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Abstract
Carbon–carbon composites (C/Cs) are of significant technological importance in
various advanced applications, owing to their unique mechanical and thermal
properties. C/Cs are composed of carbon fiber-reinforced carbon matrix. This
chapter summarizes various aspects of C/Cs in terms of matrix and reinforcement
precursors, fabrication of C/Cs and effects of various processing parameters on their
mechanical and thermal properties, and their applications. Effects of processing
parameters and architecture of carbon fiber reinforcement have been highlighted.

Keywords
Advanced composites • High-temperature materials • Carbon fiber • Carbon
matrix • Thermal stability • Thermal conductivity • Densification • Crack
propagation
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Introduction

Carbon is one of the most important elements that remains present as a main
constituent of all the living organisms and also is present in countless molecules
essential in various aspects of human activity because of its extraordinary charac-
teristics, i.e., it may combine with other elements or by itself to form different
structural materials. Apart from its presence in form of various compounds, carbon,
its elemental form, exists as various allotropes such as diamond, graphite, carbynes,
and fullerenes. The allotropes of carbon exhibit a diverse range of properties and are
important both scientifically and technologically. Among all, graphite is the most
abundantly available allotrope, which consists of stacks of tightly bonded and
hexagonally arranged basal planes (graphene layers) separated by a distance of
0.335 nm. The graphite structure is illustrated in Fig. 10.1.

The atoms within the graphene layer have a covalent bond strength of ~524 kJ/
mol [1], while the bonding energy between the basal planes is ~7 kJ/mol because of
weak van der Waals forces between them [2]. As a result, the crystalline graphite is
anisotropic, being almost isotropic within the basal planes. Depending on the
arrangement of the atomic bonds, carbon can form various structures with respect
to microstructure, ranging from the randomly oriented two-dimensional amorphous
or glassy carbon structure to the highly crystalline three-dimensional graphite
structure, where the density ranges from 0.5 to 2.2 g/cm3 with different shapes.
The various types of graphites, synthesized under specific processing conditions, are
also termed as synthetic or engineered carbons. Examples include porous carbons,
activated carbons, glassy carbons, carbon blacks, cokes, carbon nanotubes, carbon
fibers, carbon–carbon composites (C/Cs), etc.

Fig. 10.1 Structure of
graphite
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Owing to the presence of strong covalent bonds, carbons in solid forms exhibit
superior resistance to extreme environmental conditions of temperature or corrosion,
which makes them suitable for structural applications under such conditions. The-
oretically, the covalent bonding can provide them extremely high specific strength of
up to 40–50 GPa over a broad temperature range. In nonoxidizing atmospheres, solid
carbons can retain their high strength for temperatures as high as 1500 �Cormore [3, 4].
However, owing to the presence of various defects, the normal synthetic carbons
exhibit a strength of <2 % of the theoretical values. In order to achieve and utilize
the covalent bond strength to the maximum in bulk carbons, carbon fibers having high
strength and modulus values have been developed [5].

Carbon Fibers

Carbon fibers, consisting mainly of turbostratic carbon, are being employed as the
main reinforcement in high specific strength composites for advanced applications
including structural, sports, aerospace, etc. These fibers pose several advantages such
as high strength and modulus, excellent thermal and electrical conductivity, creep
resistance, thermal shock resistance, chemical inertness, and low thermal expansion,
which enable their application with a broad range of matrix materials, i.e., polymers,
ceramics, and metals, employing various processing techniques [6–8]. The demands
for low density, high strength, and stiff composite structures from the aeronautical
sector led to the interest for the development of carbon fiber-reinforced structural
composites. These carbon fibers are the only choice for advanced applications such
as high-temperature composites because of their high specific thermal and thermome-
chanical properties. The majority of products based on carbon fiber still belong to the
high-technological applications such as space and aeronautics. Subsequently, the
applications of carbon fibers are extended to civilian sectors such as sports goods,
transport vehicles, biomedical sectors, etc. [8–10]. At present, all commercial carbon
fibers are manufactured by thermal decomposition of various organic fiber precur-
sors. The popular precursors are polyacrylonitrile (PAN) polymers, pitch, rayon, etc.
In an alternative process using catalytic chemical vapor deposition (CCVD), a
low-cost and discontinuous high-performance carbon fiber called as vapor-grown
carbon fiber (VGCF) is also made. The associated processing steps and properties of
carbon fibers are discussed in the subsequent sections.

Polyacrylonitrile-Based Carbon Fibers

Polyacrylonitrile (PAN) is an atactic linear polymer consisting of carbon backbone
with polar carbon–nitrogen pendent groups. The PAN precursor for developing
carbon fiber needs to have high molecular weight, minimum molecular defects,
low comonomer content (2–5 %), high strength, high modulus, and high carbon
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yield. To produce carbon fibers from PAN precursor, generally four steps are
considered [11, 12], i.e.:

1. Spinning and stretching of PAN precursor
2. Stabilization at 220 �C in air under tension
3. Carbonization at ~1400 �C in an inert atmosphere
4. Graphitization at 2500 �C in an inert atmosphere

Spinning and Stretching
In the first step, polyacrylonitrile plastic is prepared by using a conventional
suspension or solution polymerization process where a mixture of acrylonitrile
powder and another monomer such as methyl acrylate or methyl methacrylate is
reacted in presence of a catalyst. The next step involves the formation of polyac-
rylonitrile fibers by spinning the plastic. This step is important as the internal
atomic structure of the fiber is formed during the spinning process. The spinning of
fibers can be performed by using any of the conventional methods based either on
solution-based or thermal process. In solution-based processes, the plastic is
mixed in an appropriate solvent, and the mixture is pumped through tiny jets
into a chemical bath or quench chamber where the plastic coagulates and solidifies
as fibers. In thermal processes, the plastic mixture is heated and pumped through
tiny jets into a chamber, where the solvents evaporate to form solid fibers. In the
final step, fibers of desired diameter are formed by stretching the spun fibers. This
step also helps molecular alignment of the polymeric chains within the fiber to
provide the basis for the formation of aligned structures during carbonization
[13–15].

Stabilization
Before carbonization, the linear structure of fibers needs to be converted to ladder
architecture, a thermally more stable structure, by heating them in air at 220 �C for
30–120 min. The process is termed as stabilization, during which the fibers react
with oxygen and rearrange their molecular arrangement through a number of
complex chemical reactions involving several steps. The process must be con-
trolled carefully as the exothermic nature of the chemical reactions may lead to
overheating of the fibers. Numerous techniques have been developed to perform
the stabilization process. For example, a series of heated chambers can be
employed to perform the stabilization of the fibers. Another technique involves
stabilization by passing the fibers over hot rollers. Sometimes, a mixture of air and
other gases heated to certain temperatures is also used to accelerate the stabiliza-
tion process [16–19].

Carbonization
To form carbon fibers, the stabilized polyacrylonitrile fibers are carbonized by
thermal treatment at elevated temperatures ranging between 900 �C and 1400 �C.
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The fibers are heated for several minutes in a furnace having inert atmosphere and a
pressure higher than the normal atmospheric pressure. During heat treatment, ther-
mal decomposition of the polymer takes place, and lower hydrocarbons, water, and
other volatile by-products such as NH3, CO, CO2, H2, N2, etc., are produced. The
remaining carbon atoms are crystallized to graphitic/turbostratic layers aligned more
or less parallel to the fiber axis. During this stage the high mechanical properties are
introduced in the carbon fibers. The development of these properties is directly
related with the formation and orientation of turbostratic graphite-like fibrils or
ribbons within each individual fiber [20, 21].

The carbonized fibers have a comparatively inactive surface, which, when used in
composites, cannot provide strong bonding with various resins/polymers used as the
composite matrix. Hence, it necessitates surface modification of the carbon fiber to
provide proper bonding properties. One of the routes to surface modification is
surface oxidation, which leads to the addition of oxygen-containing functional
groups and the enhancement of the surface roughness. Both of these help to provide
better mechanical bonding. The surface oxidation can be attained by reacting the
fibers with various gases such as air, CO2, or ozone or liquids such as sodium
hypochlorite or nitric acid. Apart from surface oxidation, coatings of various con-
ductive materials can be applied on the fiber surface. The surface treatment may
involve formation of tiny surface defects, which must be avoided by controlling the
process parameters carefully as formation of defects may lead to reduced mechanical
performance of the fibers. The surface-treated fibers are finally coated with specific
chemicals, termed as sizing agents. The sizing agent protects the fiber surface from
damage during winding or weaving. The sizing agents used in the process are such
that they are compatible with the possible matrix materials to be used to form carbon
fiber-reinforced composites [5, 14, 15].

Graphitization
In general, graphitization is performed by heating the carbonized fibers to relatively
higher temperatures ranging in between 1900 �C and 2500 �C under inert atmo-
sphere. Graphitization improves the crystalline order of the graphite-like crystallites
within each individual fiber, which leads to improved tensile modulus of the fiber.
The term “graphite fiber” is used for the fibers having a carbon content more than
99 %, whereas the term “carbon fiber” is used where the fiber has 80–95 % of
carbon. The carbon content in the fiber is a function of the heat treatment temper-
atures. The density of carbonized and graphitized fibers generally ranges from 1.6 to
2.1 g/cm3 as compared to that of 1.2 g/cm3 for PAN fibers. The final diameters of
fibers generally range from 5 to 10 μm [12, 15].

The tensile modulus of PAN-based carbon fibers depends mainly on the degree
of heat treatment, because the modulus is determined by the orientation of the
graphite-like crystallites along fiber axis, which is a function of the heat treatment
temperature. The tensile modulus of a fiber, heat treated at 1100 �C, is found to be
210 GPa, whereas those with 345 GPa are processed at 2200 �C. Unlike tensile
modulus, the tensile strength of carbon fiber is not only dependent on the heat
treatment temperatures, and also it is not yet fully understood. The tensile strength

320 R. Sharma et al.



of fibers may be controlled by the presence of discrete flaws both within the volume
of the material as well as on the surface. The typical strain to failure of a
low-modulus (210 GPa), high-strength (3275 MPa) fiber is approximately
1.5–1.6 %, whereas for a high modulus (450 GPa) with lower tensile strength
(1620 MPa), the value is 0.36 % [11, 12, 15].

Pitch-Based Carbon Fibers

Pitch materials are generally by-products in the destructive distillation of coal and
crude oils. This pitch is a very cheap and readily available source of carbon for use as
a carbon fiber precursor. In addition to low cost, it also gives high carbon yield
during carbonization. Pitch-based carbon fibers are produced by two processes. The
first of these processes results low-modulus fibers unless the stress graphitization at
extremely high temperatures is employed. The precursor for this process is a low
softening point isotropic pitch. The processing scheme is as follows [11, 12]:

1. Melt spinning of isotropic pitch
2. Thermosetting at relatively low temperatures for long periods of time
3. Carbonization in an inert atmosphere
4. Stress graphitization at extremely high temperatures

Tensile strength as high as 2585MPa and tensile modulus of elasticity in excess of
480 GPa can be attained in fibers produced by this technique. On the other hand, the
non-stress-graphitized fibers produced by this process tend to have tensile modulus
of elasticity values in the range of 35–70 GPa [11]. Since, the isotropic pitch process
is not commercially viable, the most commonly used pitch is mesophase (aniso-
tropic) pitch. For high-performance carbon fibers, mesophase pitch needs to have low
ash content; 100 % anisotropic, softening point in the range of 230–280 �C; low
viscosity at the spinning temperature; good spinning ability and thermal stability;
high oxidation activity; and good carbon yield. The processing scheme for making
mesophase pitch-based carbon fibers is as follows [12, 15]:

1. Preparation of mesophase pitch
2. Spinning
3. Thermosetting
4. Carbonization
5. Graphitization

Preparation of Mesophase Pitch
Heat treatment of commercial pitch above 350 �C for a prolonged time results in
the succession of dehydrogenative condensation reaction among the molecules,
thus forming large molecules, which further aggregate into liquid crystalline
phase known as mesophase. It has higher surface tension than isotropic
pitch [22–25].
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Spinning and Thermosetting
Mesophase pitch can be spun into filamentary form by means of a variety of tech-
niques. Melt spinning is the most common technique adopted for this purpose. In this
process, the material to be spun (generally about 50–90 % mesophase) is loaded into
either a monofilament or a multifilament die, heated in the temperature range of
250–300 �C, and pushed through the die with pressurized inert gas. The final diameter,
which usually ranges from 10 to 15 μm, can be varied by varying take-up rates of the
fibers [11, 25, 26]. Since the mesophase pitches are somewhat thermoplastic, it is
necessary to change into thermoset state prior to carbonization in order to obviate
relaxation tendencies at high temperatures. The thermoset fibers can be made either by
heat treating them at approximately 300 �C for a short period of time (2.5 h.) in an
oxygen-containing atmosphere or by immersing them in strong oxidizing liquids.
During these treatments, the large plate-like molecules that formed in the mesophase
are linked together via oxidative polymerization reactions; as a result, the fibers are
stabilized against melting, which, in turn, allows them to be carbonized [5, 11, 15].

