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Abstract: Ceramic matrix materials have attracted great attention from researchers and industry
due to their material properties. When used in engineering systems, and especially in aero-engine
applications, they can result in reduced weight, higher temperature capability, and/or reduced
cooling needs, each of which increases efficiency. This is where high-temperature ceramics have
made considerable progress, and ceramic matrix composites (CMCs) are in the foreground. CMCs
are classified into non-oxide and oxide-based ones. Both families have material types that have a high
potential for use in high-temperature propulsion applications. The oxide materials discussed will
focus on alumina and aluminosilicate/mullite base material families, whereas for non-oxides, carbon,
silicon carbide, titanium carbide, and tungsten carbide CMC material families will be discussed and
analyzed. Typical oxide-based ones are composed of an oxide fiber and oxide matrix (Ox-Ox). Some
of the most common oxide subcategories are alumina, beryllia, ceria, and zirconia ceramics. On the
other hand, the largest number of non-oxides are technical ceramics that are classified as inorganic,
non-metallic materials. The most well-known non-oxide subcategories are carbides, borides, nitrides,
and silicides. These matrix composites are used, for example, in combustion liners of gas turbine
engines and exhaust nozzles. Until now, a thorough study on the available oxide and non-oxide-
based CMCs for such applications has not been presented. This paper will focus on assessing a
literature survey of the available oxide and non-oxide ceramic matrix composite materials in terms
of mechanical and thermal properties, as well as the classification and fabrication methods of those
CMCs. The available manufacturing and fabrication processes are reviewed and compared. Finally,
the paper presents a research and development roadmap for increasing the maturity of these materials
allowing for the wider adoption of aero-engine applications.
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1. Introduction

Materials such as ceramic matrix composites (CMCs) have been the focus of research
and being tested in different conditions for several decades now. They are known as a sub-
group of composite materials and ceramics. Ceramic composites were developed to control
and address problems that occurred with other commonly used ceramics, such as silicon
carbide, alumina, silicon nitride, aluminum nitride, and zirconia. Such ceramics fractured
with ease, revealing scratches and cracks while mechanical and thermo-mechanical loads
were applied to them. To increase hardness and fracture toughness, several methods have
been presented. As an example, mono-crystalline whiskers or platelets were added to the
matrix, allowing for small improvement with the usage of only ceramic cutting tools [1,2].

In recent years, some improvements have been implemented with the consolidation
of multi-strand fibers, which have proven to be crack, elongation, and thermal shock
resistant, allowing for the creation of new applications in the aerospace and manufacturing
industry [3]. This combination of materials has been adopted in the aerospace industry,
making parts more resistant in extreme conditions enhancing the fracture toughness of the
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combined material system, adding higher strength and young’s modulus in the matrix,
as well as being lighter compared with the alternative, more conventional structures [4,5].
According to the literature, continuous-length ceramic fiber with an elastic modulus is the
most used type of CMC reinforcement or filler [6]. This allows the total composite stress
to increase, enabling the expended energy during crack dissemination to bridge cracks
without fracturing, providing the material with maximum tensile strength. This results
in CMC materials being preferred over other conventional technical ceramics that exhibit
similar low fracture toughness and low thermal shock resistance but more extreme brittle
behavior [7,8].

In the aerospace sector, there have been challenges for the optimization of thermal
insulation structures and the design and fabrication of non-eroding firing thrusters which
can survive high thermal-structural and thermal chemical combustion environments with-
out the use of a cooling system [9]. Parts, such as the inner surface of an exhaust nozzle,
where the propellant flow is accelerated to supersonic conditions, are safety critical com-
ponents, as the highest amount of shear stress, pressure, and heat fluxes are observed.
These conditions result in ablation because of the heterogeneous reactions between hot gas
and solid walls, leading to a decrease in the engine thrust [9,10]. On that basis, the most
common materials used for this type of application are refractory metal carbides, ceramics,
fiber-reinforced plastics, and graphite [10,11]. CMCs are potential alternative materials for
such applications.

Furthermore, literature shows that certain categories of CMCs demonstrate superior
performances under such high temperature and pressure operating conditions without,
however, having an overall better performance [12-14]. In recent years this has been
addressed through the adoption of ultra-high temperature ceramic matrix composite
(UHTCMC) materials that exhibit preferable performance in high-temperature environ-
ments as well [15,16]. Such UHTCMC materials are composed of C or SiC continuous fibers
in basic ceramic matrices [17].

The focus of the present research is on the classification of the available oxide and
non-oxide CMC materials. A high-level classification is shown in Figure 1. Furthermore, a
literature survey of the CMCs used for aero-engine applications is presented and compared
to CMCs that have already been used in aero-engine applications regarding their mechani-
cal and thermal applications. For the critical analysis comparison of the discussed materials,
Ashby charts have been drawn to help with the material selection. The results of this survey
were focused on creating an available classification of the existing oxide and non-oxide
CMC materials. Moreover, a material property investigation took place, allowing for the
comparison of both mechanical and thermal properties of oxide and non-oxide CMCs. This
material property comparison will also help identify the selection of the correct material
for the needed application.

CMCs
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Oxide CMCs CMCs
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Figure 1. Oxide and non-oxide CMC material categories.
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Development of CMC roadmaps is also conducted to address the engineering issues
that must be resolved to increase the maturity of CMC materials and enable their de-
ployment in aero-engine applications. The roadmaps are developed based on historical
information on CMC materials and their manufacturing processes that were acquired from
a literature review of internet sources released up until the end of 2022. The progress of
oxide and non-oxide CMCs in high-temperature industrial and aerospace applications are
discussed. Furthermore, the developed roadmaps will also discuss the progress of the
applied manufacturing processes of this type of composite. To conclude, the technological
achievements of CMCs in high-temperature applications are critically discussed according
to the collected literature.

2. Methodology

A broad systematic research of CMC materials literature was undertaken to reveal the
use of the existing oxide and non-oxide CMCs in aero-engine applications. Keywords or

Zani

phrases included “oxide CMC”, “non-oxide CMCs”, “material classification”, “alumina
oxide”, “aluminosilicates”, “carbon, silicon carbide”, “titanium carbide”, “tungsten carbide
ceramics”. Oxide and non-oxide CMC material searches were conducted, focusing on
evidence-based research articles published between 1986 and 2022.

Titles and/or abstracts of articles identified through searching online literature
databases, such as Scopus, Web of Science, and Google Scholar, were reviewed and evalu-
ated for information relevance. Relevant articles were subjected to inclusion or exclusion
criteria according to the research needs. Alumina oxide, aluminosilicate, carbon, silicon car-
bide, titanium carbide, and tungsten carbide material classification studies and application
usage in high-temperature and pressure application studies were reviewed. Articles that
did not focus exclusively on the classification of oxide and non-oxide CMC materials were
excluded from further evaluation. Finally, data supporting the aerospace applications in
which CMC materials have been used were sought and incorporated in the classification of
the materials.

Figure 2 illustrates the growing interest in CMCs from the academic community. As
can be seen, research on CMCs has been of constant interest since the 90s. However, it is
obvious from Figure 3 that the research community has slightly moved its interest from non-
oxide to oxide CMCs. In general, specific achievements, such as increasing the operating
temperatures, introducing easier and more cost-effective manufacturing processes, and
improving the thermal properties of the CMCs, resulted in more researchers being active
on CMCs.

1996-2000 2001-2005 2006-2010  2011-2015 2016-2020 2021-Today

Figure 2. CMC materials research published since 1986.
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Figure 3. Oxide vs. non-oxide CMC materials research.

3. Materials Classification

CMCs are classified as composite materials and technical ceramics. Their composi-
tion includes ceramic fibers embedded in a ceramic matrix producing a reinforced fiber-
reinforced material. Ceramic materials are known for their brittle nature, but CMCs are
tougher than their ceramic constituents. This is due to the efficient design of the fiber-
matrix interface, which is responsible for spotting and deflecting cracks in the matrix,
protecting the fiber reinforcement from catastrophic failure [18,19]. The literature analysis
indicated that CMCs could be classified into two basic composite categories: oxide CMCs
and non-oxide CMCs.

Oxide CMCs are oxidation-resistant materials and are used for applications with
oxidizing environments, such as the hot section of turbine engine applications. Moreover,
it has been found that the most used oxide composite base material families are alumina
oxide and aluminosilicates [20,21]. These two base material families are then combined
with several different ceramic and metallic fillers and reinforcements, which allow for
the creation of the oxide CMCs. When both base material and filler reinforcement are
oxide ceramic-based, an oxide-oxide CMC matrix is produced. A particular example is the
combination of aluminosilicates with alumina/mullite fibers. Moreover, alumina can be
successfully combined with boron carbide, silicon nitride, titanium carbide, and titanium
dioxide filler reinforcements to create an oxide-CMC material. These material combinations
will be discussed in greater detail in the following sections of this paper. Furthermore,
oxide CMCs are considered to have better creep and corrosion resistance properties than
non-oxide CMCs. Such properties have led to more research on this type of composite
material in the past decade. Section 4 will focus on presenting the various types of oxide
CMCs in more detail.

Non-oxide CMC materials have been in the research spotlight due to their good
mechanical and thermal properties. They are composed of a non-oxide base ceramic matrix
material and a filler/reinforcement (ceramic, metallic, plastic, polymer, etc.). Literature
highlights carbon, silicon carbide, titanium carbide, and tungsten carbide being used as base
matrix materials. For every material base matrix, there are several filler /reinforcements
materials combined to create a non-oxide CMC material. Non-oxide CMCs, when subject to
elevated temperatures, have low oxidation and corrosion resistance, whereas oxide CMCs
are more oxidation and creep resistant in high temperatures, which will be discussed in the
sections below. Section 5 will focus on presenting the various types of non-oxide CMCs in
more detail.

4. Oxide CMCs

The main reason for using Oxide CMCs (O-CMCs) compared with using other tech-
nical ceramics is due to the low fracture point under high mechanical or thermal load
occurring to cracks made by small defects or scratches [21]. This is because O-CMCs
include inorganic oxide compounds of metallic or metalloid elements with oxygen, such
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as alumina, beryllia, ceria, and zirconia. According to the reported research, though, not
great breakthroughs have been achieved in terms of improving crack propagation, with
only the multi-strand fibers enabling a small increase in the crack, thermal shock, and
elongation resistance, allowing for the usage of these materials in new applications [20].
Furthermore, the applications in which O-CMCs are used are limited to a maximum tem-
perature of 1200 °C [21]. This is due to degradation in the mechanical performance of the
oxide reinforcing fibers occurs, resulting in minimizing the tensile strength values of the
composite [22]. To avoid this, the literature suggests the use of a weak fiber-matrix interface
so that when the material is under load, the crack will occur in the weak fiber-matrix
interface. This allows composites to be able to withstand a larger amount of mechanical
load [23].

The commercialization of high-strength oxide fibers started in the 1990s when the first
alumina-mullite CMCs were manufactured [2]. Alumina-mullite composites with almost
pure alumina fibers have the highest strength among the oxide fibers and also high creep
and oxidation resistance [5]. Nowadays, new material matrices have been implemented for
the construction of oxide CMC matrices, as shown in Figure 4.

