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Carbon-carbon composites are advanced materials known for their high
strength, high-temperature stability, and superior thermal conductivity.
Mechanical properties such as tensile strength, flexural strength, and
compressive strength are examined, as well as thermal properties like the
coefficient of thermal expansion and thermal conductivity, to understand the
characteristics of the composite. Carbon-carbon composites are ideal for the
aerospace industry’'s need for lightweight and high-performance materials.
Tribological and surface properties are relevant to this discussion, given the
use case of carbon-carbon composites in extreme conditions, the effect of
exposing the composite to different fluids and the change in friction and wear
properties. Coatings can protect the composite from environmental factors
such as UV radiation, oxidation, and erosion. Self-healing composites that
can repair themselves can increase the lifespan of structures while reducing
maintenance costs. These have been used in aerospace applications such as
airplane braking systems, rocket nozzles, and re-entry vehicle heat shields.
Furthermore, researchers have recently addressed the problem of finishing and
drilling without delamination and loss of properties, and this study looks into
unconventional methods that can be adopted for the same. This study aims to
provide an overview of the current state of carbon-carbon composite materials
and their applications.

KEYWORDS

carbon-carbon composite (C/C), aerospace applications, automotive application,
composite, mechanical properties, coatings and microstructure

Introduction

A composite material is a mixture or combination of two or more elements that display
unique structural properties superior to those of the component parts used alone. These
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FIGURE 1
Different forms of carbon fibre and carbon matrix composites

(Scarponi, 2016). Copyright 2016 by Elsevier Ltd.

are two or more chemically different constituents combined
macroscopically to yield a useful material. The property of the
final product is significantly different from that of its constituents
(Scarponi, 2016).

A composite material can be in its natural or manufactured
form, with the components interacting rather than dissolving or
blending fully into the composite. A form of synthetic, pure carbon
material called carbon composite is constructed of carbon fibers
reinforced by a carbon matrix. These are classified as advanced
composite materials, carbon-carbon
(C/C) (Scarponi, 2016).

Composites of carbon fibers reinforced by a carbon matrix are

including composites.

called C/C materials. These 1970s-era composites improved the
opposition toward thermal blow by withstanding wide temperature
variation and compacting the thermal expansion caused by thermal
stress and strain changes. These possess inertness to chemicals
alongside suitable biocompatibility, low density, and higher strength
and stiffness at high temperatures.

It also showcases improved form stability and high-temperature
wear characteristics. A sustenance behavior is guaranteed toward
the dynamic shear fracture and pseudo-plastic (Scarponi, 2016).
These characteristics promise its application in various fields,
including the aerospace, sporting goods, and medical sectors.
Carbon and graphite exhibit significant ablation resistance
because of their high sublimation heat and low thermal
expansion.

As seen in Figure 1, depending on the raw material used
(yarns, tapes, fabrics, knitted and braided preforms), composite
materials can take on a range of shapes, ranging from one-
dimensional to n-dimensional. The microstructures and properties
of the composite group C/C can be tailored for a variety
of purposes. Owing to the thermal properties of the C/C
composite family, that is the increased rate of conductivity and
nominal expansion, makes them highly resistive to thermal stresses
(Sheehan et al., 1994).

Properties such as exceptional high-temperature mechanical
characteristics and low density are the added advantages of
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working on structural applications qualifying C/C composites
as a favoured and eminent choice for the aerospace industry
(Sheehan et al., 1994).
might have high strength and stiffness enthralling outstanding

A composite with a brittle matrix

damage endurance thermal shock behaviour
(Sheehan et al., 1994).

These Synthetic fibrous composites are a unique type of

and good

thermo-structural material with many potential uses, including the
construction of engine parts and aircraft assemblies, as well as
the fusion of atomic nuclei at high temperatures. These materials
have excellent high-temperature mechanical properties and are
frequently used in the aviation and spaceflight industries. Research
is ongoing to reduce the cost of C/C composites in order to expand
their applications (Simil et al., 2013).

Understanding C/C composites

C/C composites are highly sought after in aerospace
engineering due to their excellent mechanical properties at
high temperatures. These composites are made by adding
carbon fibers to a carbon-based matrix, which combines the
matrix’s strong thermal resistance with the fibers high specific
mechanical characteristics. Other desirable characteristics of C/C
composites include high specific stiffness and strength, retention of
mechanical properties at extreme temperatures, biocompatibility,
and chemical inertness. There are two main methods for producing
C/C composites:

1. Chemical
hydrocarbon gas, and

vapour  deposition (CVD) utilising a
2. Carbonization by pyrolysis of an organic matrix (both

thermosetting and thermoplastic) (Rana and Fangueiro, 2016).

There are several factors to consider when selecting a matrix
for a C/C composite. The impregnation choice and heat-treatment
temperature (HTT) can significantly affect the fibre-matrix
interactions and mechanical properties of the composite. The
density of the matrix is also important, as the initial porosity of
the preform plays a role in the coal-tar pitch densification of C/C
composites (Park and Cho, 2000).

To date, in Carbon Matrix Composites, the interactions
between the fibers and matrix (F/M) can be probed through
two main approaches. These interfaces between the fibre and the
matrix can be investigated by loading in two modes: opening
mode or in shearing mode as depicted in Figure2. Three
factors contribute to the ascertainment of the interfacial shear
stress of the Carbon Matrix Composites. This is the tensile
behaviour, a developing and glaring hysteresis loop opening
phenomenon prior to the stress fracture disclosing the particulars
of microstructural defilement, and the gaps and voids evolving in
the matrix separation from the first method, which uses micro/mini
composites.

In the second method, micro-indentation techniques are used,
to cast the mechanical properties of the fibre/matrix confluence of
a fibre-reinforced composite. By adopting these micro-indentation
methodologies, that is the fibre push-out or push-in tests and
measuring the extrinsic properties using the load-displacement
curve, the F/M interfacial shear stress can be approximated in
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Mode | Mode II

FIGURE 2

Mode III

Three basic failure modes: (A) opening mode; (B) in-plane shear mode (C) out-of-plane mode (Huang et al., 2021) under CC BY 4.0.

the second method. Both of these methods fundamentally take
into account a shearing mode. In push-out tests, despite the
challenges due to the low elastic modulus of carbon matrix and
fragile fiber/matrix bonds, the challenges ranging from preparing
the specimen, to changing of the results have been successfully
overcome.

The yielding and slacking of the weak F/M bonds can result
in an unanticipated protruding of jutted fibers being surfaced in
the course of preparing the metallographic specimens owing to the
lateral expansion of carbon fibre. It is possible to assess the allowance
of roughness to the interfacial shear stress by doing push-out tests on
these protruding fibers.

Push-back tests may be used to accurately determine this
contribution. The specimens used for the tensile testing had fibre
orientations of 90, 30, and 30 to the loading axis. Such fibre
orientation has been demonstrated to encourage preferred F/M
interface opening. This damage phase, which begins at extremely
low loads, is connected to the spread of the pre-existing matrix
fractures. Acoustic emission data can be used to assess opening
strength (Scarponi, 2016).