Carbonization and Graphitization
The carbonization and graphitization steps are similar to that of PAN-based carbon
fibers. These heat treatments result in conversions of the mesophase pitch to coke then
carbon and ultimately graphite. The tensile modulus increases rapidly as the processing
temperature is increased. This is a result of higher degree of preferred orientation
imparted to the fibers by the higher heat treatment temperatures. The fibers, which
are heat treated at 1700 �C, exhibit tensile modulus values of approximately 210 GPa
and in the case of heat-treated fibers at 3000 �C can have modulus values of 880 GPa.
The ultimate tensile strength also apparently increases linearly with processing temper-
ature, ranging from an average of 1380 MPa for fibers heat treated at 1700 �C to
2205 MPa for those processed at 3000 �C. The ultimate tensile strength values are
relatively low, and, as a result, the strain to failure for the fibers is also low. This could
be a major limitation with respect to their use in advanced composites [12, 14,
15]. In general, the fibers derived from PAN have higher strength than the pitch-
derived fibers and later exhibit higher elastic moduli. The commercially available fibers
can be categorized as high-strength (HT), high-modulus (HM), and intermediate-
modulus (IM) fibers, based on their specific properties. Table 10.1 lists the mechanical
properties of some of the commercially available both PAN- and pitch-based carbon
fibers [15].

Rayon-Based Carbon Fibers

Rayon is a cellulosic material produced by wet spinning after extracting solid
products from the wood pulp. Unfortunately, the carbon fibers produced from this
precursor are rather weak in properties due to the high internal void contents and
modifiers present in the precursor. Also, the yield of carbon is only 10–36 % upon
carbonization. These are the main reasons for rayon-based carbon fibers not to
become popular and being less commercially available [5, 12, 14].
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Vapor-Grown Carbon Fibers

Vapor-grown carbon fibers (VGCFs) are discontinuous or short fibers produced by
decomposing a hydrocarbon gas such as methane, benzene, etc. on a heated substrate in
the presence of transition metal such as iron, nickel, cobalt, etc. [27, 28]. The filaments
first nucleate on the metal particles and then grow away from the hot substrate. As
transition metal is employed, VGCFs are sometimes referred as CCVD carbon fila-
ments. Depending on the type and distribution of catalyst, temperature, and substrate
position during the vapor deposition process, different types of VGCFs can be grown
[5]. Low-temperature deposition (>900 �C) normally results in vermicular filaments
with low density and nonuniform ring-like structures, while high temperatures
(1500–2500 �C) favor the growth of long and straight filaments. These are also
graphitized when heat treated to 3000 �C. The diameters of the VGCFS vary from
1 to 100 μm and lengths range up to 100 mm. As a result of the above, the mechanical
properties vary widely. Since the VGCF does not exhibit catastrophic failure, they may
prove to be attractive low-cost reinforcements for applications such as C/C brake pads
and other related applications [5, 14].

Table 10.1 Properties of few commercially available carbon fibers

Manufacturer
Product
name Precursor

Density
(g/cm3)

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

Strain to
failure (%)

Amoco
(USA)

T300 PAN 1.75 3310 228 1.4

P55 Pitch 2.0 1730 379 0.5

P75 Pitch 2.0 2070 517 0.4

P100 Pitch 2.15 2240 724 0.3

Hercules
(USA)

AS-4 PAN 1.78 4000 235 1.6

IM-6 PAN 1.74 4880 296 1.7

IM-7 PAN 1.77 5300 276 1.8

UHMS PAN 1.87 3447 441 0.8

Mitsubishi
Kasei (Japan)

K135 Pitch 2.1 2550 540 0.5

K139 Pitch 2.12 2750 740 0.4

Tonen
(Japan)

FT500 Pitch 2.14 3000 490 0.6

FT700 Pitch 2.17 3220 690 0.5

Toray
(Japan)

T300 PAN 1.76 3530 230 1.5

T800H PAN 1.81 5490 294 1.9

T1000G PAN 1.80 6370 294 2.1

T1000 PAN 1.82 7060 294 2.4

M46J PAN 1.84 4210 436 1.0

M40 PAN 1.81 2740 392 0.6

M60J PAN 1.94 3920 588 0.7
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Carbon Fiber Architecture

Once the reinforcing phase has been decided, one must find a way to place the
fibers in the desired directions to obtain best properties. Textile preforming is a
method of placing reinforcing fibers in a desired arrangement prior to form a
composite structure. Starting with linear assemblies of fibers in continuous
and/or discrete form, these micro-fibers can be organized into two-directional
(2-D), three-directional (3-D), or multidirectional (4-D to 11-D) structures by
means of textile processing technology such as interlacing, intertwining, or
interlooping [5, 29]. These preform structures are also referred as fiber architecture.
In addition, the fiber placement method also creates textile preforms that possess a
wide spectrum of pore geometries and their distribution, a broad range of structural
integrity, fiber volume fraction, and its distribution, as well as a wide selection of
formed-shape and net-shape capabilities. Thus, proper selection of geometric
arrangement and/or fiber placement methods can tailor the structural performance
of composites.

In C/Cs, the fiber architecture not only imparts rigidity to the composites, but also
in combination with fiber properties, it determines the other properties of compos-
ites. Therefore, the choice of preform or fiber architecture is made on the basis of
intended applications. On the basis of structural integrity and fiber linearity and
continuity, Ko et al. have classified fiber architecture into four categories: discrete,
continuous, planar interlaced (2-D), and fully integrated (3-D) structures [30].
Figure 10.2 shows some of these types of fiber architectures.

Discrete Fibers

The composites using discrete (random) fibers are produced either by spray layup or
pulp molding. It is difficult to control precisely the orientation of fibers. Fiber
volume fraction and strength translation efficiency in these composites made of
discrete fiber systems are also quite low. The discrete fiber products are available in
the form of chopped strand mat and tissues [14].

Unidirectional Fibers

The second category of fiber architecture consisting linear continuous fibers (i.e.,
unidirectional system) shows a highest level of property, i.e., load translation
efficiency. Theoretically, these systems may have the highest fiber packing effi-
ciency, in the order of 90 % (although only 50–60 % fiber volume fraction is the
optimum), and possess low and controlled porosity. These fibers are either processed
by filament winding or hand layup or by angle ply tape layup. The disadvantage is
that the composites made out of these fibers show poor out-of-plane strength [5, 14].
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Planar (2-D) Preforms

For applications where more than one fiber orientation is required, a fabric com-
bining 0� and 90� fiber orientation is useful. The majorities of these products are
woven. The fabrics consist of a regular pattern or weave style produced by
interlacing of warp (0�) and weft (90�) fibers. The integrity of fabric is maintained
through the mechanical interlocking of fibers. There are mainly three basic weave
geometries: plain, satin, and twill weave [5, 8]. Plain weave, which is the most
highly interlaced, is the tightest basic fabric design and shows the most resistant to
in-plane shear movement. Satin weave represents a family of constructions, woven
as standard, four-, five-, or eight-harness satin with the least amount of yarn
interlacing. In satin weave, a warp yarn skips over a few weft yarns and goes
under one weft yarn. Like in four-harness (4H) satin, the warp yarn skips over three
weft yarns and goes under one. The satin weave constructions offer few advantages
like high volume fractions, higher strength and modulus, and higher stress trans-
lation efficiency over plain fabrics. In addition to these advantages, the satin fabrics
are preferred over plain fabrics due to its ability to conform complex contours [31,
32]. Twill weave has patterned in between plain weave and satin weave with warps
and wefts interlacing regularly. Figure 10.3 shows the structural geometry of more
commonly found biaxially woven fabrics. Although the interlaminar failure prob-
lems associated with the unidirectional fiber architecture are taken care in planar
structures, the interlaminar strength is still governed by the matrix properties,
which can be improved by placing the fiber in the thickness or third direction of
the structure.

Triaxial Biaxial

Linear (1-D) Planer (2-D) Fully Integrated (3-D)

Weft WarpTwisted

Non-
woven  

Flat

Continuous
(Filament)

Multifilament
Monofilament

Textured

Woven Braided

Knit

Biaxial Triaxial

Woven Braided

Knit

4-6 ply
Impaled

Weft knit

Biaxial

Discontinuous
(Spun)

Triaxial

Fig. 10.2 Classification of fiber architecture
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Three-Directional (3-D) Preforms

The 3-D preforms are the most important and critical component of advanced C/Cs,
especially for aerospace applications, since the fiber architecture controls the
processing as well as the properties of final C/Cs. These are also termed as through-
the-thickness reinforcements; the fibers are laid in three directions using braiding,
knitting, weaving, and nonwoven techniques. These reinforcements overcome some
of the limitations of 2-D composites, especially the out-of-plane strength and
interlaminar shear strength [5, 12, 30].

Multidirectional Structures

The composites with higher fiber volume fractions and isotropic properties can be
fabricated by multidirectional reinforced preforms. It has been seen in practice that
the 4-D to 11-D composite structures can be obtained by placing fibers in angular
positions or along the diagonals depending on the final applications. The main
drawback of multidirectional reinforcements is that it enhances the off-axis proper-
ties at the expense of on-axis properties [5].

Carbon–Carbon Composites

Availability of carbon fibers in the late 1950s led to the development of an improved
class of materials, which are now known as carbon–carbon composites (C/Cs). C/Cs
form a new class of engineering materials of ceramic nature but exhibit brittle to
pseudoplastic behavior. Carbon fiber reinforcements when embedded in carbona-
ceous matrix material result in C/Cs (Fig. 10.4). These composites are a family of
materials consisting of carbon (or graphite) fiber-reinforced carbon (or graphite)
matrix. The composites exhibit the properties of both the carbon and the composites.

Weft Warp 

Plain Twill Satin (4H)

Fig. 10.3 Structural geometry of commonly found biaxially woven fabrics. (a) Plain, (b) twill, (c)
satin (4H)

326 R. Sharma et al.



The C/C family is unique in that it is the only elemental composite. The carbon fiber
reinforcement makes them stronger, tougher, and highly resistant to thermal shock as
compared to the bulk carbons. Again, owing to low density of carbon, their specific
properties (property/density), i.e., specific strength, specific modulus, and specific
thermal conductivity, remain the highest among traditional composites. Moreover,
low thermal expansion coefficient (~0) and retention of properties at elevated
temperature (>2000 �C) in nonoxidizing atmosphere are the other unique features
of the C/Cs, making them more attractive than any other traditional engineering
material in high thermal management areas [33–35]. Figure 10.5 depicts the varia-
tion of specific strength of C/Cs including other engineering materials with temper-
ature. While the strength decreases with increasing temperature for other engineering
materials, C/Cs exhibit an opposite behavior. The increase in strength of C/Cs with
increasing temperature is attributed to the fact that when exposed to high tempera-
tures, the internal structure of the composites changes [36]. C/Cs can range from
simple unidirectional fiber-reinforced structures to the complex woven three-
directional structures. A variety of carbon fibers and multidirectional weaving
techniques are now available, which allow tailoring of C/Cs to meet complex design
requirements. By selection of fiber type, layup (or fiber weave), matrix, and com-
posite heat treatment, the properties can be suited to different applications.