Oxide CMCs

Aluminosilic
ate Matrix

Alumina
Matrix

Titanium
Dioxide

Boron Silicon Titanium
Carbide Nitride Carbide

Alumina/
Mullite Fiber

Figure 4. Oxide CMC material categories.

Figure 4 shows the available oxide ceramic matrix composite materials and the dif-
ferent types of matrices and material compositions. This type of CMCs can be used for
both structural and ultra-high temperature applications. More specifically, there are two
basic types of oxide base material matrices, alumina, and aluminosilicate matrix, which
can be used either as the base material or the filler /reinforcement. The alumina matrix can
respectively be combined with boron and titanium carbides, silicon nitrides, and titanium
dioxides. On the other hand, the alumino-silicate matrix can be successfully combined with
alumina/mullite fibers to create an oxide CMC material composition. These categories will
be discussed in more detail in the following paragraphs.

4.1. Alumina Matrix CMCs

Alumina is a mixture of aluminum and oxygen with high thermal conductivity and
is widely used as an electrical insulator. It has high hardness, high compressive strength,
and good chemical and thermal stability [7,24]. However, its application as a structural
material has been limited by its low fracture toughness and strength. This is attributed to
the fact that cracks easily propagate, and therefore, they might fail unpredictably during
service [25-28].

Literature indicates a small amount of developed ceramic oxide interphases composed
with the alumina matrix, while the largest number of studies are experimental, conducted
with the use of metal oxides (lanthanum vanadate, calcium tungstate, etc.), which have been
proven to present processing challenges [29,30]. Alumina matrices are used predominantly
for O-CMC applications due to their high mechanical and thermal properties and low
density. Their chemical stability is a factor that allows them to be combined with other
available oxide fibers enabling better overall temperature capability of the composite
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material. Some of the most used alumina-based CMCs include boron carbide, silicon
nitride, titanium carbide, and titanium dioxide as secondary composite materials (Figure 4).
In the following paragraphs, these composite systems will be discussed in more detail.

e  Alumina and Boron Carbide

Boron carbide has high strength and hardness, and it is the third hardest material after
diamond and boron nitride. Furthermore, it also exhibits low density, neutron absorption
capability, and acceptable chemical stability values. These properties allow the boron
carbide to ionize radiation [31]. The combination of alumina matrix with boron carbide
creates a high-temperature and high-pressure-resistant composite CMC material which can
be used in high structural applications [31,32]. The literature indicates that 10-40% vol of
B4C whiskers have been tested and showcased the higher density results. B4C between
5 and 15 vol% showed that it could assist in the sintering of the alumina densification by
methods other than grain development inhibition. The composites with 10-20 vol% B4C
whiskers have enhanced fracture toughness of up to 6.2 MPa.m?/2 [33].

Due to their high hardness and fracture toughness, composites made of aluminum
oxide (AlO3) and boron carbide (B4C) have been suggested for use in high-temperature
applications and as cutting tools. The composite Al;O3 and B4C coatings were made using
the air plasma spraying technique. On ordinary carbon steel substrates, plasma was used
to spray three different Al;O3:B4C composition ratios at 90:10, 80:20, and 70:30 by weight.
Using scanning electron microscopy (SEM), microhardness tests, X-ray diffraction (XRD),
and the flash diffusivity method, the impact of B4C content on the microstructure, hardness,
porosity, and thermal diffusivity of the coatings was investigated. The plasma spray’s
characteristics were refined to attain a theoretical density of about 90% [34].

Sintering is one of the most used manufacturing techniques for boron carbide [35]. On
the other hand, sintering boron carbide in high densities is challenging to accomplish, but
literature shows that if sintering methods are executed correctly, they offer high overall
thermal properties [36]. In recent years, hot pressing of sintering additives has also been
successful, although it required high temperatures to keep a fully dense boron carbide
body [37]. Experimental studies have been presented combining various metallic phases in
the boron carbide matrix, but the results could not be attained at the required temperatures
without fracturing [38]. On the other hand, when boron carbide was tested with oxide
matrix materials as sintering aids (non-reactive sintering), better results were achieved due
to their high chemical stability [39]. Alumina oxide proved to increase the sinterability of
boron carbide at a higher rate. In addition to that, an increase in density, hardness, flexural
strength, and fracture toughness was also accomplished, making it a suitable base material
for the creation of a highly usable CMC [39].

e Alumina and Silicon Nitride

Silicon Nitride (Si3Ny) is used in CMCs in particulate form with high mechanical
strength and wear resistance. It has high dielectric properties, and as such, it is a good
energy insulator. Moreover, silicon nitride has been developed and used in structural
applications, such as valves, gas turbine components, and turbocharger rotors [16,17].
Despite its high-temperature resistance and strength, when exposed to high mechanical and
thermal conditions, it fractures. This is the biggest challenge in engineering applications of
this type of ceramics. Introducing silicon nitride in alumina matrix (AlpO3/SizNy) increases
overall mechanical properties by a great margin [40,41]. Additionally, this class of CMCs
can be manufactured with relatively low-cost processes [6].

Literature indicates combinations of SizNy and Al,Oj are used in consolidation. The
discovery of an enlarged £ -Si3sNy structure known as the 3 -phase was first reported
independently by various researchers [42,43]. Recently, it was discovered that this £ phase
is a solid solution of AIN-Al;Oj3 in 5 -S5iNy instead of what was previously believed to be a
solid solution of Al,O3 to 8 -Si3sN4. When Si3sNy and Al,Os are hot pressed or pleasureless
sintered, dense solids are created that are principally composed of b and one or more



Appl. Sci. 2023,13, 3017

7 of 42

minor phases. SiAION is the name given to this kind of material today. Candidates for
high-temperature structural applications include SiAION, Si3Ny, and SIC [44].

Further investigations demonstrate the thorough mixing and contact of the Si3Ny
and Al,O3; powders that was ensured by intense stirred-ball-mill blending of the starting
powders [44]. Powder mixtures of different Al;O3/Si3N4 mole ratios were pressure sintered
in a vacuum at temperatures ranging from 1100 to 1700 °C (2010 to 3090 °F) for studying
the kinetics of reaction and densification. During heating and at equilibrium temperature,
press ram movement resulting from the application of constant pressure (a measure of
powder compaction) was recorded. In order to explain the production and densification of
SiAION as a function of temperature and the SizN4:Al,O3 mole ratio, powder compaction
rates, and end-point densities were coupled with X-ray diffraction and metallographic
investigations [45,46].

Further development of the material systems (thermal stability, non-oxidizing interface,
and matrix), low-cost manufacturing processes, and non-destructive evaluation techniques
are investigated [47,48]. Literature reports experimental studies where Al,O3/Si3N4 is
proposed for hybrid bearing applications, where the inner and outer races are created
from steel, and the balls are manufactured from such CMC. Components with increased
compressive strength (12.5% increase) are reported [49].

The functional graded material of Si3Ny-Al,O3 is developed by using a polypoid
functional gradient and is successfully manufactured with the powder stacking method,
resulting in a crack-free joining of the two materials. For the powder stacking method to be
successful, the process includes the stacking of 20 layers of polyploids with a thickness of
500 um each to reduce the thermal residual stress resulting in a smooth gradient [50].

e  Alumina and Titanium Carbide

Titanium carbide (TiC) is a very hard refractory ceramic material. It has been tested
to have the highest specific strength and modulus, high melting point, and electrical and
thermal conductivity. Due to its high mechanical and physical properties, TiC has been used
as reinforcement in titanium matrix composites [51]. Several researchers have described
the ability of TiC particles to heal surface cracks in the alumina matrix [52].

Alumina and titanium carbide is a new combination, and thus a very small amount
of experimental research has been reported. Experiments have been created using TiC
in CMCs in the range of 15-30%. More specifically, Al,O3-TiC composites with various
amounts of TiC, from 16 to 30 vol.%, were pressureless-sintered using 1 wt% Al as an
additive. As the volume fraction of TiC grew, the hardness and toughness gradually
increased as well. As the TiC volume percentage rose from 0.20 to 0.23, the electrical
conductivity increased along with it and grew by about 10 orders of magnitude. The best
wear resistance was found in a sample with a TiC volume fraction of 0.23, which is close to
its saturation point [53].

Some newly developed fabrication techniques include the cementation process, where
the provided alumina oxide, titanium particles, and activated carbon fine precursor are
brought together to react upon sintering, creating a functionally graded-cemented layer.
This technique offers lower synthesis costs without losing any of the mechanical and
thermal strength of the final composite [54].

Such CMCs are mostly used as a slurry mixture and for manufacturing wear-resistant
tools, protective coating, and cutting tools, due to their good chemical inertness and
thermal conductivity as it is considered prominent reinforcement material [55]. Further
experimental research on such CMCs focused on aero-engine applications demonstrated
that the material cracks were healed when the composite was exposed to a high-velocity
gas mixture at a temperature of 1000 °C and a low oxygen partial pressure [56].

Using sintering methods, researchers proved that the in-situ synthesis of TiC creates
composites with high density, exhibiting enhanced toughness in comparison with Al,O3
oxide ceramics [57]. Further investigations have been conducted on the manufacturability
of such CMCs, focusing on mechanical milling, cementation process, and pressure-less
sintering, but the results varied without having a consistently successful outcome [58].
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Another important use of the in-situ synthesis of TiC particles is for healing surface
cracks in the alumina matrix. Literature suggests the use of 15-30% volume percentage of
TiC in temperatures ranging from 400 to 800 °C at a certain time. The results showed that
the composite obtained maximum strength when it contained a 30% volume percentage of
TiC [56]. Furthermore, surface cracks were healed when the composite was exposed to a
combustion chamber with a high-velocity exhaust gas mixture at a temperature of 1000 °C
and a low oxygen partial pressure [52].

e  Alumina and Titanium Dioxide

Titanium dioxide (TiO,) particulates are mainly produced in the form of white powder
pigment due to their brightness and very high refractive index. This means that a low level
of pigment is required to achieve a white opaque coating. One of the major advantages of
TiO; is its resistance to discoloration under ultraviolet light. It is mainly used in coatings,
plastics, fibers, and pharmaceuticals. In mildly reducing atmospheres, TiO, loses oxygen
and turns into a semiconductor [59].

The combination of alumina and TiO, particulate reinforcement allows for highly
reactive powder with low thermal expansion, thermal conductivity, and high thermal shock
resistance [60]. The mechanical properties of such CMCs are similar to those of alumina
and titanium carbide ones and comparatively higher than all the other oxide CMCs [61].

Typical applications for such CMCs are crucibles, nozzles, tubes, thermocouples,
and coatings (for thermal corrosion and wear protection) [62]. Researchers have studied
the characterization of Al;O3 coatings with the addition of TiO,, as well as the effects
of TiO; in addition to alumina base plasma sprayed coatings concluding that titanium
dioxide lowered the microhardness of the alumina coating [18]. This resulted in a decrease
in the hardness of the titanium oxide coatings while the toughness values of alumina
coatings increased. Literature also indicates that the combination of Al,O3 and TiO; into a
ceramic resulted in higher microhardness values of the sample compared with adding both
materials separately [63,64].

