CMC and EBCs, respectively. The typical modeling methodology of the CMC and EBCs
is summarized in Figure 10. As seen, the failure analysis of CMC is a combination of the
damage evolution and failure simulation. The simulations are usually based on progressive
damage analysis and the micromechanical RVE concept, while the failure models of the
EBCs can be divided into analytical and numerical methods. The particular method is
selected to calculate the thermal residual stress or to simulate crack propagation. Similar
to the technical trends of mechanism study, more attention should be paid to developing
models that consider the synergetic effects of coating properties and substrate fibrous
architecture for the failure prediction of CMC/EBCs. As demonstrated by a previous study,
an adequate failure model for the CMC/EBCs requires a realistic representation of fibrous
architecture, as well as the coating layers.
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6. Conclusions

To improve the durability of CMC/EBCs in the combustion gas environment, different
manufacturing methods of composites and several generations of coating systems have
been developed over the past 40 years. Most of the efforts were devoted to optimizing the
preparation process and obtaining the detailed performance data of these materials under
the combustion gas environment of the aero-engine.

Individually assessing the failure of CMC and EBCs is not a simple task. Before
modeling, tests under severe and typical operating environments need to be performed to
capture the damage modes and failure mechanisms. Then, models should be developed
to consider the factors that influence the characterization of these materials. Among these
factors, the most important ones are voids, manufacturing defects, fiber architectures,
loading mode, and service environment. Most efforts have been devoted to simulating and
modeling the influences of these factors on the CMC and EBCs, individually. Indeed, more
efforts should focus on researching the interaction and coupling effect of these factors.

Therefore, this paper offers a review and a detailed description of the materials features,
failure mechanism, and failure modeling for both CMC substrate and EBCs coatings. A
discussion of the various methods for failure analysis is performed. General remarks on
technical development for failure modeling are summarized subsequently. So far, the failure
analysis of CMC and EBCs is still a challenging task. There is no clear and complete map
for the mechanism and influence factors of the CMC and EBCs. In addition, an adequate
failure model for the CMC/EBCs requires more details of the CMC substrate as well as the
EBCs coating as the damage evolutions within them influence each other. In fact, both the
layer properties of EBCs and the fibrous architecture of the CMC substrate have significant
impacts on stress distribution and damage evolution in the coated system. There is an
interactive relationship between the development of stress and damage in the coatings
and substrate. In addition, other factors such as manufacturing defects in the coatings and
substrate affect each other. However, most previous research intended to develop failure
models of CMC and EBCs, respectively. Therefore, more attention should be paid to the
synergetic effect of coating properties and substrate fibrous architecture.
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