Importance of Carbon–Carbon Composites

These composites are one of the best among all high-temperature materials because
of their exceptional thermal properties such as high thermal stability (melting point
>3000 �C), high thermal conductivity, and low thermal expansion coefficient, which
makes them highly resistant to thermal shock. They can retain their mechanical
strength even at very high temperatures. Also, these composites maintain good

Fig. 10.4 Schematic of
carbon–carbon composites
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frictional properties over the entire temperature range with low wear. They have high
fracture toughness and do not fracture in a brittle manner like conventional ceramics.
A multimode mechanism of fracture occurs where the fibers break and bonding
between fibers and matrix ceases to exist. The brake disks for high-speed aircrafts
like Mirage 2000, Concorde, and Airbus-320 are some of the examples where the
favorable frictional properties were put into the use. The first-generation C/Cs held
the limitation of proneness to oxidation over long exposures to atmosphere, heat, etc.
However, with the advent of second-generation oxidation-resistant composites, this
limitation was overcome. These unique features of C/Cs have made them the favorite
materials for reentry nose tips, leading edge material for space shuttle wings, rockets,
nozzles, thrust vectoring nozzles using C/C ball, socket joints, high-performance
turbojet engines, nose cones of intercontinental ballistic missiles, brake systems in
racing cars, etc.

Current International Status of C/Cs

C/Cs have their origin in the jet vanes used in the German V 2 rockets. The jet vanes
are made up of graphite, which erodes rapidly and has limited lifetime. Subsequently
pyrolytic graphite ATJ from UCAR Carbon UCAR® is used, which when reinforced
with carbon fibers gives birth to C/Cs. Currently, major work is going on in the USA,
France, and Russia. There is a great demand for C/C brake disks for aircraft, trains,
trucks, and even racing cars. The pioneers in this field were Bendix in the USA and
Dunlop in the UK; Germany and Japan tried to use these composites in industrial
applications. Israel, Taiwan, and Egypt are also reported to have initiated some R&D
activities. C/Cs are an important material for glass industry, furnace, and

CFRP- Carbon fibre reinforced polymers
GMC-Glass matrix composites
GCMC- Glass Ceramic matrix composites
CMC- Ceramic matrix composites
MMC- Metal matrix composites
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Fig. 10.5 Variation of strength of engineering materials with temperature [36]
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semiconductor industry and also for preventing corrosion in chemical plants. One
interesting and innovative use is as tooling material for metallurgical superplastic
stage forging process. Other high-tech applications are as heat exchanger tubes for
helium-cooled high-temperature nuclear reactors, high-temperature crucibles, fas-
teners, load-bearing plates, rods, and heating elements. Elemental carbon is known
to have the best biocompatibility with blood and soft tissues. Thus it finds use in hip
bone end prosthesis, bone plates, osteosynthesis, and artificial heart valves.

Structural Designs of C/Cs

One of the main advantages of multidirectional C/Cs is the freedom to orient the
selected fibers. The multidirectional composites may be formed by using the carbon
fiber arrays of desired directionality (Fig. 10.6). Multidirectional preform fabrication
technology provides the means to produce tailored and net-shape composites, in
order to meet the directional properties required.

Mechanical, thermal, and physical properties can also be controlled by the
appropriate design of substrate parameters such as fiber orientation, volume fraction
of fibers in the required direction, etc. Preform weaving technology provides the
ideal approach to tailor the structural composites. The simplest type of multidir-
ectional structure is based on a three-directional (3-D) orthogonal construction,
which consists of multiple yarn bundles located within the structure described in
Cartesian coordinates. In any direction, fiber bundles are straight in order to obtain
the maximum structural capability of fiber. The type of fiber, the number of fiber per
site, the fiber bundle spacing, the volume fraction distributions, and the woven bulk
densities characterize the preform. These characteristics can be calculated for a

Fig. 10.6 Schematic showing three-directional (3-D) and 5-directional (5-D) arrays of carbon
fibers
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typical unit cell of the preform. Several weave modifications to the basic orthogonal
designs can be made to form more isotropic structure. To enhance the composite
properties between the planes and diagonal, yarns can be introduced. The conventional
weaving with dry yarns and pierced fabrics and assembly of pre-cured rods on manual,
semiautomated, or automatic loom setups can be made. The weaving technology and
defect characterization techniques are developed to realize defect-free preforms.

Structural Aspects of C/Cs

The important factors to achieve tough and high thermal conductive C/Cs include the
choice of reinforcing carbon fibers, the carbon matrix microstructure, the density and
microstructure of CCs, the processing routes, and the choice of carbon precursor.
Properties of the composites are governed significantly by these factors. For example,
the choice of reinforcing carbon fibers affects the strength of the final product, while
the microstructures of the matrix and the C/Cs affect the failure mechanism. Table 10.2
lists some of the micro-/macrostructural features of C/Cs that are shown in the SEM
micrograph of Fig. 10.7. The presence of voids and cracks on carbon fibers is found to
depend on their fabrication route, with less number of voids in pitch-derived fibers
processed through hot isostatic press (HIP) as compared to that in the CVD or phenolic
resin-derived carbon fibers. These structural features of carbon fibers also influence
the thermal transport mechanism of the C/Cs, and hence, it is desired to reduce the
micro-/macrocracking. Among other approaches, coating of pyrolytic carbon on the
surface of the fibers is used to obtain desired fiber/matrix bonding and to reduce the
cracking. Similar to fiber microstructural features, the matrix microstructure also
affects the performance of C/Cs. For high strength, a carbon matrix having semicrys-
talline or amorphous nature is desired, which can arrest the crack propagation effec-
tively. On the other hand, for high thermal and electric conductivity, highly graphitic
nature of the matrix is desired. The development of the amorphous carbon matrix may
be obtained through thermosetting polymer route, while the crystalline carbon matrix
is formed through CVD route or pitch route.

Table 10.2 Micro-/macrostructural features of C/Cs and their effects [36]

Nature Scale Position Effect

Micromechanical
cracking

Fiber
diameter
scale

Cracking in matrix
Fiber/matrix interface

Load transfer among fibers
Transverse properties of
fibers bundles
Porosity

Minimechanical
cracking

Cloth layer
thickness
scale

Fiber bundle
Interface between fiber
bundles
Inter yarn pocket of
unreinforced matrix
Interface between fiber
bundles and matrix pocket
Matrix/matrix interface

Load transfer among fiber
bundles and laminas
Major influence on
mechanical and thermal
properties
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Fabrication of Carbon–Carbon Composites

The classical method for fabricating carbon materials involves combining solid
particles of pure carbon such as filler coke with a carbon precursor that can be
carbonized to serve as a binder. In C/Cs, the carbon preforms are used as primary
carbon instead of filler coke. During carbonization, the mass loss and shrinkage of
the matrix precursor takes place, which results porosity in the final material as porous
skeleton. In order to densify, repeated infiltration–pyrolysis is carried out, which is
called as a densification process. This is achieved by impregnating liquid or gaseous
carbon precursor and subsequent carbonization/pyrolysis. A key factor in the selec-
tion of a matrix carbon precursor involves the ability to achieve a high char yield and
to fully densify the preform.

There are three basic methods, and the classifications are based on the type of
matrix precursor used for fabricating C/Cs. Figure 10.8 shows a schematic for
processing of C/Cs [5, 36]. The first two methods are based on thermal degradation
of a thermosetting resin or a thermoplastic pitch. The third method involves depo-
sition of carbon into a fibrous preform using gas-phase or chemical vapor infiltration
(CVI), which uses hydrocarbon compounds such as methane, ethane, propane, and
benzene as precursors. As discussed in following sections, the choice of fabrication
method depends to a major extent on the geometry of the part being processed. Thin
sections are prime candidates for CVI; however, since this method tends to prefer-
entially deposit in and on the surface layers, it is not suitable for the fabrication of
thick sections. Thick sections are produced using resin or pitch infiltration.

Fiber / Matrix Matrix / Matrix Matrix / voidsFig. 10.7 SEM micrograph
of 2-D C/C composite
showing fiber/matrix and
matrix/matrix cracks and
voids [36]
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Chemical Vapor Infiltration

The CVI process is also known as chemical vapor deposition (CVD). For carbon
deposition it uses volatile hydrocarbon precursor gases such as methane, propane,
benzene, and others with low molecular weight. Thermal decomposition of any gas
is achieved on the hot surfaces of the substrate (Fig. 10.9), resulting in deposition of
pyrolytic carbon and emission of volatile by-products, which consist mainly of
hydrogen. An important feature of the deposit is its anisotropy and its adherence
to the contour of substrate, so that in preform all of the filaments are coated with
carbon. However, the overall deposition rate is highly sensitive to the substrate
surface area and the concentration of cracking gas. In addition, factors that influence
the structure, uniformity, and rate of deposition of a CVI matrix include the nature of
the substrate, the carrier gas temperature and pressure, and the geometry, particularly
the thickness of the final structure [37]. There are three methods of forming carbon
by CVI process, namely, isothermal, thermal, and pressure gradient.

Isothermal Chemical Vapor Deposition
In this process, a carbon preform is placed within a susceptor of induction furnace and is
heated uniformly. The pressure and the temperature of the furnace are kept constant at
typical values of 6 kPa and ~1100 �C, respectively. The flow rate of hydrocarbon gas is
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Fig. 10.8 Processing of carbon–carbon composites [36]
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predetermined depending on the surface area of the substrate. Machining of the surface
is required in between because the CVD leaves a crust on the outer surface of the
substrate. The machining cycle is repeated until the desired density is achieved
[31]. Although this process is quite costly and time consuming, it is still used in
production of a large number of parts.

Thermal Gradient Vapor Deposition
In this technique, the carbon preform is supported on a mandrel. Inductive coils heat
the surface of mandrel to a temperature of about 1200 �C. The hottest portion of
substrate is in contact with the mandrel, while the other side is in contact with the
reacting gas, which is cooler. Thus, a thermal gradient through the substrate thick-
ness is created. As the hydrocarbon gas passes through the furnace at atmospheric
pressure, carbon is deposited on the hottest region of structure. This hot section
migrates through the thickness of structure as the densified region grows toward the
colder surface. This technique prevents the formation of crust on the outer surface of
preform. Thus, the machining step is eliminated. Unfortunately, the process tends to
be restricted to large individual parts [5].

Differential Pressure Chemical Vapor Deposition
Differential pressure CVD is a variation of the isothermal technique in which the
inner portion of fiber preform is sealed off from the furnace chamber at the base. A
pressure higher than that of the furnace chamber is used to feed the hydrocarbon
gases into the inner cavity. The pressure difference thus created forces the hydro-
carbon flow through the pores, where they decompose to deposit carbon. The

Fig. 10.9 Schematic of chemical vapor infiltration setup
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by-products such as hydrogen are produced across the wall of structure [31]. This
technique also prevents the formation of crust on the surface of preform and
facilitates the densification uniformity.

Moreover, the densification process and final density of the composite using
CVD technique not only depend on the temperature, pressure, gas concentration,
and location of the substrate but also on the geometrical configuration of the fiber
preform, initial porosity, and fiber packing density in the initial composite structure
[5, 15]. The lower the fiber volume content with higher initial porosity, the higher
the ultimate density. Generally, 30–50 % of fiber volumes appear to be the most
suitable for achieving high-density C/Cs. In woven structures, depending on the
geometric arrangement of the fibers, the matrix will form within the geometric
interstices and fiber bundles. However, as discussed above, the formation of surface
cluster and final density of the composite can be controlled by pressure and
temperature.

Liquid-Phase Infiltration

This process involves impregnation with liquid impregnates. The criterion for the
selection of impregnates is based on the characteristics like viscosity, carbon yield,
matrix microstructure, and matrix crystalline structure, which are considerably
influenced by the time–temperature–pressure relationships during the process. Two
types of liquid impregnants are used to fabricate C/Cs. The first includes thermoset-
ting resins, and the other is derived from thermoplastic pitch, which may be coal tar-
or petroleum-based material. Both types of liquid impregnants are used because they
have suitable viscosities, and the carbon yields are high enough to achieve high-
density (up to 1.9 g/cm3) C/Cs. Thus, the two general categories are aromatic, ring-
structured, conventional thermosetting resins such as phenolic, furans, and advanced
resins like pyrenes, ethynyl, or pitches based on coal tar, petroleum, and their blends
using the multiple impregnation, carbonization (1000 �C), high-pressure (1000 bars)
carbonization (HIP), and graphitization (2750 �C). During carbonization the ther-
mosetting resins remain solid; however, pitches soften and tend to flow from carbon
preform at high temperatures. Therefore, they require additional reinforcing agent
during carbonization. In atmospheric pressure carbonization, the carbon yields
obtained from pitch are only around 50 %, comparable to those from high-yield
thermosetting resins. The carbon yields from pitch can be enhanced to 90 % by
carbonizing it under high pressure (1000 bars). Hence, the use of high pressure
makes the carbonization process more efficient. Pressure applied during pyrolysis
also affects the matrix microstructure. High pressure aids formation of the more
coarse and isotropic microstructure due to the suppression of gas formation and
escape. High pressure also helps in lowering the temperature of mesophase forma-
tion in pitch, which results into highly oriented crystalline structure. Complex shapes
are difficult to fabricate using either pitch matrix or CVI materials owing to the
difficulty of maintaining the dry fiber preform shape during initial carbonization. To
avoid this difficulty in the process, hybrid densifications are sometimes practiced. In
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this first, a rigid structure is made using the resin prepreg autoclave molding
processes. After first carbonization, subsequent infiltrations of C/C skeletons
are made with low viscosity resin or pitch or CVI materials in the next densification
[5, 14, 15].