C/C composites could be subjected to multi-factor coupling,
where the environmental parameters and temperature could
also hamper its ultimate performance. There have been various
research works that summarize effects of various uncertainties
which couple together in an environment that a composite is
subjected to [71, 73]. There are limited research works that
address multi-factor coupling related details and their mitigation
strategies specifically for C/C composites. Table 1 explains the
research works and suggests methods to mitigate and incorporate
additions or changes in the process or materials for the C/C
fibers in the cases of long-term, harsh environments and various
other cases.

Functionally graded materials

A functionally graded material (FGM) is an advanced composite
material characterized by graded variations in the relative volumes
of the constituent materials. For instance, a composite material that
combines ceramic with metal. Due to its low thermal conductivity,
ceramic provides high-temperature resistance, while metal provides
strength and stiffness (Maalawi, 2018). A higher stiffness-to-weight
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ratio and superior fatigue characteristics are among the benefits
of such fabrication for aerospace structures. Materials that are
corrosion-resistant, anisotropic, and provide direct bending, axial,
and rotation elastic coupling, as well as aeroelastic tailoring to
improve structural design (Maalawi, 2018).

In aerospace applications, these functionally graded materials
(FGMs) could be used on heat-resistant surfaces of spacecraft
or aircraft engine parts due to their high-temperature resistance,
thermal shock resistance, thermal fatigue resistance, and corrosion
resistance. For example, the combustion chamber wall of a spacecraft
engine must withstand high temperatures and thermal erosion
above 2000K on one side, while the other side is cooled by liquid
hydrogen at low temperatures. This requires the material to have
excellent heat insulation properties on one side and high thermal
conductivity on the other (Han, 2018).

The materials are functionally graded to withstand such
significant temperature differences under mechanical load and
thermal stress conditions, allowing for a long working life. A grading
layout of such material is depicted in Figure 3. Other materials
do not offer the same level of performance. Additionally, aircraft
engines are high-precision components that require high hardness,
wear resistance, corrosion resistance, and a low thermal expansion
coeflicient. Consequently, functionally graded materials can be worn
and consumed quickly and have the same physical and chemical
properties as traditional materials (Han, 2018).

Material characterization of C/C
composites

One of the challenges in the estimation of the mechanical
properties of C/C composites is their highly heterogeneous
microstructure. It mainly consists of Carbon fibre reinforcements,
Carbon matrix, voids, cracks and other defects. It will provide us
with great insight if we can accurately decipher its mechanical
properties [6].

Preparation methods tend to influence the properties of the
composites manufactured by making amendments to general C/C
composite manufacturing process, as shown in Figure 4. The
methods deployed for reinforcing carbon fiber in the carbon
matrix could be influenced by the application specific requirements
where open-ended innovation is possible. And the parameters for
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TABLE 1 Research work on C/C Composite under Multi-Factor Coupling and Mitigation Strategies for Long-Term Reliability.

Study conducted

Impact of multi-factor

Methods to ensure

Methods for long term | Ref.

coupling in the study

strength and stiffness

reliability of surface
bonding

Assessment of
pre-stressed CFRP plate
and its performance
under temperature up to
60 °C immersed under
water for long time,
where edge-extrusion
anchorage to hold the
composite plates

« High temperature and loading
led to degradation through
micro-cracking and fiber/resin
interface debonding

« Protective Coatings to protect
fibers from effects of moisture
and high temperature

« Immersion in water caused
Hydrolysis and plasticization
which leads to reduced tensile
strength, when combined with
higher temperatures

« Using high temperature resistant
resins

« Ensuring stronger interfaces with
better adhesives and surface
treatments

Carbon composite
subjected to high
temperatures and argon
environment, where
mechanical and
microstructural
properties were

« Oxidative environment consume
carbon, which weakens the
composite when combined with
high temperature

« High resistant
matrices such as thermosets

or ceramic matrices should be

temperature

used

« Cyclic load at high temperature
under oxidative environment
increases fatigue

« Oxidation-resistant coating to
avert degradation

o Thermal cycling can lead to
differential expansion between
fibers and matrices, which can

« Optimized fiber architecture for
efficient stress distribution

« Selection of adhesives that are
less likely to degrade under
water and heat, their bonding
stays intact

« Simulation of harsh
environment exposure to
materials and identifying
potential pathways for
degradation allows to optimize
procedure and additives

Xian et al. (2022)

Li and Xian (2019)

i tigated
fnvestigate lead to cracking
« Ablation occurs when high speed |«  Surface treatments using
gases erode the surface chemical or plasma improves
surface properties
FIGURE 3
Material grading layout (Maalawi, 2018) CC BY 4.0.

processes could be manipulated or material could have various
additions (Devi and Rao, 1993; Awasthi and Wood, 2008; Li et al.,
2017; Yang et al., 2020).

Any changes in general would also influence the microstructure
of the materials, while retaining the preferred properties for
specific applications while optimizing the performance of the final
composite. This can range from.

« Choice of resin,

« Impregnation methods,
o Carbonization temperatures,

Frontiers in Materials

o Densification Techniques

These specific parameters could be crucial for the final porosity,
mechanical strength, and thermal properties of the C/C composite
in short term and long term alongside their functional capabilities
for specific applications, which has been expanded upon detailed in
the later sections of this study.

Characterization of C/C composites involves testing of fatigue,
mechanical, thermal and microscopic behavior. The research works
in the field have deployed commonly used methods as explained
below.
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RESISTANCE
FIGURE 4
General preparation method for C/C composites.

o Mechanical Testing: Tensile testing (Ultimate Tensile Strength
and Modulus of Elasticity), Compressive Testing (Compressive
strength), Flexural testing (Flexural strength and stiffness), and
Shear Testing (Interlaminar shear strength).

Fatigue Properties: Fatigue Testing (Fatigue for number of

cycles or under varying stress).

o Thermal Properties: Thermogravimetric Analysis (Measuring
weight change after decomposition), Differential Scanning
Calorimetry (Heat flow assessment for transitions like melting
or crystallization), Thermal Conductivity Testing (Hot disk or
Laser flash for Conductivity).

« Microscopic

Properties: Scanning Electron Microscopy

(Surface Morphology), Transmission Electron Microscopy

Frontiers in Materials 05

(Fine Structural and Phase Distribution Observations), X-
Ray Diffraction (Crystallographic Structure Assessment),
Raman Spectroscopy (Bonding Structure and Graphitic
Content Analysis), Energy Dispersive Spectroscopy (Elemental
Composition Assessment).

The yarn architecture of the composite is mainly determined
by the arrangement of the fibre bundles. Typically, C/C composite
yarn architecture is divided as follows: 3-D orthogonal, 4-D in
plane, and 4-D diagonal composite. ‘n-D’ depicts the number of
fibre bundle directions. We can use the yarn architecture to our
advantage and modify the thermal and mechanical properties to our
application.
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A few manufacturing parameters such as yarn spacing, fibre
volume fraction, and yarn size are instrumental in getting the
required thermomechanical properties in the workpiece. Prior to the
commencement of the manufacturing process, the manufacturing
parameters as well as the constituents of the workpiece are selected.
This can help in avoiding excessive testing expenses to obtain the
desired material properties.

It also allows the end product to be optimised in terms of
weight along with satisfying the basic properties. Considering a few
properties of C/C composites such as Young’s Modulus, thermal
conductivity, and electrical conductivity along the axis of the fibers
are of the order of 900GPa, 1,000 Wm'K™! and 106 Sm™'. These
are significantly greater than when measured along the transverse
direction.