4.2. Aluminosilicate Matrix CMCs

Literature review indicates that aluminosilicate (Al,O3/SiO;) ceramics improve the
bonding strength of oxide CMCs and are mainly composed of alumina, silica, and mul-
lite [55]. SiO; matrix is a potential material for high-temperature ceramic applications due
to the advantage of low and stable dielectric constant, high chemical and good mechanical
stability, and excellent thermal shock resistance. The literature also shows that aluminosili-
cate CMCs are applied in antenna housing and aerospace engineering applications [65].

Mullite ceramics are known to have high creep and thermal shock resistance but less
strength resistance at high temperatures [66]. Furthermore, mullite ceramics have lower
mechanical properties in comparison with other ceramics at room temperature applica-
tions [67,68]. For their creep and oxidation resistance properties to be exploited, researchers
introduced second-phase enhancers in the form of particles, fibers, and whiskers, allowing
for better overall property results [69]. Some of the most popular composite material filler
reinforcements are zirconia and alumina, and they are composed of a mullite base matrix
with electrophoretic deposition or sintering [70]. This way, the mechanical properties of the
mullite-based matrix increased more than double the use of pure mullite.

e  Aluminosilicate matrix and alumina/mullite fiber CMCs

Research studies show that the Aluminosilicate and Mullite composites have been
used for complex-shaped components, such as the heat insulation tile of the combustion
chamber, which was verified by simulation tests [71,72]. Literature studies showcased
the thermal shock resistance of Al,O3/SiO; being able to withstand very hard conditions,
similar to those nickel and metal alloys withstand in aero engine applications, by using the
residual stress field theory of periclase-hercynite refractories [65,73].

Aluminosilicate CMCs’ residual strength is higher than the majority of other oxide
CMC materials [74,75]. It was also found that Al,O3/SiO, composites exhibit high strength,
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excellent oxidation resistance, and environmental stability at high temperatures [68]. In
aluminosilicate CMCs, the most common composition of alumina base matrix ranges
between 50 and 90% Volume of fraction (Vf), while the filler reinforcement materials com-
positional summary depends on the synthesis procedure used to create the aluminosilicate
composite [76].

Studies also investigated the porous Oxide CMCs in greater depth, which allowed the
synthesis of Nextel 720 fiber-reinforced porous mullite-Al,O3 composites with the use of
the infiltration-wound (SI-W) process. This resulted in aluminosilicate composites having
high tensile strength (up to 149 MPa). These results allowed this type of oxide CMCs to be
applied in the inner and outer linings of the aero-engine combustion chamber and the hot
parts of a spacecraft nose cone [19].

Literature suggests the use of aluminosilicate matrix CMCs in aerospace applica-
tions [77,78]. Until now, aluminosilicate CMCs have been used as environmental barrier
coatings (EBCs) and thermal barrier coatings (TBCs) in the hot section of gas turbine en-
gines [78]. Research has proved that aluminosilicate CMCs can replace nickel superalloys
as they provide better temperature and corrosion resistance in oxidating environments [79].
NASA has also been implementing these types of CMCs in ultra-efficient engine technology
by implementing aluminosilicate CMCs as a three-layer barrier coating system to avoid
crack formation [80].

A very common manufacturing method for porous Oxide/Oxide CMCs, that also
allows the preparation of Nextel 720 fiber-reinforced porous mullite-Al,O3 composites is
the slurry infiltration-wound (SI-W) process [81]. Further research examples have shown
that the sol-gel infiltration process is also used to manufacture aluminosilicate composites
and, more specifically, Nextel /A and Nextel/AS commercially available ceramic matrix
composites. Some characteristics examples describe the process achievement by drying
the laminates with a vacuum bag technique in low pressure and temperature and finishing
with pressure-less sintering, which allowed for no coating to be used [71,82].

5. Non-Oxide CMCs

Non-oxide CMCs are technical ceramics displaying covalent bonds, which mainly
include conductive carbides and non-conductive nitrides [83]. The composition of non-
oxide CMCs allows for high toughness, although their constituents are very brittle. This is
achieved through the design of the fiber /matrix interface, which is capable of deflecting
cracks formed when a large amount of load occurs in the brittle matrix, avoiding an early
failure of the fibrous reinforcement, such as the O-CMCs. In more detail, a thin layer of
a compliant material with low shear strength is added to the fiber surface, creating an
interphase that reacts as a mechanical fuse [84,85].

Non-oxide CMC combinations provide different material properties and require dif-
ferent manufacturing procedures, which determine their usage for a variety of applications
in different industrial sectors. The literature highlights that non-oxide CMC is the most
commonly used CMC for high-temperature applications [86]. They can be separated
into composite material categories, which include carbon, silicon, titanium, and tungsten
carbide particles. Their mechanical and thermal properties allow them to be used as
cutting tools, super-hard abrasives, rocket nozzles, electrodes for metal melts, as well as
heating elements.

The most used structural non-oxide materials are silicon carbides, known as sialons,
which are nitride-based ceramics with a wide range of oxide content. They are mainly
processed in high-temperature environments with inert gases to reduce oxidation [87-89].
Non-oxide CMCs composition includes different matrices which can be used as base
material and different fillers and reinforcements, as shown in Figure 5. The four main
material matrices include carbon, silicon carbide, titanium carbide, and tungsten carbide.
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Figure 5. Non-oxide CMC material categories.

5.1. Carbon Matrix CMCs

Carbon as a solid varies in mechanical and thermal properties. Some carbons are
highly porous, and others are impervious to liquids and gasses [9,90]. These conditions
result from structural effects of the geometry and amount of carbon phases with a crucial
effect on the crystalline order.

The literature review highlighted that there are three common carbon-based material
categories: Carbon/Carbon, Carbon/Metal, and Carbon/Resin composites. Carbon-based
composites are widely accepted in the aerospace industry. However, pure carbons and com-
posites have oxidation problems and require additional oxidation-resistant reinforcements
or coatings [91-93]. Carbon fused ceramics as a base material can be used to improve the
composite’s oxidation resistance and lifetime. These carbon-based ceramics include silicon
carbide (SiC) due to its high oxidation, temperature, thermal shock stability, and high creep
resistance [94,95].

Moreover, the carbon base matrix is combined with carbon fibers (C/C) used as
fillers /reinforcements. The carbon fibers must be aligned parallel to the external load of
the carbon matrix and should be as long as possible. This allows the application of the
maximum stress in the C/C CMC matrix [96,97].

C/C composites have been applied in ballistic missile nose tips, nose caps, and leading
edges of space shuttles [98]. Although there has been noticeable development in this type
of ablative composite technology, there are still a number of applications where it cannot be
used. These include the production of gas turbines, turbojet engines, internal combustion
engines, nuclear reactors, etc. As all these systems operate under severely harsh service
environments, significant advances in ablative systems could provide a huge success in the
development of such structures [99].

e Carbon/Carbon matrix CMCs

Historically, the main reason why composites based on ceramics and carbon fibers were
fabricated was to avoid the failure of the ceramic parts at increased loads. The production
of carbon matrix CMCs requires physical and chemical compatibility between the carbon
and ceramic particles. Carbon/carbon CMCs are used both as a filler and a base matrix,
where the latter is the connecting source for the fillers, allowing for the composite to have
different structures and textures [100]. Some examples where carbon is used as a filler or
reinforcement are carbon fibers, which allow for a variety of different property composites
by selecting the needed precursors and shapes (strand, yarn, or chopped). In addition, for
the fabrication of carbon-ceramic CMCs, the composite must have a service temperature
that reaches up to 1600-1800 °C, as this is the temperature where most ceramics crystallize.

Carbon/Carbon composites, also known as carbon fiber reinforced carbon (CFRC)
or reinforced carbon/carbon (RCC), are CMC material matrices including carbon fiber
reinforcements in a matrix of graphite [101,102]. Over the past three decades, carbon fibers
have been one of the most recognizable reinforcements for advanced composites used
in aerospace applications [103]. They are a few microns thick, lightweight, very strong,
and stiff black synthetic fibers, consisting of long aromatic molecular chains comprising
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mainly carbon. Their main advantage is the increased toughness. Research has shown that
carbon fibers can improve mechanical and thermal properties by up to ten times without
increasing the final weight of the composite. Carbon composites have been tested under
high temperature and pressure conditions, which allows them to be used in different types
of ceramic, polymer, and metal matrices [104].

Nevertheless, carbon fiber-reinforced carbon CMCs exhibit high fracture toughness
and pseudo-plasticity [10,76]. They are heat-resistant but suffer from drastic material
consumption in oxidizing atmospheres due to the oxidation of carbon and the creation of
carbon oxide (CO) and carbon dioxide (CO,) [47].

Such CMCs have high stiffness and strength. Such properties are, to some extent,
achieved because of the control of microcracks in the interphase of the carbon matrix and
fiber matrix and the fact that these are practically closed when exposed to high tempera-
tures. They can be used in environments where temperature can approach 3000 °C [105].
In addition to their good strength and stiffness, they have low thermal expansion and good
thermal shock resistance, as well as good creep and corrosion attributes. Their mechani-
cal strength is increased with temperature [106]. Research indicates that the strength of
advanced Carbon/Carbon CMCs can increase with temperatures close to 2000 °C. Further-
more, their properties vary depending on the fiber fraction, the type and structure of the
carbon fiber, and the processing cycle used to fabricate the composite [107]. Therefore, they
have higher stiffness, strength, and thermal conductivity across the fiber axis, while their
mechanical and thermal properties are lower along the fiber direction.

Most C/C composites are manufactured using the preformed yarn method (PY), which
consists of a bundle of carbon fibers in a matrix of coke and pitch binder powders [108].
This method allows faster production than other conventional methods (impregnation of
the chemical vapor deposition method). The standard composition manufactured by this
type of method is between 40-50% volume fracture of carbon fiber content by volume,
which after graphitization at 2000 °C becomes 100% of carbon [109]. Other researchers
have created Carbon/Carbon CMCs using different base carbon fibers weaved together
and densified by chemical vapor infiltration (CVI), which is recognized as one of the most
used manufacturing processes to fabricate this type of composite [110].

The mechanical properties of Carbon/Carbon composites show that this type of
composites have lower densities than other ceramic components with also thermal
properties higher than copper and silver, making them suitable for usage in aero
vehicles [93,106,111,112]. An example of aeronautical applications of Carbon/Carbon
CMC is the wings and the fuselage nose, created for the American Space shuttle, which
was able to withstand 100 missions under extreme re-entry conditions [113]. The aerospace
industry requires reliability and reduced system costs; hence carbon fibers are replacing
previously used multiple components with a one-piece assembly, having in most cases
one-tenth of the density of previous steel components but offering similar strength and
heat resistance [113]. Other commercial applications that use Carbon/Carbon composites
include furnace fixtures, heatshields, heating elements, and load plates [114].

e Carbon/Resin matrix CMCs

Resin is a structural material that has been introduced for aerospace applications due
to high-temperature resistance in engine environments. This type of fiber reinforcement is
used in a ceramic composite matrix to bridge cracks and toughen the matrix by crack blunt-
ing and debonding at the matrix interface [115-117]. When the resin filler /reinforcement is
combined with carbon, the composite which occurs benefits from a high strength to low
weight ratio increase. In addition, research has shown that the heat resistance, strength, and
stiffness of the resin filler /reinforcement has been improved when carbon is added [118,119].
The resin, on the other hand, allows the composite to conduct force to the fibers and secure
them when exposed to high-pressure [118,119].