Thermosetting Resins

Thermosetting resins have been widely used as impregnants because of their easy
availability in the liquid state. These have moderate viscosity at room temperature
and the ability to polymerize to form a highly cross-linked solid when heated at
around 200 �C. Also, they will not flow from the fibrous preforms during the first
carbonization. Phenolic and furan resins have been used as binders and impregnates
for a long time. In addition to these, wide ranges of new types of resin have also been
tried as precursors because of their importance in C/Cs. The char yield or carbon
content of some of the resins is listed in Table 10.3 [5, 15].

Although some new resin precursors have been developed that have higher
carbon content, because of their high price and problems in the manufacture of
initial polymer composites for processing of C/Cs, in general, phenolic resins are
used for the initial impregnation and carbonization cycles, while furan resins are
used as an impregnate in the subsequent densification cycles [5, 15].

Phenolic–Carbon Fiber Composites
Phenolic resins are a group of a thermosetting resin formed in a condensation
polymerization of phenol and formaldehyde. The phenolic resins exhibit large
variation in their structural and mechanical properties, which depend on the
processing conditions during synthesis of the prepolymer. The parameters such
as temperature, condensation time, pH, catalyst, formaldehyde to phenol molar
ratio, etc. are the governing parameters. These are mainly two types, novalac and
resol. The latter resin has a higher potential as a matrix material than the former

Table 10.3 Carbon yield
of various thermoset
precursors

Precursor Carbon yield (%)

Polyacetals 85

Polyphenylenes 85

Polyimides 60

Phenolic resins 55–65

Polybenzimidazole 74

Resorcinol furfuraldehyde 60

Oxidized polystyrene 55

Polyacrylonitrile 45

Polysulfone 48

Furan resins 50–60

Epoxy resin 5
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because of its low cost, higher carbon yield, high nonvolatile content, higher
alkali resistance, high dimensional stability, wear resistance, good chemical
resistance and good interfacial adhesion with carbon fibers, and better moldability
[38, 39].

When the resin is incorporated with carbon fiber, the formed composites not only
serve as green composites (starting material) for fabrication of C/Cs but also as
potential candidates for other structural applications. As mentioned earlier, carbon
fibers present several advantages such as high strength and modulus, excellent
thermal and electrical conductivity, creep resistance, thermal shock resistance,
chemical inertness, and low thermal expansion. Utilizing the advantages of the
resin and carbon fibers, polymer composites (PCs) have shown the properties
comparable with those of other traditional composite materials and metals. These
are increasingly finding their applications in thermal protection systems of reentry
vehicles and rocket engine components due to their excellent ablation resistance and
mechanical properties [40–45]. Also, these are used in some of the automotive parts
like rotors, pistons, and bearings since they have non-seizure characteristics and self-
lubricating properties [45–49]. Furthermore, in other applications, the resin matrix is
also modified with ~5–8 wt% of nanosized fillers like zinc oxide (ZnO), silicon
carbide (SiC), and carbon black to improve the wear and frictional resistance of PCs
[45, 50].

Processing of Carbon–Carbon Composites with Pitch Matrices

The basic fabrication method for production of C/Cs using pitch matrix is to use
pressure to force pitch into an evacuated cavity that contains the dry carbon fiber
preform. Pitches are thermoplastic in nature, which soften and tend to flow from
carbon preform at high temperatures, but must be carbonized very slowly under
pressure. In a typical process, the carbonization of the pitch matrix is carried out by
heating to 1000 �C at atmospheric pressure and then densification is done with
additional pitch under a very slight partial pressure of nitrogen (i.e., 2 MPa). It is also
known as liquid-phase impregnation (LPI). The carbon yield in this process is
around 50 wt% for ordinary pitch and 80–85 % for mesophase pitch [51]. In this
process carbonization and impregnations are carried out as distinct steps. Some-
times, after carbonization, the composites are heat treated to 2800 �C (intermediate
graphitization) to open more and more pores for subsequent impregnations
[52]. Using this technique, unidirectional and 2-D composites of density values of
1.7–1.85 g/cm3 can be obtained. However, in multidirectional and big-sized com-
posites, the achievable densities are limited to 1.6–1.8 g/cm3.

Significant increases in the carbon yield can be obtained by the use of high
pressure, i.e., 100 MPa, during carbonization. Yields as high as 90 % have been
observed [15, 32, 53]. Pressure is applied by using HIP where both carbonization
and impregnation take place in a single step. Hence, the process is also known as hot
isostatic pressure impregnation–carbonization (HIPIC) process. At the higher pres-
sure, more coarse and isotropic microstructure is formed probably due to
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suppression of the gas formation and escape during carbonization. Above 400 �C,
the isotropic liquid pitch consists of spheres, known as mesophase, exhibiting a
highly ordered structure similar to liquid crystals. These spheres coalesce on
prolonged heating to form larger regions of lamellar order. Upon subsequent heating
to ~2500 �C, the lamellar regions convert preferably to graphitic carbon [54]. The
formation of mesophase takes place at comparatively lower temperatures when high
pressure is applied. The optimum applied pressure has been found to be ~100 MPa,
as the coalescence of mesophase does not take place at very high pressures
(~200 MPa) [15, 55]. The density of HIPIC products remains higher compared to
that of the LPI products, requiring a smaller number of cycles to achieve a density of
1.9 g/cm3.

Low-Cost Fabrication of Carbon–Carbon Composites

The fabrication of C/Cs using the above methods is not only very expensive but also
time consuming because every method has difficulties in its own way. As discussed
earlier, in CVI process, it is difficult to infiltrate effectively thick parts or complex
fiber performs; therefore, it is limited to thin structure. The rate of deposition of
pyrolytic carbon is also very slow, which leads to large consumption of energy and
high costs. In addition, the initial setup cost is high and requires highly skilled
operators. On the other hand, in polymer pyrolysis routes, both resin and pitch are
carbonized at high temperatures to convert the polymers into carbon matrix. Weight
loss due to evolution of volatile materials and the shrinkage of precursors during
carbonization result in matrix cracking and subsequently a highly porous structure
accompanied by low strength. In order to improve the density of composites for
better final properties, in conventional densification process, multiple cycles of
re-infiltration and re-carbonization of the liquid carbon precursors are carried out,
which are again time consuming and costly processes. Thus, C/Cs have been used
only in a limited number of applications despite their earlier said unique material
properties.

In order to expand the area of the applications of C/Cs, researches have been
focused through cost reduction within the manufacturing steps. One of the effective
routes to reduce the manufacturing cost is to increase the otherwise low rate of
carbonization of resins. However, the rate of carbonization cannot be set too high as
during carbonization, a number of processes such as cleavage of C–H and C–C
bonds to form reactive free radicals, molecular rearrangement, polymerization,
condensation, and elimination of side products (e.g., H2) take place, which lead to
shrinkage, cracking, and development of thermal stresses [56, 57]. To minimize
these adverse effects, low carbonization/heating rates (typically <10 �C/min) are
usually required. However, change in the heating rate affects the final properties of
the composites [58–63].

Another way to reduce the manufacturing costs of C/Cs is to increase the carbon
yield by modifying the matrix precursors, especially through polymer pyrolysis
routes. It is observed that the modification of the thermosetting resin or thermoplastic
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pitch matrix by adding fine carbon fillers such as coke powder, carbon black, and
graphite fillers allows the manufacturing of C/Cs to a satisfactory density in one step
or less number of steps with improvement in some of the mechanical and physical
properties depending on the type and amount of fillers and heat treatment temper-
atures used during processing of C/Cs [5, 15].

Furthermore, references may be made to the published articles or patents in the
literature for bringing down the processing cost of C/Cs. Howdayer et al. have
described a process of densification by immersing the porous structure in a boiling
liquid of hydrocarbon and heating the same by induction to temperatures in between
1000 �C and 1300 �C [64]. It is found that the carbon or pyrolytic graphite is
deposited in the pores or cavities of the initial porous structures. Density of 1.75 g/cm3

is achieved in 2 h by this method compared to in 80 h by normal CVD method.
Takabatake has invented a process for producing high-density and high-strength

C/Cs, which does not require high-cost secondary treatment [65]. This process
includes impregnating bundle of carbon fibers with liquid dispersions prepared by
secondary carbonaceous particles of graphite, carbon, and carbon black in carbona-
ceous liquid such as phenolic resin or pitch and then impregnated with phenolic
resin, furan resin, or pitch. The advantage of this process is that carbonization can be
done easily even with pitch under atmospheric pressure because formation of pores
during carbonization is greatly reduced. Further, using fine graphite powder of size
5–0.1 μm, the high-density, high-strength, and less brittle composites are obtained
due to the formation of fine mosaic matrix structure. But the reduction in strength is
observed when larger- and too-small-size particles are used. This is due to the
nonuniform distribution of particles at larger size and at very small size, which
causes agglomeration of particles. This further causes a tendency to prevent impreg-
nation of matrix.

Upadhya and Hoffaman have described a process in which a rapid densification
of porous article is achieved by a single processing cycle instead of multiple cycles
[66]. In this process, the article surface is kept in proximity to a plasma containing
densifying species for carbon deposition. An electric bias, with respect to the plasma,
is applied to the article such that the energized densifying species are attracted
toward the article. The process, which requires about 3–4 days to complete, is highly
efficient as compared to the usual processes of densifying and graphitizing a carbon
preform, requiring typically ~6 months to complete. They have achieved the density
of 1.8–2.2 g/cm3 by this method of CVI.

Thurston et al. have described a process in which a preform is densified by
heating while immersed in a precursor liquid [67]. Heating is achieved by passing
a current through the preform or by an induction coil immersed in the liquid. In this
way, the total cost of densification is reduced. Final bulk density achieved in case of
1.500 tubular and 600 long preform is 1.83 g/cm3, and the porosity is around 6 %.

A process for low-temperature densification of carbon fiber preforms has been
reported by Sheehan, where colloidal graphite is impregnated in the preform
followed by mechanical consolidation [68]. The process may be used to reduce
the cost of C/C fabrication significantly. In this, a highly porous carbon fiber
preform is impregnated by a liquid suspension of colloidal graphite and dried in
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air at low temperatures. Multiple impregnations and drying provide soft and
flexible C/Cs. Subsequent mechanical consolidation methods such as pressing
or rolling are used in combination with rigidation by pitch or resin impregnation
and carbonization. From this method, the bulk density of around ~2 g/cm3 is
obtained.

A process for making C/Cs with improved properties in a single step has been
invented by Withers et al. [69]. In this, at first, they have prepared the matrix
comprised essentially of a mixture of a noncrystalline carbon particulate such as
green carbon coke (gcc) that is soluble in an organic solvent (isopropanol alcohol,
furfuryl alcohol, and methyl ethyl ketone) and a binder comprised of an organic
carbon precursor that has a liquid phase such as phenolic resin and pitch. Then, the
prepared matrix mixture is combined with the reinforcing materials to form an uncured
structure. The uncured structure is carbonized in an inert atmosphere to produce the
desired carbon composite structures, for example, piston for an internal combustion
engine or a sheet or other shape for thermal management. It is noticed that the carbon
yield of the matrix mixture is around 90 %. Also, the liquid matrix precursor is able to
penetrate within the carbon architectures and produces a low porosity matrix within
the reinforcement as well as in the spaces between reinforcement. With this method,
they have obtained the final density of composite ranging from 1.68 to 2.0 g/cm3

depending on the final heat treatment in one single step. In addition, it is observed that
the smaller the particle size, the greater the strength of the composites. Also, the strain
to failure of the cured carbon composite structure, wherein the coke particles are
dissolved in organic solvent, is found to be twice the strain to failure of cured carbon
composite structures that are made by mixing the gcc and phenolic resin without an
organic solvent. Finally, from the study, they have concluded that the strength of the
composite is affected by the size of particles, solvent used, molding and curing
conditions, pyrolysis rate, and pyrolysis temperature.