Typically, the properties of the composite are determined by the
fibers (orientation, fibre volume fraction) and architecture (layup
sequence), and thermal treatment. Heat treatment is usually applied
when looking to improve on specific properties such as thermal
diffusivity, electrical conductivity, thermal stability, and resistance
to oxidation and corrosion.

Mechanical properties such as flexural strength, tensile strength,
interlaminar shear strength, pore volume, compressive strength,
bulk modulus, Young’s Modulus, and resistance to alternate
loading can be improved by re-baking and impregnation. This
has been confirmed by means of Non-Destructive Testing (NDT)
methods such as acoustic emissions and thermal methods. The
manufacturing process for composites is highly subjective. The
process to be implemented is purely based on the thermal,
mechanical, electrical and other desired properties [6].

For high temperature-resistant purposes, the solution lies in
manufacturing high-density C/C composites. The manufacturing
process required, however, is more time-consuming, sometimes
even weeks with the manufacturing cost only increasing as a result.
An example is using matrix precursors like petroleum pitches, which
need to be processed using high pressure and high temperature,
followed by impregnation and pyrolysis steps (Dekeyrel et al., 2013).

To create 3-D composites, several processes are used in
sequence. One method starts with pre-densification, which fills the
gaps in the fiber bundle and reduces large pores. This is followed
by cycles of impregnation and pyrolysis under moderate pressure,
carbonization, and graphitization, resulting in composites with
a density greater than 1.8 g/cm’. This combination of processes
also aids in reducing manufacturing costs and processing time
(Dekeyrel et al., 2013).

A few notable processes employed for impregnation include:
impregnation by carbonaceous sub-micronic powder slurry,
a combination of impregnation/pyrolysis with carbonaceous
impregnation, and film boiling chemical vapour filtration are
significant in the pre-densification step. With the use of a slurry
vacuum impregnation method (Figure 5), sub-micronic carbon
black powder could be used to fill the pore volume present in the
raw preforms (Dekeyrel et al., 2013).

(D Macias etal., 2019) were able to show
the thermal conductivity and diffusivity of C/C composites

Macias et al.
experimentally in different directions: (1) along cross-plane and

(2) along in-plane directions. The results of the study show that
the values obtained for thermal conductivity and diffusivity for
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cross-plane orientation is about 20% of the values obtained for in-
plane orientation. Further in the study, the thermal conductivity
of cross-plane direction as a function of temperature was well-
modeled by a theoretical model that considers both conductive and
radiative effects on thermal conductivity. The number deduced from
experiments and the theoretical model remains almost constant
around 5.3 + 0.4 W m™ K™, within the temperature range from
300 K to 1700 K. Another important result established in the same
study talks about the value of average spectral selectivity n = 48.5%
for the workpiece used and this could be helpful in solar technology
applications.

The limitation of C/C composites in aerospace and other
applications continues to be oxidation during service. The two major
approaches used to reduce oxidation rates are the application of
more than one coating on the subject’s surface or incorporating an
inhibitor during the composite’s manufacture. Protective coatings
such as SiC or Si;N, are favoured due to the relatively low coefficient
of thermal expansion (CTE) mismatch and the organic formation
of a thin film of SiO, after oxidation. Halogens6 and borate-based
substances are among the inhibitors. The latter is a continuous glass
layer that is a diffusion barrier, whereas the former depends on
chemical reactions (Xuetao et al., 2010).

Non-destructive testing

Post-machining and finishing of components, one needs to test
the components to ensure that the parts lie within tolerance limits
of desired properties. Testing is also used to make sure that the
components have minimal manufacturing defects which can cause
the loss of mechanical or thermal properties. There are mainly two
types of testing that can be conducted on parts: destructive (DT) and
non-destructive testing (NDT).

The surface level defects: cracks and porosity, can be noticed
with the naked eye or by Non-Destructive Testing methods such as
dye penetrant testing. To detect the sub-surface level defects, we can
employ either DT or NDT methods. NDT methods are preferred to
avoid damaging the component in the testing process. Traditional
detection techniques like X-ray would not be efficient, but rather
difficult to carry out damage detection for C/C composites. This
would be mainly due to strong attenuation of waves in carbon
composite materials with intricate defects dispersed throughout the
composite.

In the research work, thermographic
measurements and investigation techniques can be used to detect

recent infrared
subsurface defects, thermophysical properties, coating thickness,
and hidden corrosion. For thermographic investigations there are
usually two methods: active and passive (Junyan et al., 2013).

The active method is when the workpiece is externally excited
with a source such as a halogen heat lamp, optical flash lamps,
mechanical ultrasonic vibration, and hot and cold air guns with
the intention of inducing a thermal contrast. The passive method is
when the workpiece is at a different temperature when compared
to ambient temperature which implies the prior existence of a
temperature contrast (Junyan et al., 2013). Some common methods
for the active approach of thermographic investigations include
pulsed transient thermography and lock-in thermography as shown
in Figure 6.
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FIGURE 5
Fabrication of continuous carbon fiber ceramic composite via slurry impregnation (Zhang et al., 2019). Copyright 2019 by Elsevier Ltd.

Function Generator and Power Amplifier

Infrared Camera and Internal . :
Lock-in Unit Simultaneous Trigger

L= =1I=

Pulse electric power

- Pulse excitation source

00C
00C
-
0 o

i
/1

Test specimen
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FIGURE 6
Schematic of the experimental setup of lock-in thermography and pulsed transient thermography (Junyan et al., 2013) Copyright 2012 by Elsevier Ltd.

Lock-in thermography follows the principle of periodic heating, A few other techniques that have been used specifically for
typically using sinusoidally controlled halogen heat lamps. Thereisa ~ the NDT&E of C/C composites are Acoustic Emissions (AE),
heating period that lasts for at least one full excitation cycle. During  Electronic Speckle Pattern Interferometry (ESPI) (Figure 7), and
the heating period, thermal images are recorded throughout. In the ~ Superconducting Quantum Interference Device (SQUID) current
post-processing of the data, the phase, and amplitude of the periodic =~ mapping. Acoustic Emissions NDT has been under some question
temperature change at the surface with respect to the applied heating ~ with regards to whether it is NDT or DT. But keeping that
cycle is obtained. This method has the advantage of faster processing ~ aside, the peculiarity of AE lies in the fact that it can collect
as well as allowing us to visualize defects over a larger area of the  in situ information which means it has information regarding
workpiece (Junyan et al., 2012). the entire load cycle of the composite and this information can
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Schematic of Electronic Speckle Pattern Interferometry (3-D ESPI) system (Hatta et al., 2005) Copyright 2005 by Elsevier Ltd.

be easily used to predict the possible method of failure for the
composite.

Unlike other NDT methods, the material is characterized only
before or after testing. It can detect any defects and predict failure
at an early stage. Computational efficiency is a major drawback of
this method, given the data generated. T.H. Loutas et al. (Loutas and
Kostopoulos, 2009) worked on experiments that showed that AE
could pick up subsurface defects such as matrix-fiber debonding,
matrix cracking, fiber bundle failure, and thermal stress relief.