The mechanical properties of carbon/resin composites have been improved drasti-
cally. More specifically, the maximum shear strength has been increased between 10-75%
depending on the type of manufacturing process and the added interface of the composite.
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Surface roughness has also increased [120-122]. Such CMCs present improved flexural
modulus. The thermal conductivity of the carbon/resin composite is improved at room
temperature and can withstand higher temperatures without failing [123].

The fabrication of CMCs quite frequently results in the generation of microcracks [118,124].
Carbon-fiber-reinforced ceramic matrix composites, however, exhibit fewer microcracks and
allow for higher mechanical strength combined with lower density [125]. The manufacturing
processes used to create carbon/resin composites are expensive and time-consuming. However,
they are frequently preferred as they can be used in applications where a high strength-to-
weight ratio and stiffness are required [126]. Many attempts to reduce the processing times and
cost have allowed for the development of a large variety of fabrication methods, which create
complex geometries without harming the fiber and protecting the composite from oxidation
due to the reaction of carbon fiber with oxygen at any temperature as low as 500 °C [126].
Some of the most used manufacturing procedures are precursor polymer infiltration and
pyrolysis (PIP), which turns out to be similar to the formation process of C/C CMCs, due to
allowing for low processing temperature, easy-to-control ceramic compositions, near net shape
technologies, and a range of complex reinforcements [127].

Carbon/resin composites are mostly known for their use in automotive applications,
used as fuel cells, offering high power and strength, and high modulus, which allows for
battery bipolar board to have better wear resistance and longer lifetime and reduces the
weight of the vehicle [128]. Another characteristic example of carbon/resin composite
usage is in aerospace primary structures, such as autoclaves, and further research claims
that they can be used for manufacturing rotor blades [129].

e  Carbon/Metal matrix CMCs

According to the literature review, composites made of carbon-fiber/metal-matrix will
be the basis for the breakthrough in aerospace materials. They are high-temperature com-
posites based on refractory metals and high entropy alloys, as well as on intermetallics [130].
Carbon ceramic materials have mostly been recorded to be used as fibers and fillers in metal
base matrices creating metal matrix composite materials. More recently metal impregnated
carbon ceramic matrix composite materials have also been researched. The base matrix of
the composite includes carbon as the base material and a metal-impregnated carbon fiber as
a filler reinforcement. Various manufacturing approaches for fabricating CMC composite
and metal matrix composite materials have been tested.

The metal particulates may be selected from a range of magnetism-susceptible metals.
These metals include nickel, nickel alloys, iron, and alloys of iron/steels, cobalt, and
cobalt alloys. The particles may also be more thermally conductive composite materials,
comprised of particles that have a metallic layer over an inorganic particle, allowing them
to be less mechanical and thermal properties limitations [131]. In addition, the metal
particulates are finished at a fine level, which allows them to facilitate infiltration into
inter-fiber spaces in plies. An embodiment example would include plies from carbon fiber,
and the metal particulates may be nickel, sized in the range from about 1 nm to about
100 microns.

5.2. Silicon Carbide Matrix CMCs

Silicon carbide fibers have high tensile strength, high elastic modulus, and very good
thermal stability, making them one of the best candidates for reinforcement [129,132].
Silicon carbide ceramic matrix composites include a silicon carbide matrix phase and a
fiber phase, fabricated with various manufacturing processes. The SiC fiber preform is
infiltrated and densified with a SiC matrix, enhancing the final composite with improved
mechanical and thermal properties. Monolithic SiC ceramics have very low fracture
toughness and cannot withstand very high temperatures, issues that are addressed by
SiC/SiC CMCs [129,133].

Silicon carbide CMCs are one of the most popular composites used for high-
performance applications. This is due to having lower density, higher toughness, higher
damage tolerance, and better creep and wear resistance than other carbon fibers and ox-
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ide/oxide CMCs or monolithic ceramics [129,134]. SiC/SiC CMCs have higher temperature
capability, lower thermal expansion, and better thermal conductivity than most metallic
superalloys and CMCs, as well as monolithic ceramics [129,132,135].

It has been found that SiC fibers manufactured with polymer pyrolysis serve a finer
and more flexible diameter form rather than those produced with CVD or sintering pro-
cesses [136]. On the other hand, SiC/SiC CMCs are used in aircraft applications such
as turbine engine hot section components [137]. In recent years melt infiltration (MI) of
SiC/SiC CMCs succeeded at a temperature limit of 1316 °C due to the existence of silicon in
the matrix [138]. MI process increases maximum porosity levels, allowing for lower thermal
conductivity and lowering the thermal shock resistance [138]. The correct fabrication of the
fiber /matrix interphase allows deflecting matrix cracks and prevents early failure of the
fibrous reinforcement [139-141].

Research also indicates that SiC/SiC CMC systems, made from up to 45% of the
volume fraction of woven and quasi-isotropic laminate silicon carbide fibers, can withstand
temperatures up to 1300 °C, which are well above the temperature resistance capability
of any metallic alloy [142]. By using this type of CMC material, the MI step for filling
pores in the SiC matrix can be eliminated [143]. After testing the mechanical and thermal
properties of the SiC/SiC, it was also shown that this type of CMC fabricated with the
CVI processes offered greater tensile strength and strain, as well as better thermal shock
resistance [144]. Furthermore, studies proved that the creep and fatigue behavior could
be increased through the chemical vapor infiltration-processed SiC matrices that were
reinforced with low modulus SiC fibers such as Hi-Nicalon in a range of 1000-1300 °C [145].

Results showed that woven laminates were able to withstand high temperatures
without microcracking, but in lower temperatures, results showed that creep and fatigue oc-
curred in the composites after a few hours [146]. This allows them to be used as components
in gas turbine applications, thruster nozzles, and heat exchanger applications.

5.3. Titanium Carbide CMCs

Titanium carbide (TiC) is a very common reinforcement in a variety of different matrix
composites. TiC presents very good physical properties, such as a high melting point, low
density, high hardness, and mechanical stiffness, as well as high thermal and electrical
conductivity [147]. TiC is made from titanium dioxide reacting with carbon at temperatures
greater than 1800 °C. It is a very hard refractory material with similar properties to tungsten
carbide, but to develop a more efficient and hard-use matrix, TiC is bonded with nickel
matrix cermet (ceramic metals) so that better precision, cutting speed, and smoothness of
the final material is achieved [148]. This occurs because the chemical reaction between TiC-
Nickel and Molybdenum (TiC-Ni-Mo) creates well-bonded phases within the cermet, and
carbides dissolve [149]. This combination allows for higher hardness with lower density
and a better modulus of elasticity. On the other hand, the thermal conductivity of titanium
carbide and CMCs are found to be high, such as the thermal expansion, which makes the
composite a good conductor of heat [149].

Through time, many different compositions of nickel-bonded titanium carbides have
been tested in a wide span of temperatures and compositions [150]. It was found that
compositions with a lower percentage of nickel would allow for increased interphase bond
strength and a decreasing number of microstructural flaws (which are stress concentrators)
needed for nucleation and propagation of cracks, resulting in the removal of materials [151].

Research studies mention that liquid phase sintering is a technique used to create
titanium carbide CMCs [151]. Various compositions of TiC/NiMo cermet samples were
manufactured and tested by changing the material weight compositions, resulting in
higher nickel bond content, decreased bulk hardness of the TiC/NiMo composites, and
higher wear rate [152]. Besides liquid phase sintering, melting solidification, and powder
metallurgy (conventional pressing and sintering) techniques are implemented to fabricate
this type of CMCs, due to the high Vickers Hardness of the TiC matrix [151,153-155].
However, because of TiC’s low density, a uniform distribution of hard phases is not easily
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achieved. During solidification, the TiC particles show a gradient distribution in the matrix
with respect to size and volume fraction [156].

5.4. Tungsten Carbide CMCs

Tungsten carbide (WC) is a chemical compound consisting of equal portions of tung-
sten and carbon atoms [157,158]. The most basic form of this material is fine-grey pow-
der [157]. Its mechanical and thermal properties are equal to titanium carbide (TiC), making
it ideal for extremely high temperature and stress applications, although it is very hard
to work with it, so it is mostly used for making cutting tools [159,160]. WC is combined
with four different material families creating different CMC material combinations. These
material families are carbon, cobalt, nickel, and nickel/chrome bonded matrices.

e  Tungsten Carbide-Carbon CMCs.

Tungsten carbide includes ingredients of cemented carbides which are based on WC-
Co, which, apart from great hardness, offer high wear resistance and hardness retention
when exposed to high temperatures [159]. On the other hand, research has shown that
tungsten carbide and generally cemented carbides have low corrosion resistance when
exposed to corrosive environments due to the cobalt binder [161]. Hence many tests have
taken place by reducing the amount of binder material and replacing it with another filler or
removing the binder material completely [161,162]. The binders used to reinforce tungsten
apart from cobalt are mainly carbon (C) and nickel (Ni).

The most researched cementing material for WC is the WC-Co system. This is be-
cause Co allows for very good wettability and adhesion with tungsten carbide, as well as
increased strength and toughness [163]. Furthermore, researchers proved that the abrasion
resistance and hardness are oppositely proportional to the added percentage of cobalt
due to the composition, chemical purity, and micro-structure of the carbides existing in
the matrix [164,165]. Studies also demonstrated that the higher the volume fraction of Co
reinforcement, the higher the fracture toughness but the lower the hardness and abrasion
resistance [165].

The fabrication of this type of composite started in 1957 when other researchers tried
to fabricate pure WC by using conventional sintering techniques, but it was found that
the densification of the nanocrystalline fiber of WC-Co powder could be treated only in
solid-state, meaning that it could not be processed [166,167]. Researchers managed to
completely densify pure WC with vacuum or pressurized gas sintering, creating ultra-fine
WC starting powder that, with further processing, could achieve a high hardness and
wear resistance, avoiding any large amounts of grain growth inhibitor [167]. Furthermore,
the literature shows that the reduction of WC grain size in WC-Co hard metals allows
for the solubility of WC when Co is in the liquid or solid phase, allowing for improved
strength and wear resistance [167]. Further research shows that the abrasion resistance of
the nanostructure of this type on CMC is about twice the size of other types of ceramic
composite filler /reinforcement, such as ZrO, and SiC [168].