Wielage et al. have described a process of densification using catalytic effects of
metal carbonyl on the cross-linking efficiency of polymers used for a rapid and cost-
effective densification [7]. In this process, the open pores in the matrix of C/Cs obtained
via polymer pyrolysis are effectively closed in one-shot densification process by
applying a dicobalt octacarbonyl [Co2(CO8)]-modified polysilane. They have achieved
flexural strength of 125 MPa with 63 % fiber volume content in 2-D C/Cs. Besides the
successful densification of C/Cs, using the modified polysilane, improvement in the
oxidation behavior of C/Cs at elevated temperatures is also recorded.

A method for developing C/Cs of high density in a single step using a special
technique has been invented by Bahl et al. [70]. In this, a special type of the sample
holder is designed for heat treatment of polymer composite material up to 1000 �C.
Then, the green composites are placed in the sample holder and covered from both
the sides by two other plates. Finally, these three plates are sandwiched containing
composite samples in the center. After that the sample holder is kept for carboniza-
tion up to 1000 �C in an inert atmosphere at the desired heating rates. Now, these
C/Cs are further heat treated to 2600 �C in an inert atmosphere at the desired heating
rates to obtain the C/Cs of 1.8–1.85 g/cm3 density, which can be used for various
structural applications.
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Liu et al. have introduced a densification mechanism, known as chemical liquid
deposition (CLD) process [71]. In their work, low-cost C/Cs are prepared by taking
industrial fuel as the precursor for carbon matrix and carbon fiber felt as the reinforce-
ment. The results show that the properties of CLD C/Cs are the same as those of CVD
C/Cs, i.e., the bulk density is up to 1.6 g/cm3, and the axial compressive strength is up
to 92 MPa. But the densification rate of CLD process is five times faster when
compared with the conventional CVD process. Consequently, the deposition time is
also less. CLD carbon matrix includes both rough laminar pyrocarbon and smooth
laminar pyrocarbon. Also, improvement in mechanical properties is observed due to
the carbon matrix having an onion structure at fiber/matrix interface.

Another method for manufacturing of C/Cs by hot pressing has been invented by
Huang et al. [72]. In this method, a mixture of carbon fibers, pitch, and optional
additives for frictional applications is compressed in a cavity of vessel using a single-
or dual-action ram. During compression, in order to form a preform, current is applied
to the mixture to generate a temperature of at least 500 �C by means of resistance
offered by the mixture. Once the preform is formed, carbonizable material such as
phenolic resin or pitch is impregnated into voids in the compressed preform to form an
impregnated preform. Then, the product is carbonized in an inert atmosphere. The
impregnation and baking steps are optionally repeated. The impregnated preform is
then graphitized to a final temperature of at least about 2000 �C to form the composite
material. The advantage of this method is that the heating rate used is preferably at
least 100 �C/min and as high as about 1000 �C/min or even higher. Depending on the
heating rate, the initial heating and pressing steps just take nearly 3 h to less than
10 min, which is a much shorter time than the days required in conventional heating/
pressing systems. Additionally, the density of the preform formed in this step is
preferably at least 1.3 g/cm3 and as high as 1.7 g/cm3 without densification pro-
cedures. This is much higher than the density generally achieved in conventional
methods, where the density of composite preform is about 0.6–1.3 g/cm3. As a
consequence, one or two infiltration cycles are required to achieve a final density of
1.5–1.9 g/cm3 depending on the impregnant such as phenolic resin or pitch with this
hot pressing method compared with the conventional methods.

Alternatively, the resin transfer molding (RTM) process can also be used for fabri-
cating C/Cs of desired density in a just two cycles of reimpregnation and carbonization.
In this process, the manufacturing of resin matrix composite part as well as impregnation
of the carbonized parts is carried out simultaneously. RTM densification is about twice as
fast as the conventional resin impregnation method, and it is environmentally friendly.
The reported density and mechanical properties of just two time-densified C/C panels are
superior or nearly same as the reported data in the literature by other processes [73, 74].

Properties of Carbon–Carbon Composites

C/Cs are not a single material but rather a family or class of materials whose
properties can be varied depending on how and from where they are made. There-
fore, it is important to know the behavior of its various systems under different tests
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and operating conditions before using in particular applications. The properties, which
are essential and often addressed in the literature, are strength, stiffness, fracture
toughness, thermal conductivity, thermal expansion, ablation resistance, etc. The
operating mechanisms for all these properties are quite different. The mechanical
properties are determined by the fiber/matrix bond strength and crack propagation
mechanism, whereas the thermal properties are governed by thermodynamic and
thermal transport phenomena [36]. In addition, properties of C/Cs depend on many
other factors such as type of reinforcing carbon fibers, fiber architecture, carbon matrix
microstructure, density, and macrostructure of the composites such as type, size, and
quantities of defects, i.e., defects, pores, cracks, etc. [5, 36].

For most composites, the primary consideration for a given application is the
properties of the reinforcing fibers. The strength and modulus of carbon fibers are
also related to the physical properties such as thermal and electrical conductivity and
coefficient of thermal expansion. The choice of a fiber based on one property usually
determines the value of the other properties. For example, the microstructure of very-
high-modulus fibers usually consists of perfectly aligned basal planes parallel to the
fiber axis. As a result, the transverse modulus will be relatively low, the thermal and
electrical conductivity will be high in the longitudinal direction, and the thermal
expansion coefficient will be small or negative [15].

On the other hand, a composite matrix usually serves to protect the reinforcing
fibers from damage or reaction with the environment, to provide some amount of
support in compression, to provide adequate matrix-dominated properties, and to
provide a continuity of material. This last property is important in electrical and
thermal applications and is particularly important in mechanical applications since
load must be transferred to the fibers through the matrix. In this respect, a load can be
transferred to the fibers across a chemically or physically bonded interface or across
a mechanically interlocked one formed by the matrix shrinking onto and thereby
gripping the fiber surface during processing of C/Cs.

The tensile and flexural properties of C/Cs are fiber dominated, whereas the
matrix-dominated properties such as transverse tensile strength and modulus, trans-
verse flexural strength and modulus, compression strength and modulus,
interlaminar shear strength (ILSS), thermal coefficient of expansion, and thermal
conductivity are mainly affected by the density and matrix morphologies. The
amorphous or semicrystalline carbon matrix structures, being partially or fully
randomly oriented, can arrest the crack propagation to enhance the strength as well
as modulus of the composites [75]. On the other hand, the graphite matrix structure
can provide high thermal as well as electrical conductivities and high oxidation
resistance [36]. However, the graphitic matrix exhibits brittle nature.

Elastic Modulus

In C/Cs, the value of Young’s modulus could be much greater than calculated from
the rule of mixture [76]. One of the regions for this is that improvement in
crystallinity of the fiber due to the process induced thermal stresses and repeated
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thermal cycling. As mentioned before, the commercial carbon fibers are
manufactured from PAN and pitch precursors, and their properties vary considerably
again depending on raw materials and processing conditions used. Low-modulus
carbon fibers are expected to exhibit more improvement in the crystallinity than
highly heat-treated high-modulus carbon fibers [77].

Similarly, depending on the heat treatment temperature and precursor material,
the microstructure of the matrix also varies from amorphous to graphitic with
random or parallel alignment. For example, the amorphous matrix obtained by
thermosetting resin route may be converted to graphitic form by heating at temper-
atures >3000 �C. On the other hand, since the matrices derived through pitch/CVD
routes provide comparatively higher graphitic order than that of the thermosetting
resin-derived matrices, they can be graphitized by heating at comparatively lower
temperatures of ~2100 �C. On the other hand, in CVD process, depending on the
concentration or partial pressure of the reactant gas and the processing temperature,
the formed matrix will be isotropic and laminar (smooth and rough) structures. The
former is nongraphitic and latter is graphitic [78–80].

However, the modulus of the matrix is much lower than the fibers. For a given
volume fraction of fibers with similar bonding, the matrix contributes significantly to
the stiffness of the composites, if it is highly crystalline, and planes of graphite
crystal are arranged parallel to the fibers. This type of matrix structure can be
obtained easily by using pitch precursor and choosing proper processing conditions
[76]. Matrix in the interfilament region, with possibly large variance in microstruc-
tures, possesses a range of mechanical properties. A tensile modulus of 3–40 GPa
has been obtained for the randomly arranged carbon or graphite matrix, whereas for a
highly aligned graphitic structure, it is 400–700 GPa [5]. The effects of the same
matrix precursor can be further enhanced by using carbon fibers with a highly
aligned graphitic structure (high-modulus pitch carbon fibers). Whereas in thermo-
setting resin-derived composite, the modulus improves due to the formation of
lamellar-type structure around the fibers because of stress-induced graphitization
of the matrix at the fiber/matrix interface, when the composite is heat treated at
around 2200 �C [5, 15].

Strength

The strength of C/Cs is governed by the Cook–Gorden theory for strengthening of
brittle solids as the simple law of mixtures cannot explain their behavior. Thus, it
depends on fiber/matrix bond strength, fiber microstructure, fiber volume fraction
and its architecture, amount of porosity, matrix microstructure (degree of graphiti-
zation), and processing parameters [81–84]. In C/Cs the fiber/matrix interface bond
strength must be optimal as too high bond strength may lead to extremely brittle
nature, catastrophic failure, and poor strength of the composites, while too low bond
strength leads to composites with poor fiber strength translation, exhibiting a pure
shear-dominated failure [85, 86]. Thus, among (1) non-surface-treated unsized
carbon fibers (too low in bond strength), (2) non-surface-treated sized carbon fibers
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(optimum), (3) surface-treated unsized carbon fibers (too high in bond strength), and
(4) surface-treated sized carbon fibers (too high in bond strength), the non-surface-
treated sized carbon fibers give C/Cs of higher strength. These optimum composites
fail in a mixed mode fracture. Similarly, carbon fibers that have been oxygen treated
give higher strength than plasma treated ones and those which have not been treated
at all. Moreover, carbon fibers, which have been oxidized by nitric acid and then
plasma treated, give composite of higher strength than those oxidized but not treated
[85, 87].

It is very difficult to reach theoretical longitudinal strength of composites due to
the twisting and distortion of the fibers, variations in fiber orientation, and stress
concentration associated with the test method. Generally, 50–60 % volume frac-
tion of fibers is optimum for attainment of good strength in C/Cs. The key factor in
optimum fiber utilization is good alignment with respect to the axis of the load. In
the case of woven fibers, there is misalignment due to the crimping (fiber crossover
region), which occurs as a result of weaving process. The fibers are not aligned
with the principal stress axis, and thus effective strengths are reduced [15, 85,
88]. Variation of strengths of C/Cs with fiber orientation has been shown in
Fig. 10.10.

The other major factor, which determines the strength of C/Cs, is the density
of the material, which depends on the porosity or void content. The pores and
voids present in the composites act as stress concentration sites and reduce the
strength of the composites, but these can be filled effectively during densification
cycles. It is observed that even after four or more cycles, the composites still
contain a large degree of porosity. Despite this, large increase in strength is
obtained due to the reduction in the amount of porosity, and the reimpregnation
tends to smooth the geometry, which reduces the stress concentration effects of
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Fig. 10.10 Strength of carbon–carbon composites with fiber orientation [36]
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pores and voids. Moreover, the intermediate graphitization treatments during densi-
fication cycles also influence the final strength of composites than the single graph-
itization after repeated densifications because the former treatment helps in filling the
pores effectively, which improves the bulk density of the composites [5].

The weave pattern of carbon fabric also affects their densification [89]. For example,
the 8H satin weave is favored over the plain weave; microcracks develop beneath the
bundle crossover points in plain weave because of the inhomogeneous matrix distri-
bution. Hence, the composites consisting of plain weave exhibit catastrophic failure due
to bundle pullout. On the other hand, shear-type failure with fiber pullout is observed in
the composites made with the satin weave fabric. Again, with densification, the flexural
strength increases appreciably for the satin weave composites compared to marginal
increments observed for the composites made with plain weave fabric.

Furthermore, the types of matrix precursor and processing parameters also affect the
strength of composites. As mentioned earlier, depending on the nature of fiber surface,
the choice of precursor for the matrix is also important because it controls the binding
strength and adhesion strength. The processing parameters such as heating rate and final
heat treatment also affect the properties of composites. In all cases, the bulk density
increases with slow heating rates, which further increases the strength of composites [76].