X-rays are recommended for NDT due to the amount of
energy they possess. In some cases, X-ray tomography (XRT) is
used for NDE to quantify density within a larger objects local
region. The data results are represented as a numerical image
known as a reconstructed slice. The image reveals two types of
information. Firstly, it gives spatial information based on the
dimension and position of eventual defects. Secondly, based on the
signal, the intensity is representative of the density of the composite
(Douarche et al., 2001).

XRT has been found to provide accurate results of density
measurements of C/C composites. According to experiments
conducted by N. Douarche et al. (Douarche et al., 2001) precisions
of measurements of weighing density and (XRT) density are 1% and
3% respectively. This result is a clear indication that XRT can be used
for local density maps in larger objects like aircraft brake discs.

Another method of interest for NDT of composites is a
Superconducting Quantum Interference Device (SQUID). It utilizes
an extremely sensitive magnet which is at least three orders
more sensitive than conventional magnetic sensors. This increased
sensitivity makes it easier for detection of subsurface defects in both
ferromagnetic and non-ferromagnetic materials (Hatta et al., 2005).

Protective coatings for C/C
composites

The following four processes, which are schematically depicted
in Figure 8, are necessary for the oxidation of a substrate when a
protective oxide coating is present on its surface. The rates of each
step in a series would be the same in a steady state (Luthra, 1988).
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A diagram depicting the probable rate-limiting phases during

oxidation. (Luthra, 1988) Copyright 1988 by Elsevier Ltd.

1. Boundary layer diffuse of gas phase: Oxygen must diffuse

across the boundary layer at the surface.

2. Diffusion of gas through the cracks: If the oxide layer

is broken, oxygen can permeate through it and into the
area where the substrate and oxide film come into contact.
The fracture diameter influences the diffusion coefficient.
The mean free route of the gas molecules is in the same
order as the fracture size, however, the gas molecules bump
into the walls at minuscule diameters. As a result, the
effective diffusion coeflicient decreases, and the material is
transferred by Knudsen diffusion. Condensed phase diffusion:
To oxidise the substrate, oxygen must diffuse through a
nonporous oxide coating. The oxide’s fault structure affects the
transport process.

Interface reaction: When oxygen reaches the substrate/oxide
contact, it interacts to create a substrate oxidation product.
At temperatures below roughly 500°C, the interface reaction
regulates the oxidation of unconstrained carbon composites
(Luthra, 1988).
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The oxidation issue is a major impediment to the use of
carbon/carbon (C/C) composites as high-temperature structural
materials. Ceramic coating is an excellent method for preventing
oxidation of C/C composites at high temperatures. Silicon-based
coatings have a restricted temperature range for protection, limit
its effectiveness in providing oxidation protection for C/C based
components for thermal structures. At high temperatures, the
oxidation of silicon-based ceramics produces a homogeneous
and thick SiO, glassy coating with limited oxygen permeability,
which offers superior oxidation protection for C/C composites as
represented in Figure 9 (Ghaffari et al., 2020).

The main issue with C/C composites is that they react with
the oxidizing atmospheres at a minimal temperature of 723 K
despite being stable up to very high temperatures in the region
of 3273 K or more in inert or vacuum conditions. Oxidation
is the primary failure mechanism for C/C composites subjected
to high-temperature environments (Rellick, 1990). As oxidation
occurs on the surface, using an anti-oxidation coating is a viable
technique to enhance the service life of C/C composites (Rellick,
1990).

Due to their excellent anti-oxidation properties, SiC ceramics
are often used as coatings for oxidation protection. However,
the difference in thermal expansion coefficients between SiC and
C/C composites can cause the formation of microcracks in the
SiC coating. Chromium silicide, which has a high melting point,
good elevated-temperature creep strength, and oxidation resistance,
is a potential structural material for high-temperature aerospace
and energy production applications. Oxidation resistance of C/C
composites with SiC coatings can be improved by injecting liquid
CrSi, into the pores and cracks of the SiC coating (Qian-Gang et al.,
2006).

However, no such investigation on C/C composites built on
thermosetting resin matrix combined with suitable filler is available.
Molybdenum disilicate (MoSi,), an inorganic filler, would be the
most appropriate for this application because of its outstanding
mechanical qualities, high melting point (2030°C), and adequate
oxidation reticence capabilities. The MoSi, powders examined in
this study may perform well as fillers to ameliorate the mechanical
characteristics of composite materials. According to experimental
findings, the addition of 12 wt. percent MoSi, in the composites
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Bulk density of C—C composites made without MoSi2 and with 12 wt%
MoSi2 as functions of HTT. (Park and Cho, 2000) Copyright 2000 by
Elsevier Science Ltd.

seems to boost the maximum degree of adhesion, whose bulk density
is represented in Figure 10 (Park and Cho, 2000).

Preparing ZrC doped C/C composites involved several steps,
including soaking carbon felt in ZrOCl, aqueous solution,
densifying the material using Thermal Chemical Vapor Infiltration
(TCVI), and graphitizing the material. The linear ablation rate
declined linearly as ZrC concentration rose, although the bulk
ablation rate increased initially before clearly declining. The addition
of more ZrC significantly increased the ablation resistance of C/C
composites. Although mechanical baring does not appear to be the
primary mechanism, ablation was controlled by a heterogeneous
mass movement (Sun et al., 2009). The composites’ carbon fibers
were ablated thereafter and formed into needle-like forms. For
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pure C/C composites, the ablated surface of the carbon matrix
was smooth and glossy, whereas for doped C/C composites, it
was honeycombed and dull. Additionally, the oxidation resistance
of the carbon fibers was better than that of the carbon matrix.
However, the increased formation of ZrO, weakened the bond
between the fibers and the matrix, causing the fibers to separate
from the matrix. When the ZrC contents reached 4.14 wt.
Percent, the ablation resistance of carbon fibers was ineffective
(Sun et al., 2009).

Polyacrylonitrile (PAN) fibers are pyrolyzed to create carbon
fibers under controlled conditions. To create C/C composites, these
fibers are then mixed with thermosetting resins and pyrolyzed.
Before carbonization, PAN fibers must be thermally stabilized
at 200°C-300°C in air. Carbon fibers produced by carbonization
that have been thermally stabilized, or so-called oxidized
fibers, have a high yield and outstanding mechanical qualities
(Manocha et al., 1996).

Oxidant resistant coatings are suitable to protect C/C composites
subjected to high temperatures. Mullite ceramic coatings have
proven to be efficient for the high temperature coating. Mullite-
coated SiC exhibited excellent oxidation resistance as SiO formation
took place at the mullite-SiC interface, preventing the oxidation.
Based on this research, it is possible to manufacture Al,O; mullite-
SiC multi-coatings with a thickness of roughly 200 mm using a
two-step pack cementation technique. The C/C composites were
successfully insulated from oxidation for 45 h at 1873 K, and the
coated C/C composites loss rate was 1.51 x 10~ g/cm? per hour in
weight during that period, which accounted for only 1.86% of weight
loss (Jian-Feng et al., 2003).

Advanced coating techniques

It is well understood that carbon fiber-reinforced composites
(CFCs) have a high specific strength and are durable, particularly
at elevated temperatures above 1,000°C. The CFC must be protected
against oxidation and corrosion and have additional thermophysical
and chemical compatibility requirements when used in high-
temperature applications.