The addition of free carbon into the tungsten carbide matrix can upgrade the densifi-
cation process of WC and reduce or even extinct the creation of a brittle phase composition
when exposed to temperatures over 1800 °C [162]. Studies have also proved that the
addition of carbon in WC sinters formed graphite nanolayers on inter-granular boundaries,
improving the thermal conductivity of the polycrystals close to double [169]. Although,
research showed that large amounts of added carbon in a WC matrix cause abnormal grain
growth of tungsten carbide, allowing for the creation of cavities and pores in the sintered
products [170].

e  Nickel and Nickel/Chrome bonded Tungsten carbide CMCs

Nickel is a material cheaper than Co, easily available with good toughening properties,
and with lower ductility than WC-Co [171]. In addition, it is used as a binder for tungsten
carbide composites to improve corrosion and oxidation resistance. It has high-temperature
strength, high temperature, and high wear resistance [172].
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An increasing number of research papers focused on Ni-base cemented carbides have
been published in recent years [173,174]. Both cobalt and nickel exhibit good wettability
with WC, and fully dense hard metals without high porosity can be produced [175]. The
major difference between them is the higher stacking fault energy of Ni which allows for
lower hardening rates [176]. That is why the hardness and strength of WC—-Co grades
tend to be greater than those exhibited by WC-Ni ones. Although, an increase in the
work-hardening rates of the Ni binder may be achieved by adding other elements, such
as chromium or silicon [177]. Furthermore, Cr additions result in a large increase in the
corrosion resistance of WC-Ni hard metals [178].

Research approaches have proven that nickel-based tungsten carbide, with a composi-
tion of WC up to 60 wt%, can be produced with laser cladding and reveal zero cracks. From
this research, it was also obtained that on top of laser cladding parameters, a small percent-
age of dissolution of the tungsten carbide particles occurs, allowing for finely dispersed
mixed carbides, as well as the creation of a metal phase around the primary carbides [179].
Moreover, WC-NiCr premixed powder was tested on low-carbon steel by laser cladding.
The results showed that the selection pore-free layers had minimal dilution and good
metallurgical bonding without cracks, while the composition of Cr was about 8 wt%. In
addition, the variety of tungsten carbide-nickel bonded matrices has a low composition of
Cr and Ni, with the greatest number of percentages to be close to 10 wt%, to achieve higher
toughness and better wear resistance [180].

6. Mechanical and Thermal Properties of CMCs

CMCs have a wide range of applications in many different sectors. The main aspect
of selecting a material for an application focuses mostly on the mechanical and thermal
properties of the material. Composite materials, and more specifically CMCs, are materials
that can withstand very high temperatures and mechanical loads due to the nature of their
base material matrix and reinforcement combination. Therefore, the aero-engine industry
has started in the past years to implement CMC parts in both hot and cold sections of an
aero-engine, as shown in Figure 6.

Mon-Oxide CMC Oxide CAC

| ) 1 i
W ExHausT !

INTAKE COMPRESSION COMBUSTION

Air Inlat’ Combustion Chambers Turbine '

Figure 6. Representation of CMC component parts in a gas turbine engine.

Until now, the CMCs used for aero-engine applications are limited to aluminosilicate
or alumina/mullite CMCs from the oxide-CMCs and SiC/SiC, C/C, and C/SiC from the
non-oxide-CMCs. The barriers associated with such limited use of CMCs include high
ceramic matrix development costs, risks with scale-up and material capability uncertainty,
and risks of ceramic fillers and reinforcements robustness, which leads to high costs
for material qualification and material availability [181]. Furthermore, the aerospace
industry has set strict material requirements and specifications that include the material’s
mechanical, physical, thermal, and chemical properties, which advocate that for a material
to be used, it needs to have high strength, stiffness, fatigue durability, damage tolerance, low
density, high thermal stability, high corrosion, and oxide resistance [182]. More specifically,
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the most important aspects of mechanical and thermal results are the material’s elastic
limit and stiffness from mechanical properties and thermal expansion coefficient and
thermal conductivity.

The figures below demonstrate the comparison of the already classified oxide and
non-oxide CMC materials from Sections 4 and 5, respectively, according to the aerospace
requirements for mechanical and thermal properties. The output of this comparison
allows for drawing conclusions on the differences between the properties of the used
CMCs in aerospace applications. The mechanical and thermal properties included in this
analysis are compressive strength, specific stiffness, fatigue resistance, fracture toughness,
maximum temperature, thermal conductivity, and thermal expansion coefficient. All these
attributes play a role in the aero-engine material selection. For comparison, the properties
of conventional superalloys used in aerospace applications are included as well. The values
of the properties are sourced from the reviewed literature.

Figures 7 and 8 compare the compressive strength and specific stiffness of the different
CMC materials. Compressive strength allows for an estimation of the load a solid material
can handle before fracture, and the specific stiffness allows for a weight to ratio comparison
of the solid materials. Although such mechanical properties are not as important for
aero-engines as for air structures, it is important to position CMCs compared with the
competition. Both properties offer an estimation of the level at which the materials can
withstand the maximum load with the lowest density. Figure 8 shows silicon carbide matrix
composites outperform the rest of the CMCs and are at the same level as the conventional
aero-engine superalloys used. With regards to the specific stiffness, all CMCs outperform
the conventional superalloys, with titanium carbide matrix CMCs managing to have an
almost eightfold higher performance than conventional superalloys.
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Figure 7. Comparison of compressive strength vs. specific stiffness.

Figures 9 and 10 compare the fatigue resistance and fracture toughness of the available
oxide and non-oxide materials. Fatigue resistance shows the highest stress the materials can
withstand for a specific amount of working cycle without breaking and fracture toughness
allows for an estimation of how fast cracks propagate and become dangerous. Alumina
matrix oxide CMCs outperform the rest of the CMCs and are at the same level as the
conventional superalloys used in aero-engines. CMCs, on the other hand, have significantly
lower fracture toughness than conventional superalloys; however, this is expected for any
composite material. However, if the quality of the final component is closely monitored
to avoid the development of any cracks, then this is not a critical parameter for aero-
engine components.
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Figure 8. (Left) Compressive strength and (right) specific stiffness of available CMCs and comparison
with superalloys.
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Figure 9. Comparison of fatigue strength vs. fracture toughness of the available CMCs.
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Figure 10. (Left) Fatigue strength at 107 cycles and (right) fracture toughness of the available CMCs
and comparison with superalloys.

As indicated by Boyer et al. [182], materials used in aero-engines need to control
thermomechanical processing conditions to minimize material defects. Figures 11 and 12
compare the thermal expansion coefficient against and thermal conductivity of the available
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oxide and non-oxide CMCs and the conventional superalloys used in aero-engines. Both
thermal properties are highly considered for the selection of a material for high-temperature
applications (e.g., aero-engine). The thermal expansion coefficient gives an estimation of
the dimensional transformation of the materials when exposed to high temperatures and at
constant pressure, whereas thermal conductivity shows the ability of a material to conduct
and transfer heat. The lower the thermal expansion coefficient and thermal conductivity
results, the more attractive material for high-temperature applications becomes. As can
be seen from Figure 12, all CMCs outperform superalloys when it comes to the thermal
expansion coefficient, indicating that structures composed of CMCs will offer higher
thermal stability and rigidity. With regards the thermal conductivity, most CMCs perform
at similar levels to conventional superalloys. Aluminosilicate matrix composites present
the lowest thermal conductivity coefficient, whereas tungsten carbide matrix CMCs are
at the other end of the spectrum. This indicates that the potential selection of tungsten
carbide matrix CMCs for components might require additional consideration for cooling the
components in order to dissipate the heat better (as an example, this could be achieved by
using internal cooling channels). The literature review indicated that aluminosilicate CMCs,
and more specifically Nextel 720 woven fabric, exhibit the lowest thermal conductivity and
thermal expansion coefficient.
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Figure 11. Comparison of thermal expansion coefficient vs. thermal conductivity of the avail-
able CMCs.
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Figure 12. (Left) Thermal expansion coefficient and (right) thermal conductivity of CMCs and
comparison with superalloys.
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Figures 13 and 14 compare the maximum service temperature and thermal shock
resistance of the available oxide and non-oxide CMCs with the conventional superalloys.
Maximum service temperature allows for an estimation of the highest operating tempera-
ture material can be used without failing, and thermal shock resistance shows how much
temperature change a material can handle without causing any interphase damage or even
catastrophic failure. According to research, materials used in aero-engine applications
require high thermal shock resistance due to the instant temperature changes. Aluminosil-
icate oxide matrices, and more specifically Nextel 720 woven fabric, have better overall
results as they can withstand temperatures higher than 1000 °C and over 700 °C thermal
shock resistance. On the other hand, carbon fiber-reinforced carbon matrix composites
have the highest service temperature and the highest thermal shock resistance surpassing
the performance of the superalloys used in aero-engines.
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7. Manufacturing Processes for CMCs

As highlighted in Section 6, CMCs exhibit mechanical and thermal properties com-
parable with, and in some cases, even better than, the conventional superalloys used in
aero-engines. However, their adoption relies on other variables as well, such as the cost
of development, industrialization, manufacturing, and the availability of manufacturing
technologies and systems. In this section, the manufacturing capabilities and technologies
associated with the fabrication of CMCs will be discussed.
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Until recently, there has been a small number of manufactured CMC materials which
mostly include carbon fibers embedded in a silicon carbide matrix fabricated with chemical
vapor infiltration and some oxide-oxide aluminosilicate matrices combined with sintering
and sol-gel infiltration process. As a result, there is a high demand for the fabrication
of a variety of CMC components fabricated with efficient processes allowing for lower
processing times, cost, and greater mechanical and thermal attributes. This is achieved with
the embodiment of a wider range of ceramic materials apart from C/SiC or C/C composites,
which can also be pre-impregnated with carbon/carbon materials and pre-ceramic polymer,
processed with the already existing manufacturing processes. Research also indicates that
no special interface is needed to fabricate low-cost CMC structures or implement prepreg
when a separated fiber /matrix interphase is not required. These combinations of materials
can include amorphous variations of Si-O-N-C, HfC, SiC, HfC, etc. Ceramic components are
produced mainly from polymer infiltration pyrolysis (PIP), melt infiltration (MI), sintering
processes, and chemical vapor infiltration (CVI) [183]. The typical methods used for CMC
fabrication are summarized in Figure 15.

Lay-up & Fixation of Fibers

Lay-up of fabrics Braiding & Knotting Filament winding

Infiltration of Matrix Material

Electrophoretic . . Pyrolysis of a Deposition
L Chemical reaction N Low-temperaure N
depoition of preceramic N N retrieved from a
N of elements sintering N
ceramic powder polymer gas mixture

Post Processing & Non Destructive Evaluation

|¢

Machining Coating & Finishing
(grinding, drilling, milling) (if required)

Figure 15. Fabrication procedure steps for CMCs.

The processing can be grouped in a three-step series, which every CMC material goes
through to achieve the needed mechanical, thermal, and physical properties [184]. The
first step consists of a lay-up and fixation of the fibers, formed according to the required
component geometry. The second step consists of the infiltration of the matrix material.
This step includes five different procedures, which are needed to fill the ceramic matrix
in between the fibers and the pre-form. These infiltration procedures are sintering at a
significantly low temperature (1000-1200 °C), pyrolysis of a pre-ceramic polymer, chemical
reaction of elements, deposition retrieved from a gas mixture, and finally, electrophoretic
deposition of a ceramic powder [109,184,185].