The heat treatment temperatures also govern the mechanical properties of compos-
ites by changing the failure modes of composites. In general for carbonized composites
that are heat treated around 1100 �C, the matrix-dominated failure prevails and depends
on the fiber surface, and the fracture energy and strength of the composites change
accordingly [36, 90]. Whereas in the intermediate temperature range 1200–2200 �C,
mixed mode failure prevails, because the interface weakens in this temperature range;
the strength of the composite increases till interface bond strength becomes an optimum
to deflect the formed cracks without harming the fibers and strong enough to effectively
utilize the stress transfer capability of the matrix with low fiber pullout [36]. On further
heating to 2500 �C and above, the matrix will be in the form of graphite. The
graphitized matrix has low shear strength and fail in a jagged fashion. The fiber/matrix
interface strength also becomes very low (Fig. 10.11). As a result, the matrix is
decoupled from the fibers, and therefore, the matrix contributes least to the composite
strength. The failure is dominated by the fiber failure [36, 87, 90].

Fracture Toughness

In addition to strength and stiffness, the toughness of the composite is also important
from a structural point of view. The fracture toughness (energy release per unit crack
area) for carbon in both bulk and fiber alone is in the range of 0–200 J/m2. However,
more value of higher toughness and work of fracture can be obtained in case of C/Cs
with optimum fiber/matrix bonding. The key parameters governing the toughness of
C/Cs include the choice of reinforcement, carbon matrix microstructure, etc. The
micromechanical process, which imparts toughness to C/Cs, includes matrix crack-
ing, interface debonding, fiber fracture, friction at fiber/matrix interface, bridging
effects, and fiber pullout. The 3-D orthogonal carbon fiber woven composites exhibit
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the highest work of fracture. Because the cracks diffuse in tortuous manner, probably
by tracking pre-existing voids or microcracks, and the failure of the composites takes
place by propagation of a series of stable cracks across the matrix and yarn bundles,
until the cracks becomes unstable, propagation of which leads to failure [91]. The
failure takes place through two dominating mechanisms, namely, the fiber bundle
breakage and the matrix cracking, whereas C/Cs made using carbon felt exhibit the
lowest value for work of fracture, while those made with random fibers or 2-D cloth
exhibit intermediate values [5, 15].

Matrix-Dominated Properties

The matrix-dominated properties are also dependent on fiber/matrix interface bond
strength, fiber architecture and volume fraction, density and microstructure of matrix,
etc. The better properties are obtained in case of composite with good fiber/matrix
interface bond strength [92]. In addition, the volume fractions of the fiber also affect
the properties. In the case of well-bonded composite, the transverse strength will be
independent of volume fraction of fibers and approximately equal to the strength of the
matrix. Conversely, in poorly bonded composite, a dependence on volume fraction
will be observed, and strengths are appreciably lower than the strength of the matrix.

The increase in density of the composite also improves the properties. In com-
posites, the compressive behavior is controlled by ILSS. As the density increases,
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ILSS of the samples also increases, but up to certain value, which is again clear from
this that the shear strength of the matrix governs the ILSS of composites [53]. ILSS
for carbonized pitch-densified materials appears to be superior to resin–char matrices
[77]. Thus, it is difficult to interpret matrix-dominated properties by varying one
parameter while keeping other factors constant. These properties can be maximized
by optimizing all the parameters. However, the greatest improvement in these
properties is obtained by placing fibers in the appropriate directions.

Thermal Properties

Being composed of complex microstructures of reinforcing fibers and matrix, along
with embedded micro-/macropores and voids, estimation of thermal properties of the
C/Cs becomes difficult. However, the thermal properties of C/Cs may be tailored by
proper choice of constituents, their configuration, and processing conditions [36]. In
C/Cs, the thermal conductivity in the fiber direction is high and low in perpendicular
direction (Fig. 10.12). Also, it depends on whether fibers are derived from PAN- or
pitch-based composites because they possess different heterogeneous microstruc-
tures along their cross section. Pitch-based fibers are more conductive than the
PAN-based fibers along the fiber axis. Moreover, the vapor-grown carbon fibers
also exhibit high thermal conductivity. Using these, high thermal conductivity
composites can be fabricated conveniently [5, 15].

The type of matrix microstructure also contributes to the thermal conductivity. If
graphite matrix orients around the fibers, the planes oriented in the fiber direction
contribute to the thermal conductivity. In the case of thermosetting resin-derived

Fig. 10.12 Thermal conductivity of carbon/carbon composites with different fiber/matrix combi-
nations [36]
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C/Cs, the increase in thermal conductivity is observed with heat treatment temper-
ature due to stress graphitization of the matrix. In contrast to thermoset-derived
composites, the pitch precursor-derived composites exhibit high thermal conductiv-
ity and are attributed to the graphitic microstructure of the matrix among the
filaments where all of the graphitic layers lie parallel to the fibers. This type of
matrix structure can easily obtained by the use of mesophase pitch and HIPIC
process. The improvement in thermal conductivity is more than 70 % when PAN
fibers are replaced by pitch-based fibers in pitch-derived matrix, whereas in
CVD-derived carbon matrix, it exhibits a wide range of microstructures, from
isotropic to highly anisotropic rough laminar structures. Accordingly, the thermal
conductivity of C/Cs with a CVD matrix also varies. The C/Cs with rough laminar
microstructure exhibit highest thermal conductivity [5, 15].

The voids, pores, and cracks also disrupt the heat flow, thus decreasing the
thermal conductivity. If the formation of matrix defects could be controlled then
the thermal conductivity of matrix could be increased by sixfold. The fiber/matrix
interface bond strength also contributes to thermal conductivity. In the case of good
bond strength, the defects will be in the region of matrix due to its shrinkage on the
fibers, whereas in the case of poor bond strength, the matrix defects tend to reduce.
Hence, the latter composites will exhibit higher thermal conductivity both perpen-
dicular and parallel to the fiber axis than the former. In addition, the thermal
conductivity of composite material also increases with fiber volume fraction and
density [5, 93, 94].

Similar to thermal conductivity, the amount of heat absorbed (specific heat) in
C/Cs depends on voids, cracks, and defects as well as microstructure, i.e., the type of
fiber and matrix present in the composites and structural arrangements of the two
[93, 94]. The high-modulus pitch-type fibers exhibit higher specific heat than the
PAN-based fibers, because high-ordered graphitic structure of the former scatters
less thermal energy and absorbs more energy as compared to the latter. Similarly,
matrix with highly ordered graphitic structure exhibits high specific heat than the less
ordered graphitic structure. The voids, pores, and cracks also disrupt the heat flow,
thus decreasing the specific heat. If the formation of matrix defects could be
controlled, then specific heat of the composites could be increased.

Similarly, the thermal expansion of C/Cs in the direction of reinforcement is
mainly controlled by the fibers, whereas in the direction perpendicular to it, the type
and content of matrix and porosity have major influence [5, 93, 94].

Effects of Heating Rate on the Properties of C/Cs

Initial carbonization is an important step in the manufacturing of C/Cs derived from
thermosetting resins. During carbonization, thermal degradation of polymers takes
place, generating various volatile by-products, which lead to generation of temper-
ature and pressure gradients within the composites [95–98]. The degradation of
polymer chains leads to the irreversible physicochemical transformations in the
composite. The composite experiences several macroscopic changes such as
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formation of cracks and voids by delamination, warping, and damages in the matrix.
Again, the high-temperature carbonization leads to reduced density and changed
thermal properties such as heat capacity and thermal conductivity [98]. In order to
diminish these adverse effects, generation of both pressure as well as temperature
gradients during carbonization should be minimized by controlling the rate of
heating, which eventually controls the rate of production of volatile by-products.
However, as low heating rates lead to high manufacturing costs, an optimization is
generally adopted. Hence, the initial carbonization emerges as the rate determining
step in the manufacturing process of C/Cs.

Studies of the carbonization behavior of resin-based composites have been
performed either through experimental investigations or by developing numerical
model. Experimental investigations mainly focus the effects of heating rates on the
mechanical properties of C/Cs. Ko and Chen have studied the effect of heating rate
on pyrolysis of a plain-woven PAN-based carbon fabric/phenolic resin composite by
varying the heating rates between 0.1 and 5 �C/min [58]. The study suggested no
significant effect of heating rate on the yield of the C/Cs carbonized at 1000 �C for
the heating rates below 3 �C/min. Similarly, Roy has found that the interlaminar
strength of 8H satin-woven PAN-based carbon fabric/phenolic resin composite
remains unaffected by changing the heating rates between 0.03 and 0.8 �C/min
[59]. On the other hand, Chang et al. have revealed that the density and flexural
strength of plain-woven PAN-based carbon fabric/phenolic resin composites
decreases by 0.7 % and 6.6 %, respectively, by changing the heating rate from
0.5 �C/min to 3 �C/min [60]. Again, no effect of heating rate on the weight loss
and flexural modulus of the composites is observed.

Apart from experimental studies, numerical studies also predict the effect of
heating rate on the properties of C/Cs. For example, using 1-D numerical model,
Nam and Seferis have studied the carbonization behavior of 8H satin-woven
PAN-based carbon fabric/phenolic resin composite when carbonized to 1000 �C
at a heating rate of 2–7 �C/min [95]. The model predicts the variation of different
parameters such as the pressure buildup, the temperature distribution, and the
degree of degradation with the processing time and the through-thickness posi-
tion in the composites. It is observed that a higher heating rate and a larger
thickness of the composite give a larger pressure buildup and temperature gradi-
ent within the composites. Hence, higher heating rate could lead to a nonuniform
carbonization and the development of internal stresses through the laminates due
to thermal as well as pressure gradients, leading to localized delamination of the
matrix.

Effects of Carbon Additives on the Properties of Carbon–Carbon
Composites

As mentioned earlier, the pyrolysis produces cracks, pores, and voids in the com-
posites due to the anisotropic shrinkage of matrix during carbonization. Researchers
have observed that the modifications of the matrix by adding fillers such as fine
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powder of coke, graphite powder, and carbon black fillers to precursor matrix
minimize the shrinkage, which not only reduce the manufacturing cost of C/Cs by
improving their density in one step or less number of steps but also improve some of
the properties of composites depending on the type and amount of fillers and heat
treatment temperature used. Recently, carbon nanofibers (CNFs), carbon nanotubes
(CNTs), and nanospheres have also been used as additives for thermosetting resins in
very small quantities (1–5 %). These nanocarbon additives are preferred over
coarse carbon materials due to their larger surface area as well as their inherent
properties, which are translated to ultimate properties, but uniform distribution of
these is a challenge. Also, costs are generally higher than the coarse carbon materials
[5, 15, 34].

Furthermore, references may be made to published articles or patents in the
literature to study the effects of carbon additives on the properties of
C/Cs. Manocha et al. have reported that the addition of carbon black or graphite
fillers to the resin matrix precursor increases the properties like density, strength,
stiffness, and quasitensile fracture behavior of C/Cs, because the filler loading
inhibits shrinkage cracks during carbonization of polymer and changes the micro-
structure of the bulk carbon matrix of the C/Cs from nongraphitizable to fine-grained
graphitic carbon when it is treated at high temperatures [34].

Fitzer et al. have mentioned that the addition of graphite powder of 50 % to
phenolic resin reduces the shrinkage of the composite samples from 20 % to 5 %
after carbonization and exhibits accessible pores and cracks in case of composites
made with surface-treated carbon fibers, which can be filled more effectively during
subsequent densification cycles [5, 76]. Hence, less number of densification cycles is
required compared to composites without fillers. In addition, the graphite filler
loading also increases the failure strain as well as the fracture toughness of the
composites.

Savage has mentioned that the interlaminar fracture toughness (ILFT) of 2-D
C/Cs can be increased by more than a factor of 2 by the introduction of particulate
graphite [15]. The graphite powder reduces the shrinkage of the matrix during
carbonization that increases the fracture toughness by crack deflection and blunting
mechanism. Optimization of filler content and particle size has resulted in the
toughness value as high as 250 J/m2

.