It has been demonstrated that various technologies can be
used to create coating architectures that are composed of dense
ceramic top layers and porous base layers. Chemically inert
surfaces should be provided on the top layers, which can act
as diffusion barriers. In addition to providing structural support,
porous base coatings also serve as a compensation mechanism
between the brittle top coating with a low strain-to-failure and
the thermophysical anisotropic carbon substrate. A functional
ceramic top coat is also chemically compatible with the substrate
(Friedrich et al., 2002).

Catering the industrial demand, the coatings have been
studied and modified to exceed the conventional coating or
composite coating capabilities which ranges from extreme
environment performance, corrosion, abrasion, fatigue, erosion and
friction.

Furthermore, the requirements for a protective advanced
coating system would ideally be (Friedrich et al., 2002):

« Diffusion barrier function against liquids and gases
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o Chemical compatibility

 Thermophysical compatibility (thermal expansion)

« Diffusion stability in contact with chemical compounds
» Low oxygen permeability

« Low intrinsic oxidation.

Although C/C composite materials offer many advantages for
aero-engine applications, they also present new challenges due to
their inherent properties, such as lower erosion resistance, poor
thermal resistance, and poor electrical conductivity, compared
to conventional aerospace metallic structures. It is necessary to
investigate the erosion resistance of C/C composite materials in
aero-engines since some components may be subjected to harsh
erosive environments during operation.

There is a need to improve the ability of these composites
to resist fire events since they are unable to withstand as high
temperatures as traditional metallic components which comes with
advanced coating techniques. Furthermore, several methods are
used to protect C/C composites from oxidation, including surface
treatments, adding inhibitors to the matrix, and applying outer
coatings. Examples of these techniques include ZrC barrier coating
on SiC-coated carbon and double SiC coatings, among others. The
techniques for the different coating layers in dense advanced top
coatings are shown in Figure 11 (Friedrich et al., 2002).

Self-healing composites

As we have seen so far C/C exhibits exceptional thermal
and mechanical properties which can be heavily used in critical
structures. Given the intensive use of C/C composites in primary
critical, and secondary critical structures, we will definitely face
catastrophic failure in terms of matrix debonding, delamination,
matrix microcracking and impact failure among other modes.
To avoid a total replacement and high maintenance costs recent
technologies have been developed for self-healing materials which
can be used in critical structures.

There are mainly two types of self-healing mechanisms: extrinsic
and intrinsic self-healing. Extrinsic healing involves the use of a
healing agent which will be added externally whereas intrinsic
healing depends on reversible molecular bonds (Das et al., 2016).
Other classification of self-healing materials can be made based
on the stimuli, materials can be classified as autonomic healing if
there is no external stimuli and non-autonomic healing if there is
external stimuli.

C/C composites fall under the category of Ceramic Matrix
Composites (CMCs) which mainly face failure due to oxidation at
higher temperatures. Self-healing for C/C composites would mainly
focus on reducing the oxidation or stopping the damage done by this
oxidation. They oxidise quickly above temperatures of 773 K in the
atmosphere containing oxygen losing 40%-50% of their weight in
less than a minute (Zhen et al., 2018), this severely damages their
high-temperature applications.

To counter this loss in weight and subsequently, its properties,
lots of advancements have been made around anti-oxidation
coatings that can be applied on the surface of the parts that we
manufacture. One such coating that has been developed in recent
times is Zirconium diboride (ZrB,), it provides excellent thermal
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Suitable techniques for the different coating layers (Friedrich et al., 2002) Copyright 2002 by Elsevier Science (B)V.

protection for objects on re-entry (>3000°C), it also provides
exceptional thermal shock resistance and, mainly, oxidation
resistance at elevated temperatures. However, its oxidation resistance
properties are limited as Boron tends to form its oxide B,O;
(Haibo etal.,, 2016). This by-product has a low viscosity and
evaporation temperature leaving the Zirconium exposed to the
atmosphere causing it to oxidise and form ZrO, which is a porous
layer. Double coatings can be fabricated as an inner coating of
SiC and an outer coating of glass-ceramic which are illustrated
in Figure 12.

To counter this problem, it was proposed to add a layer of silicide
such as SiC or Molybdenum Silicide (MoSi,). Upon oxidation of
Boron to form B,0;, the oxidised Zirconium, ZrO, will react with
the silicide present to give ZrSiO, which is thermally stable and
has low permeability of oxygen thereby improving the oxidation
resistance of the component (Haibo et al., 2016). This silicide coating
not only improves the anti-oxidation properties but also the ablation
properties of the part. By adding SiC nanowires under the ZrB,-SiC
coating it improves the toughness of the coating on the composite
(Zhang et al., 2015).

An alternative solution to the current problem is high-
temperature glass ceramic coating. One of the main components
of such a coating is SiO,, a high-temperature flow matter. While
applying the coating a dense layer of low oxygen permeability SiO,
will form increasing the oxidation resistance. Luo etal. (Lietal,
2007) illustrated a method of applying a gradient self-healing coating
of SiC-B,C/SiC/SiO, with the inner layer being B,C and B-SiC.
The middle layer was SiC-based, whereas the outer layer was SiO,,
serving as an airproof barrier. The coating is also characterized for its
excellent thermal shock resistance at temperatures around 1,500°C.

Anti-oxidation nature of the coating is not affected by
superficial and inner cracks. The self-healing properties at different
temperature regions are determined by deep lacerations. Starting
from 500-700°C temperature region, where oxidation of B,C helps
heal the cracks. Subsequently, from 800 to 1200°C, borosilicate glass
typically forms, effectively filling the penetrative cracks. Much of
this is attributed to the outstanding anti-oxidation properties of the
coating. The borosilicate glass which forms is predominantly a B,O;-
rich phase below temperatures of 1000°C and a Silica-rich phase at
temperatures over 1000°C. Finally, for the range of 1300-1500°C, the
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weight loss rate slowly increases as the outer oxide layer gradually
decreases (Zhang et al., 2015).

Previous studies have suggested that doping Si-based coatings
will lower the oxygen permeability further. For this purpose, Rare-
Earth (RE) doped Si-based coatings are utilised. One disadvantage
of this coating is the cracking and spallation which occurs with
excessive stresses accumulated during thermal corrosion over long
periods (Wang et al., 2017).

Recent developments in self-healing coatings have also given
rise to YSZ (Y,0O; partially stabilized ZrO,) coatings which
are commonly used for Thermal Barrier Coatings (TBCs). An
illustration of the healing process in represented in Figure 13. YSZ,
due to its composition, operates within a narrow range where the
ferroelastic toughening mechanism is effective. This property makes
it robust. For achieving higher temperature usage there have also
been proposals recently to fuse YSZ technology with RE doped Si-
based ceramics. From previous studies, it has been revealed that
Zr0, is conducive to forming a stable Zr-La-Si-O heterogeneous
oxide glass film under high temperature in the fused system of YSZ
and RE-Si (Wang et al., 2017).