Non-oxide CMCs are manufactured with deposition out of a gas mixture, pyrolysis of
a preceramic polymer, or chemical reaction of elements. Oxide CMCs are manufactured
by sintering or electrophoretic deposition of a ceramic powder [185,186]. The third and
final step consists of machining and, if required, coating or impregnation of the intrinsic
porosity [185]. In the following paragraphs, the most frequently used manufacturing
processes will be reviewed.

7.1. Electrophoretic Deposition of a Ceramic Powder

During electrophoretic deposition (EPD), a stable deposit is created by charging par-
ticles in a liquid medium moving with an oppositely charged electrode and coagulating.
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This process has been mainly used for the fabrication of oxide CMC matrices and fibers,
as it reduces the processing times and improves the control of green body microstruc-
tures [187,188]. The base material matrices used for this manufacturing process are aqueous
or non-aqueous suspensions of ceramic particles and non-conductive Nextel™ or conduc-
tive fibers such as SiC-Nicalon and carbon reinforcements [189,190]. For the manufacturing
of non-conductive fibers, the fiber weave goes on the front of the deposition electrode,
while the ceramic deposit is formed on the electrode and grows around and through the
fiber [186,191].

Two alternative processes, based on EPD, have been developed and evaluated, where
Al,O3 particles and NextelTM 720 fibers were used. The first processing method presented
the infiltration of single fiber mats and subsequent lamination, which led to high-density
composites but with a small amount of microstructural damage during sintering [192]. On
the other hand, the second approach used simultaneous infiltration of a variety of fiber
mats, exhibiting a homogeneous green microstructure with a high particle packing density,
allowing for the fabrication of thick components (>10 mm thick) [193]. The EPD technique
has been used in a variety of ceramic composite systems during the decades, such as
laminated composites [194], composite coatings [195], whisker-reinforced composites [196],
and functionally graded materials [197].

7.2. Matrix Deposition/Infiltration from a Gas Phase

Chemical vapor infiltration (CVI) is considered one of the most attractive manufactur-
ing processes for creating fiber-reinforced CMCs [198]. In this process, the porous preform
is added in a surrounding of a reactive gas mixture, which decomposes and yields a solid
deposit that is concentrated in the pores of the preform when the mixture is thermally
activated. This process allows for the creation of preform complex net shape components,
at low temperatures, without occurring any damage to the textile structure, which results
in controlling and modifying the microstructure of the final matrix [198]. CMCs such as
SiC/SiC and C/C composites are fabricated using this process, allowing for excellent high
temperature, strength, modulus of elasticity, creep, and corrosion resistance properties, in
comparison with other unreinforced SiC composites [199].

There are several different CVI techniques developed for different composites, with the
most well-known one being the isothermal one (I-CVI), used for non-oxide CMCs beginning
with Cf/C and moving to SiCf/SiC composites. This process was initially created for the
densification of refractory composites [109]. In recent decades, it has been used for the
densification of Cf/C for aircraft brakes and SiCf/SiC for aerospace components [200].
Some of the most fabricated matrices with CVI are SiC, C, SizNy, BN, Al,O3, B4C, TiC,
and ZrO,.

I-CVI is introduced as thermal-gradient CVI (modified CVI) and is used for the
manufacturing of large individual parts, such as rocket nozzles [201]. In this method,
the preform is heated more uniformly due to the increase in thermal conductivity of the
infiltrated preform [202,203]. The thermal gradient F-CVI deposition has been introduced
as a replacement for the I-CVI while working on SiC and Si3N4 matrices with different
porous preforms, where the mass transfers occurred by forced convection due to a pressure
gradient [199]. Bussmann et al. researched the practicality of the manufacturing of SiC/SiC
components by using the F-CVI process [204]. Furthermore, it has been researched that the
infiltration times of the F-CVI process, reporting that the SiC matrix fabrication times were
reduced even though the preforms were 2.5 mm thick [205].

Another alternative technique, called microwave-heated CVI (MW-CVI), is used for
controlling the inverse temperature profile of a ceramic fiber preform while heating [205]. It
can produce a controllable temperature profile inside a preform [206]. It allows the creation
of a temperature gradient from the center of the preform to the outside layers, meaning
that the deposition of the ceramic matrix occurs from the inside to the outside, without
connecting to the sealing of the outer pores of the preform, that might cause any structural
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problems [207]. Research on scaling up this process and designing a pilot-scale reactor has
been recently published [208].

Further research shows the evolution of an improved film boiling CVI process for
manufacturing large-size Cf/C CMCs by using kerosene as a precursor. The result of this
process was a composite produced with rapid CVI with a homogeneous microstructure
and density that allowed for good feasibility of the film boiling CVI procedure for large
components [209]. Rapid-CVI is particularly applied to C/C composites and is considered
to have two different types of fabrication methods. The first method is called boiling film,
in which the porous fiber preform is absorbed inside the liquid state precursors [210]. The
second method is rapid vapor-phase densification, in which the porous preform is added
to a furnace and is isothermally heated by a graphite tool, offering a forced flow to the
precursor gas that exists beside the preform and the graphite tool [210].

7.3. Melt Infiltration

The melt infiltration process has been successfully used for the creation of reaction-
bonded ceramics for ultra-high-temperature applications. C/SiC and SiC/SiC CMCs are
mainly fabricated with this process, where Si melts are infiltrated in the porous carbon-
based preforms for SiC to be formed [211]. MI produces a dense matrix in a shorter cycle
time than other infiltration applications, although the needed temperatures are relatively
high (up to 1414 °C) [212]. SiC fiber tows are coated with boron nitride fiber interface and
silicon nitride coating. Both the unidirectional fiber and matrix types are created by using a
filament winding process and have polymer binders along with commercial SiC and Cf
powders. After the tape layup is finished, lamination occurs in a part preform, leading to
pyrolysis. After the polymer is turned into carbon, densification of the pyrolyzed preform
with SiC and melt infiltration occurs.

Research shows the fabrication of carbon fiber with SiC-ZrC matrix CMCs. This
resulted in the creation of a SiC-ZrC matrix with the SiC matrix adjusting to the carbon film
coating fibers, allowing for high bending strength, oxidation resistance, and better ablation
resistance in oxyacetylene flame, better than the one that ZrC CMCs have [213].

Other research shows the fabrication of carbon fiber-reinforced C-SiC-Ti3SiC; hybrid
matrix composites by implementing TiC slurry and molten Si infiltration processes. This
resulted in a successful CMC manufacturing process due to the use of high stability and
low viscosity of TiC ball milling. The mechanical properties of the fabricated CMCs were
increased with the conversion of TiC to Ti3SiCy. On the downside, the research demon-
strated that the use of TizSiC, grains in the CMC matrix led to fiber-matrix decohesion,
intergranular cracking, and delamination [214].

7.4. Matrix Forming via Pyrolysis of C- & Si-Containing Polymers

Polymer infiltration pyrolysis is a low-cost fabrication process for SiC (from silicon-
derived polymer precursors) reinforcements and nanoparticles CMCs and plays a key
role in the oxidation resistance of the resulting composite [215]. There are several steps
that the reinforcement fiber and base ceramic material must undergo to create an efficient
composite [216]. The first step is to impregnate the reinforcing fibers with a resin and apply
partial curing. In continuous, the preparation is shaped into a mold. The mold is combined
with a flexible upper mold, pressed against the prepreg with atmospheric pressure (vacuum
bag) or high air pressure (gas pressure bag), and turned into an autoclave [217]. Then the
infiltration of the pre-ceramic polymer occurs while the preform is added into it, vacuum
or pressed assisted. Subsequently, the pyrolytic decomposition of the preceramic polymer
takes place in an Argon atmosphere at high temperatures, manufacturing the final material
composition. Different atmospheres can be introduced into the pyrolysis, resulting in
different matrices. After the final matrix is fabricated, the infiltration pyrolysis is repeated
up to ten more times to minimize the porosity of the ceramic matrix.

The preceramic polymer field has been developed, producing the Si-C-N-O system,
focusing exclusively on non-oxide ceramic fibers [218]. Further investigation on the fabrica-
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tion of Grade Niclon SiC fiber and HI-Nicalon SiC fiber CMCs, with the PIP process, has
been reported, indicating that these fiber-reinforced CMCs could be effectively used in high
temperature (up to 1200 °C) structural applications for long periods [219]. Furthermore, it
has been shown that pyrolysis can be performed between 1000-1200 °C under nitrogen
flow. The effect of lower pyrolysis temperature, with higher ramp rates, by using SiC/SiC
CMCs, has been researched. This allows for a cheaper industrial production cost; high
residual porosity and microcracks occur due to the relative density and bending strength
being lower. It was concluded that to achieve higher density, and the used preform must
be evacuated before the polymer solution is added into the mix, which is not feasible to
happen for the fabrication of large components [216].

7.5. Matrix Forming via Sol-Gel

Sol-Gel infiltration is a valuable fabrication method of CMCs, using fibrous preforms as
the precursor materials, including better homogeneity, near-net shape fabrication, and low
processing temperatures (<600 °C) [220]. Although, sol-gel needs to repeat the infiltration
process several times, using intermediate heat treatment, to surpass the excessive shrinkage
of the matrix while sintering and drying take place [221].

In sol-gel infiltration, a chemical precursor is hydrolyzed into a gel, then dried and
fired to create a ceramic composition. The precursor materials come in the form of water,
alcohols, and metal oxides to commercially stabilize colloids which include discrete ceramic
particles. The hydrolysis reactions allow for an organometallic solution, including polymer-
chains that have metallic ions and oxygen. The amorphous particles are formed from the
solution, producing a rigid gel, which is continuously dried and fired to allow for the
sintering and densification of the last ceramic part [222]. For a successful sol-gel infiltration
process, the sol should include high ceramic content, low viscosity, and small particle size,
which allows it to be processed at low (room) temperature for several hours [223].

Many attempts have been made to examine the effects of sol-gel processing parameters
by using different types of oxide fiber preforms such as mullite, aluminosilicate, and
zirconia [224]. The results indicated that sol-gel is mostly effective for the fabrication of
near net shape CMCs by using discontinuous mullite fiber preforms but also can be applied
in multiple infiltrations in other oxide fillers for the development of CMCs with pseudo
ductile characteristics [221].

7.6. Matrix Forming via Sintering

Sintering and pyrolysis processes are used to fill a ceramic matrix in between fibers.
More specifically, sintering can take place in an oxygen atmosphere, but temperature control
and temperature uniformity in the furnace for heating and cooling allows for better results.
Sintering for powdered materials occurs at high temperatures according to the application
and atmosphere (oxidizing /non-oxidizing) that is being used [225].

The sintering process of powdered materials is created at elevated temperatures,
occurring in an oxidizing environment. Automated powdered metal sintering furnaces
allow for better reliability and operating costs. These automated systems include a preheat
section, a heating section, and a cooling section [226].

There are various types of sintering techniques that allow for a similar outcome
depending on the precursors used. These different types include diverse hot presses,
hot-isostatic presses, pressureless sintering, microwave sintering, and SPS. Furthermore,
research showed that long-lasting and high-temperature sintering allowed for the enlarge-
ment of the grain size, causing the number of micropores that emanated from the materials
to decline in the mechanical properties [227].