In other studies, Kowbel et al. have observed the C/Cs of improved density,
flexural strength, and shear strength by adding 70 % of carbon black fillers to
thermosetting resin carbon fabric composites [99]. The improvement in density is
observed above the heat treatment temperature of 1700 �C because of progressive
graphitization of the matrix, which further improves the flexural strength and shear
strength of the composites. Yasuda et al. have added the graphite powder up to
45 % to thermoset resin matrix and have made composites using unidirectional
carbon fiber with or without surface treatment [100]. Then, the composites are
carbonized at 1000 �C and graphitized at 3000 �C. The C/Cs of improved flexural
strength are obtained at lower filler content (5–10 wt%). With further loading of
fillers, the strength of C/Cs decreases depending on the fiber treatment and heat
treatment temperatures. Also, the fracture pattern of the samples changes. The
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effect of carbon black filler loading on the phenolic-PAN fiber felt-based C/Cs has
been studied by Ko et al. [101]. At 2500 �C, the addition of 10 wt% of carbon black
filler improves the graphitization of the matrix and exhibits nearly 300 % improve-
ment in flexural strength.

In another study, Hu et al. have studied the effect of mesocarbon microbead
loading (0–30 %) on various properties of C/Cs prepared from oxidative PAN fiber,
a resol-type phenolic resin, and mesophase pitch derived from coal tar [102]. C/Cs
containing 10–30 wt% mesophase exhibit higher density, greater stacking size, and
higher preferred orientation than those without any mesophase. Incorporation of
mesophase enhances the flexural strength and flexural modulus by ~20 % to 30 %
and ~15 % to 31 %, respectively. These composites also show improvement in
thermal conductivity from ~12 % to 31 %.

Fitzer and Hutner have also reported a steady increase of flexural strength in the
case of phenolics as precursor with increasing the graphite filler addition, whereas in
the case of pitch, the flexural strength of the composites moves through a maximum
[76]. Decrease in the strength with higher graphite contents is due to the reduction in
the number of carbon binder bridges between the fibers. Hence, to achieve better
strength, the graphite filler addition should not affect the binder bridges. From the
study, it is also observed that the graphite grain size of 2 μm is too high to guarantee a
homogeneous distribution in the composite, especially at higher filler content.

Moreover, the addition of nanostructured carbons in thermoplastic pitches also
changes their microstructures. The added carbon introduces the oriented structures in
isotropic pitches. This shows an increase in graphitic ordering and hence mechanical
properties, while nanoscale mosaic structures in mesophase pitches reduce the planar
cleavages and shear failure [34, 103]. Further, it is also observed that the addition of
carbon black to coal tar pitch increases the carbon yield and strength, improves the
thermal properties, and reduces the porosity of pitch-based cokes [104, 105].

The effect of carbon additives on the ILSS of 2-D C/Cs has been reported by Seok
et al. [106]. These composites are prepared by compression molding method and
then carbonized at 1400 �C. Additives such as graphite powder, carbon black, milled
carbon fiber, and carbon fiber mat are added during preparation. The composites
with 9 vol% of graphite powder show the greatest values of ILSS and flexural
strength because of improvement in the density of composites. Whereas, in case of
carbon black, the composites show a slight improvement of ILSS at 3 vol%, but the
flexural strength decreases. When milled carbon fiber and carbon fiber mat are
added, the lack of resin and the heat shrinkage during the carbonization cause the
delamination in the composites, which further results in decrease of density, ILSS,
and flexural strength of composites.

Manocha et al. have studied the interfaces in nanostructured C/Cs and their effect
on matrix microstructure and thermophysical properties of the composites
[107]. Composites are made with vapor-grown carbon fibers (VGCFs) and
petroleum-derived nanospheres filled with thermosetting (polyfurfuryl alcohol)
matrices. The amount is varied in between 1–5 wt% in the case of VGCF and
5–20 wt% in the case of nanospheres. The composites are heat treated at 1000 �C
and 3000 �C. The structural transformations are studied as a function of heat
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treatment through X-ray diffraction (XRD), scanning electron microscopy (SEM),
and Raman spectroscopy. It is observed that the addition of these nanostructured
materials brings nanocrystalline anisotropic orientations at the interfaces, which
increases the electrical conductivity of the composites.

Jain et al. have investigated the influence of carbon nanofibers (CNFs) on the
microstructure and interlaminar shear strength (ILSS) of C/Cs by using different
loadings of 0 %, 2 %, and 5 % (w/w) of CNFs [108]. It is observed that the CNFs
provide bridging mechanism for matrix microcracking and reduce the matrix shrink-
age that occurred during the first carbonization.

Dae et al. have studied the effect of the addition of CNTs on the tribological
behavior of C/Cs. C/Cs are fabricated by using CNT/carbon composite layers having
CNT loadings ranging between 0 wt% and 20 wt% [109]. With increasing CNT
loading, the wear loss is found to decrease significantly, while the friction coefficient
increases lightly. Chen et al. have studied the effects of multi-walled CNTs
(MWCNTs) on the microstructure of resin carbon and thermal conductivity of
C/Cs [110]. In this, they have added MWCNTs into furan resin. Then, unidirectional
preforms are densified with the nanotube-doped furan resin by impregnation–carbo-
nization cycles. The results show that MWCNTs induce the ordered arrangement
during heat treatment and enhance the graphitization degree of resin carbon. Also,
incorporation of small amounts of MWCNTs enhances the thermal conductivity of
C/Cs significantly. The enhancement is found more significant for the direction
perpendicular to the fiber axis. Higher concentrations of MWCNTs are found to
decrease the thermal conductivity due to their improper dispersion. Sheikhaleslami
et al. have developed a method for preparing a nanohybrid resin comprised of carbon
nanomaterials such as carbon black and carbon nanotubes (CNTs) and phenolic resin
[111]. In this, at first, carbon nanomaterials are dispersed in an organic solvent such
as ethylene glycol and/or 1, 2 propandiol. Then, the dispersed organic solvent is
mixed with phenolic resin by 10–15 % by weight. The advantage of introducing
carbon nanomaterials is to increase the carbon yield of the resin and to form graphitic
phase in residual carbon after carbonization in order to overcome the shortcoming of
glassy structure of residual carbon from the resin without nanomaterials, because
glassy carbon exhibits low mechanical strength and poor oxidation resistance. The
evolution of graphite phase is characterized by X-ray diffraction pattern after heating
the hybrid resin system at 1100 �C. It is observed that, among both the
nanomaterials, CNTs show better results as a graphitizing agent.

Li et al. have studied the effect of carbon nanofiber (CNF) additive on the
mechanical properties of C/Cs by using carbon composites containing 0.5 %,
10 %, 15 %, and 20 % of CNFs [112]. Both flexural strength and elastic modulus
of the composites are found to increase with CNF incorporation. For 5 % loading,
flexural strength and elastic modulus are found to increase by 76.3 % and 55.5 %
compared to those of the composite without CNFs. However, the properties (flexural
properties and ILSS) are found to decrease for higher (20 %) CNFs containing
composite, which may be attributed to the presence of voids in the structure. Jinsong
and Ruiying have studied the effects of CNFs on the flexural properties and
interlaminar shear strength of CNF-reinforced C/Cs [113]. The flexural strength,
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modulus, and ILSS of the composite containing 5 wt% of CNFs exhibit enhance-
ments of 21.5 %, 33.5 %, and 40.7 %, respectively, as compared to those of the
composite without CNFs. Again, the mechanical properties decrease for higher
loading (20 %) of CNFs.

Machining of Carbon–Carbon Composites

C/Cs are increasingly finding their use in the aeronautical, aerospace, nuclear,
biomedical, and automotive industries because of their superior properties. Though
the composites are made to near net shape, due to the high fabrication costs, any
deficiency on conformity with the design specification of a product results in serious
performance/financial losses. In order to meet the stringent manufacturing demands
and for better performances, the need to machine these materials adequately
increases.

Machining is the final operation on the fabrication of C/Cs in which the dimen-
sion precision and the surface finishing are determined. A very little information on
machining of C/Cs has been found in the literatures as the machining of C/Cs is
difficult by using conventional methods due to their non-homogeneity, anisotropy,
variable hardness gradient within structure, and intrinsic brittleness. Ferriera
et al. have studied some aspects of the C/Cs machinability using turning tests
[114]. The performances of different tool materials like ceramics, cemented carbide,
cubic boron nitride, and diamond are studied. Results show that only diamond tools
are suitable for use in finishing of materials. In rough turning, the carbide tools can
be used with some restrictions in parameters.

Mueller et al. have used laser machining for creating the grid features in the
carbon–carbon grid blanks for ion engines [115, 116]. In addition, Gureev
et al. have studied the possibility of pattern cutting of sheet made of C/Cs using
laser radiation [117]. It is experimentally demonstrated that the continuous-wave
laser radiation could be efficiently used only for pattern cutting of C/Cs with a
thickness up to 1.5 mm. For larger thickness of the composites, the use of pulse-
recurrent radiation with high pulse-repetition rate in the multipass-cutting mode is
recommended.

Hocheng et al. have studied the feasibility of electrical discharge machining
(EDM) in C/Cs [118]. In this, the material is machined by electrical discharge sinker.
In this process, the important parameters include the pulse current and pulse duration
time, which control the material removal rate, the surface topography, and the recast
layer that remained on the workpiece surface. Experimental investigations by
George et al. have revealed empirical relations as a function of machining variables
to analyze the machinability of C/Cs [119, 120]. The machinability parameters
(response functions) include relative circularity of hole, overcut, electrode wear
rate, and material removal rate (MRR), while pulse current, pulse on time, and gap
voltage are the machining variables.

352 R. Sharma et al.



Applications of Carbon–Carbon Composites

As mentioned before, C/Cs are considered to be a class of materials having a wide
spectrum of properties and applications. C/Cs with desired shape and properties
required for particular application can be produced by meticulously choosing the
type, architecture, and amount of carbon fiber and matrix precursor and processing
conditions. Moreover, the ongoing development of high-performance carbon fibers
and newer matrices based on pitch or advanced high-char-yielding resins continu-
ously adds to the spectrum of C/C properties and products, which offer a high-
performance engineering material. Therefore, in addition to the defense, aircraft, and
spacecraft applications, a steady interest is also growing in civilian applications [5,
15]. In the following sections, general applications of C/Cs are mentioned according
to the various specific properties of the composites.

Carbon–Carbon Composites as Brake Disks

The development of high-speed and large-capacity aircrafts requires improved
braking systems. The requirements are lightweight materials with a smooth frictional
behavior and capable of withstanding high temperature. This is particularly impor-
tant during takeoffs of aircraft. During this, the temperature of the frictional surface
rises to more than 2000 �C in about 20 s [5, 121]. The conventional steel brake disk,
if successful in stopping the aircraft in an emergency, is likely to get destroyed by
warping or melting due to the intense heat generation during stoppage of vehicles.
C/Cs, which are stable at high temperatures and have excellent friction and wear
characteristics, are the obvious solution to this problem. Higher heat capacity (2.5
times that of steel) and high strength at elevated temperatures of C/C-based brakes
make it possible to reduce the brake weight by 40 % and to increase their service life
by a factor of two [15].

The potential for significant growth in C/C brakes is further underlined by the
interest shown by manufacturers of racing cars, heavy-duty surface transport sys-
tems, and passenger cars in their advanced automotive braking systems [5, 15].
Figure 10.13 shows images of brake disks made of C/Cs.

Carbon–Carbon Composites for Aerospace Industries

C/Cs are continuously finding their applications in the aerospace field. Examples
include thermal protection system of space shuttles, exit cones, nose tips of the
reentry vehicles, etc. Thermal, thermophysical, mechanical, thermomechanical, and
structural properties of C/Cs are utilized in these applications.

These are used in wing leading edges and nose caps of space shuttle because it
encounters temperatures subzero in outer space and close to 2000 �C during reentry
operations, which is well beyond the operating temperature of the metals. These
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components provide thermal protection to the instrumentation from the searing heat
of reentry and maintain structural integrity during operation [122, 123]. In addition
to the space shuttles, nuclear missiles also employ nose cones and heat shields. For
such applications, C/Cs are ideal candidates due to their high thermal conductivity
and high specific heat so that the components operate as a heat sink and absorb the
heat flux without any problem. The porosity should be low and uniform so as to have
a uniform low ablation/erosion. These stringent requirements are achieved through
three-directional (3-D) fibrous reinforcement and the HIPIC densification route [5].

However, the leading edges are formed from 2-D carbon fabric with carbon matrix
derived from phenolic resin/pitches. Furthermore, these are generally protected against
oxidation resistance coatings for the high-temperature applications. Other components
used for aircraft industries are gas rudders and thrust deflectors for military aircrafts
and expansion nozzle of hypersonic propulsion unit [5, 121].