Corrosion and wear

Due to their inert nature, Carbon-Carbon (C/C) materials
have high corrosion and oxidation resistance. Furthermore, they
demonstrate significant durability when it comes to friction and
wear. Composites made from carbon and carbon have improved
thermal, mechanical, and friction properties compared to advanced
ceramics. At temperatures exceeding 3000°C, C/C composites
exhibit excellent dimensional stability, as compared to the metals
that undergo drastic deterioration in the same condition. Carbon-
Carbon (C/C) composites’ properties are greatly influenced by
their manufacturing methods. A manufacturer’s expertise lies in
combining processes to achieve specifically tailored properties
despite knowing the general production technology (Saifeldein,
2015).

A carbon-fibre-reinforced-carbon matrix composite (FRC) is
a composite material formed by combining carbon fibers with
graphite matrix. The thermal expansion properties of Carbon-
Carbon composites are superior to those of other composite
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materials or metals. The low coefficient of thermal expansion
of carbon-carbon composites (C/C), 0.3-0.5mm in the fibre
direction and 0.5-0.8 mm in the perpendicular direction allow
these composites to absorb heat without deformation (Saifeldein,
2015). In the fibre direction and perpendicular direction, wear
rates are (0.05-0.1 mm) and (0.1-0.3 mm). When a load is applied
to a composite, it is first absorbed by the matrix phase and
then transferred to the reinforcement phase, enhancing the overall
strength. The physical properties of C/C composites are primarily
determined by the reinforcing fibers.

Tribological properties

C/C composites tend to have unsuitable behavior under adverse
conditions and are rarely used in wet and corrosive environment.
However, C/C-SiC composites are used in brake friction materials
for automotive and aerospace applications where they are subjected
to wet and high-speed braking (Kumar and Srivastava, 2016).

Previous studies have observed that the frictional stability of
carbon largely depends on a few factors. Factors such as the
adsorption of water vapor, wear, and the transition to high friction,
which increase with the partial pressure of vapor, play a role.
For a series of n-paraffins, friction also increases with chain
length. The peak transition temperature is 400°C, making ambient
temperature control difficult. This temperature is a critical threshold
for the material’s frictional properties, beyond which significant
changes may occur. Not many studies have involved research on
improving friction and wear properties; hence, we have to resort to
additives and modifications to amplify the properties at exceeding
temperatures while maintaining the material’s stability (Matsui and
Yasutake, 1998).

Dry friction tests on C/C composites up to 1000°C were
conducted to evaluate the oxidation of carbon and the temperature
associated with water vapor evaporation. An example of sliding
friction is shown in Figure 14. Other studies were conducted
by incorporating additives, hydrocarbons with different carbon
numbers and inorganic compounds that are water-soluble. The
friction and wear properties from the experiments increased
proportionally to the decrease in humidity present. The increase
in friction and wear was much more drastic in vacuum conditions
(Matsui and Yasutake, 1998).

Another observation was a sudden increase in the friction
coefficient at 200°C with an increase in temperature. The friction and
wear showed a directly proportional relationship up to 200°C, which
rose to a maximum and gradually decreased with temperatures
greater than 200°C. The peak/transition temperature increased with
the addition of a high carbon number of hydrocarbons. It showed
an even greater increase with the incorporation of water-soluble
inorganic compounds (Matsui and Yasutake, 1998).

The friction coefficient for the oil-absorbed carbon-epoxy
composites showed a sharp increase followed by a period of steady
state, which was consistent with the observations by Ayatollahi
et al. (Ayatollahi et al., 2017). It has been previously established that
tribological behavior is heavily dependent on surface conditions
with regard to PAN-CVI C/C composites, where PAN as a precursor
and CVTI as a fabrication technique which allows the production
of high-quality C/C composites with desired properties (Kuo et al.,
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2005). Oil, however, is hardly talked about when discussed. Studies
reveal changes in mechanical properties for oil-adsorbed C/C
composites (Bi et al., 2008). There is a sizable decrease in flexural
strength and flexural modulus of the composite after multiple cycles
due to oil burning and, consequently, fiber-matrix deterioration
(Bietal., 2008).

Creep and fatigue failure

C/C composites display excellent thermal resistance and
mechanical properties such as strength with low weight
requirements and are used in aerospace applications. We also
need insight into the fatigue properties and failure modes to put
these composites to more efficient usage. Moreover, because of the
high-temperature applications of C/C composites, the mechanical
properties they exhibit under these conditions and the kinds of
failure they experience while under these thermo-mechanical loads
are worth mentioning.

The fatigue fracture of C/C composites can essentially be
classified into three types:

(1) Low-stressregion: the interfacial damage improves the residual
strength.

(2) Region up to fatigue limit: The strength of fibers will degrade
due to the surface experiencing wear, and the fractured core
grows with fatigue cycles.

(3) High-stress region: the failure is similar to failure experienced
when exposed to static tensile testing (Goto et al., 2005).

Studies done by Leonas etal. (Leanos and Prabhakar, 2015)
investigated the failure modes of C/C composites when exposed to
thermal shock. The study involved experiments where the composite
was exposed to thermal shock at different peak temperatures for a
number of cycles, a case of which is shown in Figure 15. Mechanical
properties and microstructure evolution were parameters evaluated
to provide an idea into the modes of failure. The study by Leanos and
Prabhakar (2015), concluded tow/matrix debonding and interlayer
shear failure were the primary mechanisms in 2D C/C composites
specimens, subjected to high-stress concentrations between the
plies.

Sines etal. (sinesetal, 1989) showed the creep behavior of
uniaxial C/C composites at high temperatures and stresses through
a series of experiments. The creep curve obtained showed the
initial large transient stage to be followed by a steady state
response, which a Dorn-type creep model can help. The activation
energy reported by Sines etal. (sinesetal,, 1989) in the studies
conducted is 1082 kJ/mol. The activation energy also had the same
values reported for the graphitization of different pyrolytic carbons
(sines et al., 1989; Gvishi et al., 1992).

Machining and drilling of C/C
composites

Machining and finishing components to provide the required
surface finish is an essential aspect of choosing the material for
a particular application. Although most components made from
composite materials are manufactured to near net shape, machining
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FIGURE 14
Optical microscopy views of the worn surfaces of CFRC pins, (A, C), and discs, (B, D), resulting from sliding at room temperature, (A, B), and T = 600°C,
(C, D) (Gomes et al,, 2001) Copyright 1988 by Elsevier.

FIGURE 15
SEM micrograph of (A) pristine (B) 400°C, and (C) 700°C of polished 2D C/C composite specimen after compressive test of three cycles (Leanos and

Prabhakar, 2015) Copyright 2015 by Elsevier Ltd.
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these components is necessary to meet dimensional precision and
provide better performance.

Machining and drilling of composites typically causes
delamination, which can lead to a loss of desired properties in
terms of strength and fatigue failure. C/C composites are difficult
to machine using conventional machining methods due to their
anisotropy, brittleness, and intrinsic hardness.

The traditional machining methods are not suitable for
machining C/C composites as along with the above-mentioned
properties, they also lead to workpiece damage through chipping,
cracking, delamination, and high wear on the cutting tool
(Guuetal, 2001). Among the non-conventional machining
techniques, the most commonly recommended method is Electric
Discharge Machining (EDM) represented in Figure 16.