SPS is the most preferred sintering technique for the densification of ceramic compos-
ites in comparison with conventional sintering. This is due to densification times being
reduced (<15 min) and sustaining a comparatively small grain size, influencing the sup-
pression of uncontrolled grain growth and eliminating porosity. This allows for better
mechanical properties [228].
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7.7. Matrix Forming via Chemical Reaction

Liquid Silicon Infiltration (LSI) process is created by combining processed C/C with
melted silicon carbide fibers, allowing for the creation of thin-walled and lightweight CMC
components. It is characterized as a three-step process, starting with the manufacturing of
carbon fiber-reinforced polymer, followed by carbonization and finishing with liquid silicon
infiltration [229]. More specifically, the first step consists of the manufacturing of the CFRP
composites with polymer matrices with high carbon yield, which allows for conducting
the pyrolysis of the green bodies in one attempt. The second step includes the treatment of
the CFRP composites in an inert atmosphere/vacuum, with temperatures ranging from
900 to 1650 °C [230]. Then, the pyrolysis of the matrix allows for a volumetric construction
of 50-60% of the original polymer, and if hindered, this leads to a lower shrinkage of the
macroscopical composite, which is almost zero [231]. In addition, bidirectional reinforced
composites and in-plane reinforcing fibers, such as woven fabrics, impede the shrinkage
without interacting with the plane of the laminate [231,232]. Furthermore, the lower
the fiber volume percentage and the higher the fiber/matrix bonding in the green body,
the higher the transverse shrinkage of the composite. This results in providing C/C
composites with an interconnecting pore structure that leads to a translaminar crack system,
where the cracks showcase the open porosity of the composite material. After this step is
completed, the third and final step is the capillary effect of this open porosity in between
C/C laminate and low viscosity of melted silicon at 1420 °C, allowing for a quick composite
filling. The continuous exothermic reaction of the C/C and liquid silicon results in silicon
carbide encapsulated fiber bundles, offering an increase of 30-50% of the mass for the
two-dimensional reinforcements. The final composite consists of three phases which
include two-thirds of carbon, one-third of silicon carbide, and a small amount of unreacted
silicon [229].

The LSI process allows for the compact bundles of short carbon fibers to remain intact
while the infiltration process with liquid silicon takes place. This happens by creating a
green body that includes short fiber bundles and a matrix of phenolic resin. Furthermore,
the usage of polymeric precursors with high carbon yields allows for the formation of the
characteristic microstructure of the porous C/C preform after the pyrolysis process takes
place, leading to discrete translaminar capillary channels where the good penetration of
the preform is achieved due to liquid infiltration. This offers the creation of stronger bonds
between matrix and fibers and enhances the overall performance of the final composite
material [230].

7.8. Selecting the Most Appropriate Manufacturing System

According to the literature presented in this section, the main fabrication processes
used for CMCs include CVI, polymer infiltration, pyrolysis, and hot press sintering tech-
niques. Polymer infiltration and pyrolysis are the most commonly used ones. The main aim
is to be able to control the thermal and mechanical properties of the fabricated CMC, but
several factors, such as the distribution of the final phase formed and the processing route
applied from the synthesis of the composite, are very important aspects. These aspects can
be manipulated from the correct choice of composite fabrication processes. Every process
has different positive and negative attributes, as shown in Figure 16.

A major criterion is the price per unit volume of the ceramic matrix and fiber used, as
well as the environmental impact of the material (going all the way back to the extraction
of the constituting materials, their processing, and delivery to the CMC fabrication plant).
This environmental impact can be quantified through the use of embodied energy, which
accounts for the energy consumed by all manufacturing processes used. As can be seen in
Figure 17, aluminosilicate CMCs have the highest embodied energy as they have some of the
more complex material compositions. This indicates that the manufacturing process used to
compose this type of CMCs (sol-gel infiltration, sintering) requires a lot of energy and time,
increasing the final cost of the production of aluminosilicate-based applications. On the
other hand, carbon matrix, alumina oxide, and silicon carbide CMCs have lower embodied
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It must be mentioned that manufacturing processes differ in processing time and
processing stages before finalizing the finished material. As a result, the process runs at
a higher cost and with longer times than other processes. For example, manufacturing
processes that have more complex process technology and complex composite preparation,
such as CVI and EPD, are more expensive to run. Although, as mentioned before, the more
complex the material composition, the more embodied energy and electrical resistivity are
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spent. Hence it has been found that infiltration processes and, more specifically, PIP, CVI,
and MI are less cost-efficient and more time-consuming, although their final composite
outcome has very good mechanical and thermal properties [233]. This could also be
justified by conducting a comparison of the price per unit volume against the price of the
available oxide and non-oxide CMCs, which includes both the material production and
manufacturing cost, allowing for an estimation of the final manufacturing procedure’s cost
outcome. Aluminosilicates are the most expensive composites to produce from both oxide
and non-oxide CMCs. On the other hand, alumina oxide composites are much more cost-
effective to produce from the oxide CMCs allowing a wider range of materials submerged
into the final matrix without having an excessive price increase in manufacturing processes.
Finally, carbon matrix CMCs have the lowest production and manufacturing cost as they
require the least amount of energy while being cost-effective to extract and purchase.

8. The Future of CMCs

The literature review on the available CMCs and the manufacturing processes that can
be used for their fabrication can be used for a better insight into the future of such materials
for aero-engine applications. Based on this literature review, a technology roadmap is
provided in this section. CMC material properties allow them to be the solution in a
variety of today’s material challenges in process industries, aerospace, power generation,
transportation, and for military applications. These types of applications are essential in
obtaining global competitiveness, minimizing environmental pollution, and decreasing
overall energy consumption [234]. CMC prototypes and trial products become available to
create test methods, classification systems, and unified terminology as well as reference
materials for aero-engine applications, but the lack of design codes and their related
databases have been limiting factors in obtaining approval to use more extensively CMCs
in both rotary and stationary Aero-Engine applications [235].

Every step in Figure 18 requires significant effort and time, enabling full consensus
to be developed for reaching maturity to allow characterizing the developed CMC. Con-
tinuous databases need to be created to produce property and performance data using
acceptable standards. A wide variety of different information levels must be assigned in
the database to proceed to the creation of design codes and life prediction models to be
used in the unique design requirements and applications. After the design codes and life
expectancy models are determined, regulatory approval is achieved and can be used in
aero-engine applications.

KoL o) |
VB LT
-0 e ~
YDA S o
@ OR ...
AT 5y |
| 2N Databases
o ' (Enable
CMCs Supporting
CMC Technology)

Application

Design Codes,
Life Prediction
Models

Figure 18. Interrelation of standards, databases, life expectance models, and design codes of CMCs.

There are a few steps that, according to research, are required to take place for the
CMC material to meet the expectations of end-users to develop a ceramic component for a
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specific application [234]. This is achieved by creating an RD&D approach, which considers
these steps at the same time to achieve the CMC’s commercial success.

The development process steps (Figure 19), in addition to the R&D approach, are
interrelated with the material database, producing data to use in material selection and pro-
viding analytical support design and life prediction models. Furthermore, the design and
life prediction models improve the methods and analytical tools, providing greater efficient
component design. After the design and life prediction models, the non-destructive evalua-
tion is an improvement method allowing for low-cost component inspection and quality
assurance. When the component passes the non-destructive evaluation, the fabrication op-
timization method takes place, increasing material reliability, manufacturing scale-up, and
cost reduction. Finally, the demonstration stage takes place, verifying the CMC component
viability with long-life testing in the final work environment of the product.

Assess the eligibility of
existing ceramic-based
materials and identify
where improvements are
required

Define CMC application Selection of one or more Design of a prototype

requirements

usitable ceramic materials component/system

Development and Evaluation of prototype in
optimization of a viable simulated/real
fabrication process for environments, as well as

Assessment of prototype

quality Prototype fabrication

production long term field testing

Figure 19. CMC development process steps.

8.1. CMC Adoption Roadmap

Figure 20 presents the engineering challenges that must be addressed to increase the
materials” maturity and eventually allow for the adoption in aero-engine applications.
The timeframe suggested is based on historical data obtained from the literature review
until 2022, and forecasts are based on the reported pace of research. Solutions that can
address these requirements can be based on introducing ceramic materials that incorporate
a reinforcing phase (whiskers/long fibers) while they are fabricated into a ceramic matrix,
allowing for the creation of a CMC material with superior properties. Some of the most
common examples are silicon carbide fibers combined with silicon carbide matrix, and
aluminum oxide fibers combined in aluminum oxide matrix [236]. Addressing these
requirements (Figure 20) will create an understanding of the interaction of the composite
constituents with each other and with their application environments. A repetition of
composition selection, fabrication, testing, and post-testing will be required to assess their
final performance to accomplish these actions. Furthermore, from the table above, a very
important priority is the increase in CMC material lifetime. For a few decades, research has
focused on progressively increasing the temperature capability, life, and design limit of the
available CMCs, but so far, the solution has relied on prioritizing the research focus on fibers,
fiber coatings, matrix chemistry, and environmental barrier coatings without focusing on
prioritizing on manufacturing facilities for simulation environments and accelerated testing,
which might allow the end-users for increased field and experimental testing, which could
achieve a more successful result [237-239].

CMCs development aims to replace monolithic ceramics by achieving better mechani-
cal and thermal properties. This would allow for the creation of more reliable components
which can be used with a greater level of confidence, comparable to the confidence offered
by metal components [240]. On the other hand, CMCs are in an early development stage,
and further research is required before using them in a variety of applications.

The growth rate of advanced ceramics and, more specifically, composites was increased
worldwide. Focusing on the commercialization of the next-generation ceramic matrix
composites for future aerospace applications, water polymers, low-density ceramics, and
nanofibers converted to SiC reinforcing fibers for increased toughness are being under
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development allowing for better maximum service temperatures [241,242]. If this outcome
is achieved, it is expected from CMCs to grow at a 9.65% rate of value until the year 2026,
including oxide/oxide, SiC/SiC, C/C, and C/SiC, according to the international market
research results [243].
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Figure 20. CMC requirements needed to be met for wider adoption.

Figure 21 presents a roadmap for CMC materials, coating, and manufacturing pro-
cesses for aero-engine applications. Similar to Figure 20, the timeframe suggested is based
on historical data obtained from the literature review until 2022, and forecasts are based on
the reported pace of research.

A critical parameter for high thermal efficiency aero-engines is the high overall pres-
sure ratio that drives high turbine flow path temperatures. The need for developing and
applying advanced material technologies, which allow for improved high temperatures,
is very high. The introduction of CMC materials in these types of applications allows
for a small fuel burn and an additional 50% weight reduction percentage in turbine com-
ponent weight [244]. Research and development of CMC materials have been ongoing
for more than three decades, with aerospace industries, such as GE Aviation and Rolls
Royce, investing and applying these materials in process technologies as well as in manu-
facturing scale-up and supply chain. Some of the most known CMC applications were the
construction of shrouds in commercial leap engines used in Boeing, Airbus, and COMAC
aircraft engineering. Furthermore, CMC materials have been used for applications in the
hot section of a gas turbine engine for the combustor inner and outer liner, the HPT stage
1 and 2 shrouds, and nozzles during the years 2016 and 2020 [245]. Some of the most
common CMC materials used for those types of applications are SiC/SiC, C/SiC, and
C/C components produced with melt infiltration process, chemical vapor infiltrations,
and pyrolysis. These manufacturing processes allowed for the creation of a denser matrix,
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allowing a relatively uniform distribution of separately coated filament fibers. In addition,
new CMC material facilities have been established since 2019, producing SiC fiber CMC
parts for jet engines and advanced ceramic coating made from oxide layers [246].
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Figure 21. CMC materials, coatings, and manufacturing processes for aero-engine applications
Roadmap (the same key as Figure 20 applies).