EDM is typically used for machining hard, strong, wear
and temperature-resistant materials, which is the case with C/C
composites. Since in EDM the tool and the workpiece do
not come into contact we can eliminate vibrations and chatter
(Guuetal,, 2001). Another non-conventional machining method
that is applicable is Laser cutting. Gureev et al. (Gureev et al., 1999)
have experimentally established the effective usage of continuous
wave laser radiation could be used in the machining and pattern
cutting of C/C composites. George etal. (George P. etal., 2004)
have worked on establishing an empirical relationship as a function
of EDM process parameters. This has been used to analyse the
machinability of C/C composites.

Another study (George P. et al., 2004) was conducted to analyse
the process parameters in EDM to determine how it would
determine the machinability of the composite. The most significant
process parameter was found to be pulse current. Other significant
parameters include gap voltage followed by pulse on time. These
parameters have been compared with respect to their material
removal rate in Figure 17. With existing models, it is possible to
successfully calibrate the process parameters in order to achieve
desirable results. Delamination of the workpiece caused by EDM
strongly affects the measurement of overcut and loss of circularity
(Gureev et al., 1999).

Gureev etal. (1999) have researched the effects of process
parameters on the surface roughness (R,) of the finished component
using a profilometer. It was observed that one of the main
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parameters, Pulse Energy, determined the delamination effects.
Smaller pulse energy helps prevent delamination defects around the
holes of the top and bottom surface of the workpiece. Delamination
on the cutting edge, however, increases with the increase in
temperature. This increase in temperature is caused by an increase
in discharge energy. Not only is there an increase in delamination
but another issue that arises is the increase in surface roughness as
well as creating a much larger recast layer (George P. et al., 2004).

Another important non-conventional machining process used is
Abrasive Flow Machining (AFM). The process of AFM is illustrated
in Figure 18. AFM is generally used when the workpiece is intricate
and certain parts are difficult to reach and need to be deburred
or polished. It is done by getting a semi-solid medium to flow
across the surface. The fluid medium used to transport the abrasive
particles is generally a polymer. The polymers transmit the extruding
force while the abrasives act as the cutting edge and continuously
remove materials from the workpiece. The abrasives employ cutting,
ploughing, rubbing, or a combination of these actions to remove
material from the surface.

The abrasive materials, being small in nature, have a very
small material removal rate but this also ensures a better surface
finish of the product. Some of the process parameters that affect
the surface roughness of the finished workpiece include: extrusion
pressure, flow volume, velocity and viscosity of media, abrasives,
workpiece configuration and flow pattern (Rhoades, 1991). William
etal. (Williams and Rajurkar, 1992) found that the extrusion
pressure and viscosity of an abrasive medium significantly affect the
material removal rate and surface roughness. By varying the process
parameters, it is possible to obtain optimal conditions for the best
results while working with C/C composites.

Ravikumar et al. (2012) studied the effects of a few parameters
on surface roughness. The parameters include: abrasive particle
size (mesh size), extrusion pressure, the viscosity of the medium,
abrasive loading, and the number of cycles. Surface roughness
was seen to increase to a maximum with increase in all
parameters, reaches a maximum and gradually decreases. Other
derivatives of AFM include centrifugal force-assisted AFM.
This is being researched in order to minimise residual stress,
improve the finishing rate, and achieve better surface integrity
(Ravikumar et al., 2012).
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Drilling

C/C composites display excellent mechanical properties that
makes it a desirable material to be used in critical applications
like the aerospace industry and brake pads. However, the brittle
nature of C/C composites complicates the drilling process.
The woven nature of carbon fibers wears down the cutting
edge of the tool, leading to fibers being pulled-out, leading to
machining defects (Kumar et al., 2020). Therefore, it is favourable
to take an approach similar to machining, and non-contact
drilling.

Recent research has been conducted in the field of Electrical
Discharge Drilling (EDD) which is a non-contact machining
process whereby the material is removed by recurring sparks
between tool and workpiece which forms micro-holes (Kumar et al.,
2020). EDD is a combination of conventional drilling processes
and Electric Discharge Machining and is hence referred to
as a collaborative hybrid machining process (HMP) of the
former two.
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The material removal in EDD does not occur through contact
as in the conventional drilling process, rather it relies on repeated
melting and evaporation while the tool simultaneously rotates to

Upper media assist the material removal by evacuating the debris from the
find
RSt Axial machining area effectively (Kumar et al., 2020).
Work
Workpi surface
Processes for reinforcing carbon for
Abrasive aerospace
media Removed
material . . .
Lo‘g;_rnr:::ﬁa In the aerospace industry, carbon fiber is widely preferred due
to its superior mechanical and thermal properties. However, it has
Abrasives certain drawbacks. The surface of carbon fiber is very smooth and
chemically inert, which can lead to poor adhesion between the
FIGURE 18 fiber and the matrix, ultimately affecting the properties of carbon
Illustration of Abrasive Flow Machining Process (Dixit et al., 2021) CC fiber reinforced polymers (CFRPs). To address this issue, carbon
BY 4.0. ) ’
nanotubes (CNTs) were introduced. Adding CNTs significantly

enhances the mechanical properties and thereby reinforces the
composite (Shirvanimoghaddam et al, 2017). Furthermore, it
possesses a specific microstructure and unusually high thermal
conductivity.

Graphene oxide (GO) reinforcement has also been tested
with carbon fiber. Observations under SEM at 20kV showed
that GO sheets were chemically grafted onto the carbon fiber
surface, forming a new hierarchical structure. The functionalization
improved the carbon fibre’s surface roughness through GO
and CNT grafting. The interfacial strength of GO and CNT
grafted CF composites increased due to factors like improved
surface energy and wettability of CF-GO-CNTs from the
abundant polar groups on GO and CNTs, enhanced mechanical
interlocking between the carbon fiber and epoxy matrix due
to increased fiber surface area, and forms chemical bonds
at the GO/CNTs/CF-matrix interface. Figure 19 compares the
interfacial shear strength (IFSS) of these types of composites
(Gao et al., 2016).

Pyrolytic carbon (PyC) is crucial in high-performance
materials, such as carbon/carbon composites used in aerospace
for heat shielding and friction-resistant brake pads in commercial
aircraft. The elastic properties of porous nanotextured PyC
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were modeled using irregularly shaped pores (Drach etal,
2011). Due to significant differences in the dimensions of
inscribed and circumscribed ellipsoids, their analysis was
not feasible. The parameters characterizing the contribution
of individual pores to the effective elastic moduli were

similar. When comparing long cylindrical pores to 2:1
spheroidal shapes, the spheroidal approximation provided
more accurate predictions of effective Youngs moduli

(Drach et al., 2011).

Three-dimensional (3D) woven composites are widely used
in aerospace industry. A model reference standard was created
to predict the material response of composites reinforced with
a 3D woven ply-to-ply fiber architecture under single bolt,
double-shear bearing conditions. The predicted material behavior,
including stress-strain response trends and failure modes in the
progressive damage model, was validated by experimental results
(Warren et al., 2016).

When tested at high temperatures, carbon/carbon composites
show a 10-20% increase in mechanical properties at 2,000°C in
an inert atmosphere. The reinforcing fibers are more anisotropic
than the carbon matrix (Manocha, 2003). The best ways to improve
oxidation and ablation resistance in C/C composites include
matrix modification and coating. These methods involve optimizing
carbon fiber weave structures, controlling pyrolytic carbon texture,
modifying the carbon matrix, and applying anti-ablative ceramic
layers (Warren et al., 2016, Jin et al., 2018).

Chemical Vapor Infiltration (CVI) offers significant benefits,
such as low preparation temperatures that prevent damage to the
carbon matrix and controlled composition and structure of coatings
(Jin et al., 2018). Carbon/carbon (C/C) composites are promising
for high-temperature structural applications in thermal protection
systems due to their excellent high-temperature properties (Jin et al.,
2018).

Carbon/carbon (C/C) composites are ideal for aerospace
applications due to their lightweight, superior mechanical
properties at high temperatures, good thermal properties,
and excellent friction properties. The mechanical and thermal
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properties of C/C composites are intrinsically linked to the
carbon microstructure (Buchgraber, 2003). Three types of carbon
fiber reinforcements are used in C/C composite brake discs:
carbon fabric laminates, semi-random chopped carbon fibers,
and laminated carbon fiber mats with cross-ply reinforcement
(Awasthi and Wood 1988).

The pyrolytic carbon matrix is obtained via chemical vapor
deposition (CVD). Glassy carbon is derived from the carbonization
of high-char-yield resin, used to consolidate carbon fibers into
disks or densify porous disks by resin impregnation during later
processing stages (Awasthi and Wood, 2008). The damage tolerance
behaviour of unidirectionally reinforced C/C composites was
analyzed using various experimental techniques (Chowdhury et al.,
2018):

(1) Digital Image Correlation (DIC) analyses showed that
irreversible cyclic damage accumulates in the form of localized
strain bands parallel to fibers, reducing the composite’s overall
stiffness over several cycles.

(2) Fiber/matrix interface debonding during cracking causes
pervasive fiber bridging, significantly decelerating crack
growth, confirmed via CT scan analysis.

Post-fracture crack surface studies revealed extensive fiber pull-
out-dominated damage progression. CT scans can observe fiber
matrix compounds, as shown in Figure 20. The crack advances
through matrix tearing assisted by coalescence with pre-existing
microscopic pores (Chowdhury et al., 2018).

Microstructure plays an important role in understanding the
performance of C/C composites, as it provides information about
F/M distribution, pore dispersion, isotropy and anisotropy of the
matrix formation, and extent of damage during processing or testing
could be assessed. A study by Devi and Rao (1993) on various
matrix precursors, specifically resin (R) and pitch (P) for skeleton
formation, revealed that composites processed with pitch material
exhibited slightly higher porosity. This is attributed to the higher
density of carbon derived from pitch. Both the bulk matrix and
the matrix surrounding the filament displayed a lamellar structure,
indicating efficient graphitization.

C/C composites are unique ceramic engineering materials
exhibiting brittle to pseudoplastic behavior, where carbon fiber is
reinforced into the carbonaceous matrix forming C/C composites.
High specific strength along with the stiffness of carbon fibers, and
refractory properties of carbon matrix combining together to form
a C/C composite is the goal (Kebede, 2021). When fibers are laid
in near-net shape with multidirectional reinforcements results in an
ideal high temperature tolerant material structure (Devi and Rao,
1993).

Aerospace applications

Developed more than 30 years ago to meet the needs
of space missions, C/C composites were widely employed in
spacecraft applications. As a part of NASAs Apollo spacecraft’s
heat shield system, C/C composites are recognized as high-
performance engineering materials with potential uses in high-
temperature industries, such as utilization in projectile missile
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CT scan images (A through D) at the early stage show how a growing crack coalesces with an existing pore, which then merges a with a neighboring
pore. The fiber remains intact (until the final fracture) while the merger of two pores advances the crack even further down. (Chowdhury et al.,, 2018)

and rocket applications and space payload structural applications
(Singh et al., 2007).

Due to their favorable characteristic applications, including
excellent anti-friction and anti-wear and great thermal shock
resistance, C/C composites are involved in various thermal
protection systems, making C/C composites a significant candidate
material in the aerospace area (Simil et al., 2013). Along with the
rapid expansion of the aerospace sector, the intense operational
environment faced by rocket engines driven with solid propellants or
solid propellant rockets constitutes a significant issue with materials
to withstand extreme temperatures.

C/C composite is the chosen option for any application involving
the use of mechanical fasteners at high temperatures which in
turn also aids weight reduction. This is due to the fact that the
performance requirements and the operating conditions in a loaded
state of C/C composite is exceptional at high temperatures while may
not be as admirable as that of metals at ambient room temperatures
(Simil et al., 2013).

Carbon-Carbon (C/C) composites are favoured in aerospace
and related applications that face hostile thermal conditions
because they offer good properties such as low density, excellent
ablation, high specific strength/modulus, low coefficient of

Frontiers in Materials

thermal expansion, and thermal shock resistance at high
temperatures (Virmani et al., 2021). Because of these properties,
C/C
manufacturing components like leading edges of turbine engines,

composites are interesting aerospace candidates for
aircraft brake pads, rocket and jet nose tips and nozzles for
hypersonic re-entry vehicles (Singhetal, 2007). The ablation
resistance of a C/C composite can be greatly influenced by adding
an overlay layered coating on the surface of the material as
discussed above.

Characteristics such as great dimensional stability put them in
place as a suitable choice for applications involving outstanding
thermo-structural components like turbine engines, space payload
structural applications, and heat shields of missiles, rockets,
or space vehicles. Hence, it can be correctly said that these
materials meet all of the criteria for space structure requirements
(Singh et al., 2007). Ceramics based on ZrB, have vital applications
in thermal protection systems and other components for hypersonic
aircraft vehicles. Because of their exceptional features, such
as high melting point, high strength, and superior oxidation
resistance at high temperatures, ZrB,-based materials have been
identified as attractive candidates for use in aerospace applications
(Virmani et al., 2021).
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Conclusion

Carbon-carbon (C/C) composites comprise carbon fibers
held together by a carbon matrix. They are lightweight materials
with outstanding thermal shock resistance, toughness, ablation
resistance, and high-speed friction properties, capable of
maintaining structural integrity at extreme temperatures. The
strong connection between the matrix and fibers improves
several characteristics. As a result, fiber treatments and matrix
manufacturing procedure changes are being researched to tune the
interfacial strength for various composite applications and property
needs. Advanced carbon-carbon composite materials are extensively
employed in various aircraft and ground-based applications. The
development of technologies for oxidation protection of carbon
materials has received a lot of interest. One of the most common
techniques is to add coatings on the article surface, such as SiC,
MoSi,, and ZrSiO,.

Because of the self-sealing performance of SiO, generated from
SiC oxidation, the SiC ceramic possesses excellent anti-oxidation
capabilities. There is little information on the oxidation performance
of ZrB,-MoSi, coatings produced via slurry painting. Incorporating
high interlaminar strength into composites is an efficient technique
to improve their mechanical performance, particularly under
extreme loading circumstances.

The addition of CN'Ts can change its surface state from smooth to
rough, considerably increasing the number of nucleation locations.
Second, CNTs are mostly made of carbon, which is comparable to
CCs. CNTs may grow directly on carbon fibers with excellent F/M
interface bonding. Third, carbon nanotubes (CNTs) are effective
reinforcement and are widely used in structural composites. C/C
composites have various qualities that may be adjusted by selecting
component materials, fiber orientations, and production details.
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