Continuous fiber composite ceramic materials are CMC materials made from high-
strength ceramic fibers in a ceramic matrix, where the interface coating between the fibers
and the matrix protects the surface of the composite from degradation. The composition
methods and the available materials for creating a variety of this type of CMCs are very
limited due to the lack of understanding of the relationship of fibers, matrix, and coatings,
as well as the properties and application environments in which these materials can operate.
Thus, more failure models and mechanisms must be created and explored to optimize
CMC materials [247]. Although, prior to the development of life expectancy models,
extensive CMC fabrication and testing must be undertaken to have a better understanding
of the micromechanics of CMCs when exposed to high-stress and temperature application
environments. For the testing of the composite combinations, non-destructive evaluation
techniques are required for in-line process control and post-process testing to check for
incipient failure and the remaining life of the composite [248].

For composite materials to pass the non-destructive evaluation techniques, the opti-
mization of fabrication processes must be achieved. CFFC materials are highly reliable and
can avoid catastrophic failure due to the reproducibility of their fabrication processes and
the low cost of fibers and composite matrix materials. More materials should be tested and
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processed to create CFFCs that will meet the aerospace application needs, allowing also for
fabrication scale-up and cost reduction.

Figure 22 shows that CMCs outperform conventional aero-engine materials, such
as metal and polymer matrix composites (MMC, PMC). They also have overall better
mechanical and thermal properties than metal, polymer, and natural matrix composites,
with the maximum service temperature values being significantly higher (<500 °C). CMCs
that are able to operate between 1000-1500 °C are used for oxidation protection layer
in aero-engine applications. These materials belong mostly to the alumina oxide and
aluminosilicate CMC material families. On the other hand, materials that surpass 1500 °C
are mainly used as thermal insulation layers protecting the components used mainly in the
hot section of a turbine engine. These CMCs are mainly SiC/SiC, C/C, C/SiC composites
as well as alumina oxide matrices (Al,O3/B4C, AITiO,, Al,O3/TiC). Furthermore, the use
of Oxide CMCs in exhaust nozzle applications has shown improvement in component
durability against titanium alloys, allowing for lighter weight and equal durability.
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Figure 22. CMC material performance against other composite matrices.

A great effort has been made regarding manufacturing and design processes for
composite materials, where many manufacturing steps (lay-up, vacuum bagging, etc.) have
been updated with different manufacturing methods (CVI, PIP, MI, Sol-Gel, etc.) where
manual labor cost is avoided, and further cost saving have been achieved [249]. Composite
components are being fabricated and designed for affordable and robust manufacturing.
Chemical vapor infiltration technology is the most used process but is very time-consuming
and expensive to operate, although its processes are very critical for the fabrication of CMC
materials [250].

8.2. Technology Considerations

It has been found from the early 90s that lower-cost CMCs are worth developing for
achieving better service temperatures, resulting in a multi-attribute utility better than that
of superalloys for usage in exhaust ducts. The main reason was the need for improvement
of the superalloys manufacturing techniques, achieving greater cost reduction results than
other techniques, such as directional solidification and single-crystal casting [251]. Some
of the first manufacturing techniques developed for the creation of more cost-effective
materials were slurry infiltration and chemical vapor infiltration.

According to the literature, a third of the aerospace technological contribution has
been spent on turbine inlet temperature (TIT) material improvement and, more specifically,
nickel-based superalloys created with directional solidification and single-crystal technol-
ogy [251,252]. The rest of the aerospace technological contribution was created for the
introduction of internal cooling passage for turbine blades, vanes, and cooling technology
advancement. In more recent years, research has shown that CMC materials exceed the



Appl. Sci. 2023,13, 3017

31 of 42

thermal efficiency and power output required for turbine inlet temperature making them
suitable to be applied in both rotary (nozzles, vanes, turbine blades) and stationary turbine
engine parts [253]. Hence, aerospace companies have started using these types of manu-
facturing techniques for the creation of CMC components in both cold and hot sections
of the gas turbine engine. Although it must be said that the commercialization of CMC
materials requires more effort as some of the most common manufacturing procedures,
cost a lot more than other types of superalloy composition techniques, such as chemical
vapor infiltration (CVI) and polymer infiltration and pyrolysis process [254,255].

The commercialization of CMCs is in progress. The aerospace industry requires
such materials, which will increase the life expectancy of the components used in turbine
engines as well as other aero-engine parts, as well as lower the manufacturing cost and
the environmental impact. For these steps to be accomplished, the literature suggests
the utilization of R&D methods, which are needed for understanding the interactions of
the composite constituents with one another and the application environments in which
these composites are applied. To achieve that, iteration of composite material selection,
manufacturing processes, testing, and post-test evaluation measures must take place to
assess better material performance. The R&D methods also need to be linked with material
characterization efforts, improving design and life prediction tools to establish standards
and material databases (Figures 23 and 24).
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9. Outcome

Ceramic-composite matrix (CMC) materials are separated into two base material
categories. These categories include oxide and non-oxide ceramic composite materials.
Oxide CMCs include alumina and aluminosilicate base matrices, whereas non-oxide CMCs
include carbon, silicon carbide, titanium carbide, and tungsten carbide base matrices. Each
one of these CMCs has different mechanical and thermal properties, which are considered
the crucial factor for selecting the correct material for the needed applications.

The main difference between oxide and non-oxide CMCs is that oxide CMCs have
greater creep and oxidation resistance properties when exposed to ultra-high temperatures.
This occurs because oxide CMCs are predisposed to oxidation and creep even though
their mechanical properties can withstand the amounts of pressure that are applied at
those temperatures. Moreover, oxide CMC materials are mainly used for high-temperature
structural applications, with the most common base matrix being alumina oxide. According
to the literature, alumina oxide CMCs are being used and tested often in aero engine
applications where the combination of silica and mullite can also be used as filler or
reinforcements, enhancing the overall composite performance outcome. Non-oxide CMCs
are also known to be used in a similar type of aero-engine applications long before the
implementation of oxide CMCs, with silicon carbide and carbon being the most used type
of reinforcement or base matrix materials.

A very important aspect of the development of a CMC component is the selection of
the correct manufacturing process and processing steps, which will allow for a properly
manufactured component without any microcracks, and which will not lead the material to
creep and oxidation over a certain period, as well as a catastrophic failure. Manufacturing
processes are also chosen from the compositional type of the material; for example, sintering
and sol-gel processes are mainly used for the creation of oxide CMCs due to the oxidizing
atmospheres in which the ceramic particles are exposed. In continuous, some of the most
famous manufacturing techniques regarding high-temperature CMCs are the chemical
vapor infiltration and pyrolysis processes. In this type of process, SiC/SiC and C/C are
mostly created for aero-engine applications as they have been proven to be the safest option
for the creation of a component without microcracks and are able to resist high pressure
and temperatures without falling apart and have a greater and longer life cycle.

The combination of the correct manufacturing process, in addition to the correct
combination of base matrix and filler/reinforcements, leads to a CMC composite with
very good mechanical and thermal properties, allowing it to be used in a wide range of
applications, according to the needs and requirements of every sector, for example, the
aerospace application requires low thermal expansion coefficient and thermal conductivity,
as well as high hardness and stress and strain values.

The present research focused on the classification of the available oxide and non-oxide
CMC materials, their manufacturing processes, and available applications. Subsequently, a
comparison of the mechanical and thermal properties of the classified CMC program allowed
for a closer estimation of the chosen mechanical and thermal values of these materials.

The roadmap presented several important development goals regarding ceramic ma-
trix composites usage in aerospace and turbine engine applications. They can be separated
into different research groups, which allow for sustainable development and growth of
CMC materials in the aerospace industry. These groups include novel ceramics with greater
and more innovative properties, enhanced processing technology, and high-performance
rotary and static components for aerospace applications. Furthermore, these development
goals have been researched and processed since the early 90s, and their progress completion
is estimated until the year 2030, according to the literature.

For these goals to be achieved, multi-disciplined approaches and techniques are re-
quired to enhance the CMC interphases and leadership from the industrial side. These
techniques include small and large improvements that are needed for CMC fabrication
processes cost reduction, as well as allowing for greater environmental impact and life
expectancy. Currently, CMCs are considered for a very small number of high-cost applica-
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tions due to the high price of the raw material supply, fabrication, and inspection methods.
By lowering the cost of CMCs, a great benefit from longer life and higher reliability ap-
plications than metals and monolithic ceramics can be achieved. This can be achieved by
putting more effort into researching the progressive increase in temperature capability,
the design limit, and the life of ceramic base material and reinforcement fibers. For the
achievement of these requirements, environmental barrier coatings, as well as upgraded
fabrication and testing techniques, will be needed. A critical part of these accomplishments
would be succeeded by creating facilities for simulated and faster testing established by
stakeholders/partners. This development, though high risk, could lead to high payoffs in
the near term for aerospace applications.

As a result, more multidisciplinary approaches and R&D collaborations will be nec-
essary, including contributions, interfaces, and industry leadership. There are numerous
“modest” and “major” breakthrough innovations that are needed in order to provide the
anticipated improvement at all levels, from ceramic materials to applications, but these are
rather extensive to detail here. It is crucial to realize that for changes and innovations to be
truly effective, the entire value-added chain must be taken into account. Advanced ceramics
have a tremendous amount of innovation potential, but to fully realize this potential along
the entire value-added chain, significant efforts from both the academic and industrial
sectors are needed.

Allin all, despite already having a plethora of uses, CMCs have not yet reached their
full potential. The obstacles in the medium and long term, particularly in aeronautics
and aerospace applications, will be such that the use of custom materials will necessitate
a significant R&D investment. Utilizing a suitable interface that intends to meet a set of
requirements, various matrices and fibers will be used. In general, CMCs are heterogeneous
composite systems where heterogeneity is defined by size, shape, geographic distribution,
and various constituent properties. It is probably found in a variety of solid phases,
including fibers, aggregates, and hard inclusions.

Reliable modeling and simulation tools must be obtainable from the beginning to
accurately predict structural behavior at multiple scales (nano/micro/meso and macro)
and time scales (short, medium, and long-term), as well as to control the effectiveness
(mechanical, thermal, chemical, physical, and fire) characteristics of interest in advanced
structures. This will hasten the creation of new types of CMCs and MMCs. For more
realistic process simulation, more sophisticated multiphysical and mathematical theoretical
models are also required. Following the definition of the requirements, it is necessary
to develop new numerical approaches for products and processes that will identify the
suitable composite system performance, the appropriate material production roadmap,
and the processing research methods to achieve the needed “structural” behavior.
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