In rocket motors with a solid propellant system, the throat and exit cone are made
of C/Cs. The exhaust gases from the propellant chamber pass out through the throat
and then finally out through the exit cone. These also necessitate the choice of high-
density 3-D C/Cs [5, 14, 15].

Carbon–Carbon Composites for Aeroengine and Turbine
Components

The efficiency of heat engines is greatly improved by operating them at high temper-
atures and permitting high combustions. The choice of C/Cs in jet engine rotors and
stators offers the possibility of operating at higher temperatures than those used in
conventional high-temperature alloys. Furthermore, the use of C/Cs results in a signif-
icant reduction in a weight, engine size, and fuel consumption. The various jet engine
components include turbine wheels, combustions chambers, and exhaust nozzles [5,
14, 15, 121]. Images of C/C-based turbine rotors have been shown in Fig. 10.14.

Fig. 10.13 Brake disks made of carbon–carbon composites (Image Courtesy to carid.com)
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Carbon–Carbon Composites in Nuclear Reactor

Carbon-based materials are of significant interest in nuclear reactor design owing to
their desirable neutronic properties and are being used in the nuclear reactors since
the development of very first nuclear reactor CP-1. Low atomic weight coupled with
high neutron scattering cross section and low neutron absorption cross section has
made carbon a suitable moderator and reflector material in high-temperature nuclear
reactors. For Generation IV nuclear reactors, C/Cs are being considered for better
tailor-made properties, mainly with respect to thermal conductivity and strength. The
high-temperature reactors, designed by India, propose to use C/Cs in fuel tube,
downcomer, and reflector blocks (Fig. 10.15) [124].

However, the irradiation properties of C/Cs are not well established. Burchell
et al. irradiated 1-D, 2-D, and 3-D C/Cs at 600 �C and to damage doses up to 1.5 dpa.
3-D C/Cs have more isotropic dimensional changes than that of 1-D or 2-D com-
posites [125]. Pitch fiber composites are more dimensionally stable than PAN fiber
composites, and high graphitization temperatures are found to be beneficial.

Though graphite is used in high-temperature reactors, where its irradiation defects
get annealed out, it cannot be used in low-temperature thermal nuclear reactors due
to accumulation of Wigner energy, which is the stored energy in graphite lattice due
to displacement of atoms from lattice position by neutron or particle irradiation
[126]. In such cases amorphous carbon–carbon composites have been proposed
[127]. Dasgupta et al. have shown that carbon black–phenolic resin-derived carbon
composite is a candidate material for such application [128, 129]. Figure 10.16
shows the flow sheet for making such composite.

Fig. 10.14 Turbine rotor
made of carbon–carbon
composites (Image Courtesy
to grabcad.com)
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Pyrolytic graphite, artificial fine-grained graphite, and C/Cs have been adopted as
plasma-facing components in fusion devices. Owing to their high thermal conduc-
tivity and high thermal shock resistance, C/Cs are one of the ideal choices compared
to the conventional graphite materials for the fusion reactors. The use of C/Cs as
plasma-facing materials has been reported in Tokamak Fusion Test Reactor (TFTR),
Joint European Torus (JET), Tore Supra, and JT-60 in Japan. Tokamak fusion devices
utilize carbon materials for their first-wall linings, limiter, and armor on their plasma-
facing components (PFC) as shown in Fig. 10.17. C/Cs possess a number of
attributes such as low atomic number, high thermal shock resistance, high sublima-
tion temperature, and high thermal conductivity, which makes it a good choice in the
fusion reactors. These C/Cs may be the choice for International Thermonuclear
Experimental Reactor (ITER) which must endure severe environment including
high-heat fluxes, high armor, surface temperature, and eddy-current-induced stresses
during plasma disruption. The plasma-facing C/Cs will suffer structure and property
degradation as a result of carbon atom displacements and crystal lattice damage,
caused by impinging high-energy fusion neutrons and energetic helium ions for
carbon transmutations. As C/Cs are infinitely variable family of materials, the
processing and design variables such as (1) architecture, i.e., 1-D, 2-D, 3-D, or
random fiber distribution; (2) fiber precursor, i.e., pitch, polyacrylonitrile (PAN), or
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Fig. 10.15 Cross-sectional view of compact high-temperature reactor [124]
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vapor grown; (3) matrix, i.e., liquid impregnation (pitch or resin) or CVI; and (4) final
graphitization temperature will influence the properties and behavior of C/Cs.

Carbon–Carbon Composites for Diesel Engine Components

Piston-driven engines such as diesel engines could also operate with increased
efficiency and reduced weight if cooling requirements are minimized through the
use of materials, which function efficiently at high temperatures. C/Cs are currently
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Fig. 10.16 Flow-sheet for making amorphous C/Cs [129]
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being evaluated for many such applications. The various components include piston
crown valves, cylinder liners, and connecting rods [5, 14, 130].

Carbon–Carbon Composites as Refractory Materials

It is known that polygranular carbon and graphite materials are widely used as
refractory materials in an oxidizing environment. With carbon fiber reinforcement,
the mechanical properties of these carbon refractories can be further improved. Thus,
C/Cs are increasingly finding their applications in industries also.

Hot Press Dies
The traditional material used in die manufacturing for high-temperature, high-pres-
sure sintering of ceramics and metals is thick-walled fine-grained polycrystalline
graphite. As an alternative, thin-walled fine-grained C/C dies with a high hoop
strength have been tested for molding in powder metallurgy and have been found
to withstand repeated applications. For example, the die for hot molding of cobalt-
based metal powders and tools for superplastic forging of titanium are made of
entirely with C/Cs [5, 121]. Furthermore, cylindrical heating elements made of C/Cs
for hot isostatic presses provide a constant resistance; hence, fewer power adjust-
ments are required during operations, and costs are reduced. This not only allows a
high-temperature application but also increases the life span of the mold by a factor
of 10 compared with graphite mold [5, 15].

Fig. 10.17 Schematic of the
plasma-facing components
(PFC) of a Tokomak fusion
reactor [125]
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High-Temperature Mechanical Fasteners
Bolts, screws, nuts, and washers made of C/Cs are used where high temperature and
severe chemical resistance are present. The strength and stiffness at high temperature
guarantees high fastening stability. Also, due to the anisotropic coefficient of thermal
expansion, the systems made of C/Cs are self-fastening at high temperatures. The
parts are used in the semiconductor industry, furnace construction, and other high-
temperature apparatus and equipments. Examples include liners, plates, crucible
sleeves, and other auxiliary aids [5, 14].

Carbon–Carbon Composites for Glassmaking
Carbon and graphite are not easily wetted by molten glass. Additionally, C/Cs
possess a higher thermal shock resistance and impact toughness, and their porosity
and thermal conductivity may be controlled; hence, there is no impairment of glass
surfaces. Therefore, C/Cs are used in various parts of glass container forming
machines, i.e., in channeling systems to carry the gobbets of molten glass, as
molds for crystal glass products and as an asbestos replacement for hot-end glass
contact elements for moving hot glassware articles [5, 15].

Carbon–Carbon Composites for Use at Intermediate Temperatures

C/Cs having high thermal and electrical conductivities and resistance to most
chemicals are used as electrodes and other structural components in fuel cells.
Also, these are the materials of choice even for vanes for rotary vane compressors
and vacuum pumps. Moreover, these may be preferred for nuclear waste storage
containers and also used in laser shields to protect space-based satellite systems from
the heat of high-powered laser beams [5, 14, 121].

Carbon–Carbon Composites for Chemical Industries

C/C packings are highly effective for separation columns used to separate
liquid mixtures in distillation–rectification plants. They are also used for
stirrers, feed pipes, support grids, filter plates, and thin-walled heat exchangers
[5, 14, 121].

Carbon–Carbon Composites as Biocompatible Materials

Elemental carbon is considered to be the most biocompatible among all known
materials. It is compatible with blood, soft tissues, and bones. Therefore, C/Cs are
used as bone plates in osteosynthesis and endoprosthesis. Also, these are used in
artificial heart components [5, 121, 131].
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Emerging Applications

C/Cs can be made in any complex shape. With their highly flexible properties, these
are materials of choice for newly evolving applications, i.e., advanced aircrafts and
thermal management systems. Examples include parabolic radio frequency
(RF) antennae, reflectors for satellite communications, RF limiters, plasma-facing
surfaces, cladding elements, and diverter plates for nuclear fusion reactors [5, 14, 15].

Oxidation Protection Mechanism

Carbon–carbon composites have excellent mechanical and thermal properties at
elevated temperatures, but some of the potential applications like turbine structural
components, which require long-term exposure to high temperature, are restricted
due to the inherent reactivity of carbon with oxygen beyond 450 �C. For sufficient
lifetime of C/Cs at elevated temperatures in normal atmospheres, their protection
from oxidation is essential. A number of different oxidation protection mechanisms
have been explored to improve the oxidation resistance of C/Cs. The developed
techniques can be categorized as:

(a) Surface coatings – single layer/multilayers, using chemical vapor deposition,
pack cementation, physical vapor deposition (PVD), and plasma spray.

(b) In-depth protection includes sol–gel process impregnation with inorganic salts
but for limited temperature range and melt impregnation or in-depth deposition
of SiC matrix. With the external protection methods, the thermal expansion
mismatch between carbon material and possible refractory coatings is the main
problem to be overcome. Microcracks developed in refractory layers have to be
sealed with glassy coatings. The best oxidation resistance is achieved when
CVD surface coatings are formed in addition to in-depth protection.

Internal protection methods include:

(i) Direct removal and/or deactivation of catalytic impurities
(ii) Incorporation of oxidation inhibitors and total or partial substitution of matrix

material

A successful protection system comprises a coating, internal inhibitor, and a com-
patible substrate since C/Cs constitute a diverse class of materials with a wide range of
mechanical, thermal, and morphological properties. Selection of appropriate fiber,
preform fabrication technique, matrix precursor, and densification processing method
is essential if good oxidation resistance as well as physicochemical compatibility
between substrate and coating is to be achieved. For higher oxidation resistance, we
introduce a ceramic matrix like SiC instead of carbon matrix in the carbon fiber
preform, which gives higher oxidation resistance than that of oxidation-resistant
C/C. These composites are known as C/SiC composites. It provides a good trade-off
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between the high-temperature capability of carbon fibers and the high oxidation
resistance of ceramic matrices. Extensive work has been carried out on C/SiC com-
posites for liquid propellant rocket and air breathing engines, thrust vectoring nozzles,
hot gas valves and tubes, and space plane thermal structures. The third family of
thermo-structural composites, viz., SiC/SiC, employs ceramic fibers (SiC) and ceramic
matrix (SiC). These composites provide an excellent oxidation resistance for long
durations and are capable of withstanding thermal cycling for reusable structures.
SiC/SiC composites are used for liquid propellant rocket engine chambers, jet engines,
gas turbine components, and space thermal structures. However, SiC/SiC composites
start losing the mechanical strength beyond 1200 �C unlike carbon–carbon composites.

Prospective and Challenges

C/Cs have many advantages and can be tailored to meet the specific functional
requirements, yet these are used only in special applications. This is due to cost
associated with the fabrication of composite materials using conventional methods.
In order to expand the area of applications, researchers have focused their works
through cost reduction within the manufacturing steps. Logically, one simplest way
is to increase the carbonization rate/heating rate in the resin pyrolysis technique.
This is because generally complex shapes are difficult to fabricate using either
pitch matrix or CVI materials due to the difficulty of maintaining the dry fiber
preform shape during the initial carbonization step. To avoid this difficulty in the
process, hybrid densifications are sometimes practiced. In this process, first a rigid
structure is made using the resin pyrolysis technique. After first cycle of carbon-
ization, depending on the final applications, subsequent infiltrations of C/C skel-
etons are made with low viscosity resin or pitch or CVI materials in the
densification cycles. In the resin pyrolysis technique, PCs are widely used as
green composites (starting materials) for fabrication of C/Cs because of low cost
and high carbon yield of phenolic resin. During carbonization, the phenolic matrix
material absorbs energy (heat) from the surrounding area, resulting in degradation
reactions and further causing volatile generation and weight loss of solid material,
which in turn form the pressure and temperature gradients within the composites.
As a result of these, shrinkage, cracking, and thermal stresses may build up during
carbonization. Also, as described earlier, from the studies, it has generally been
agreed that the high carbonization rates can deteriorate the mechanical perfor-
mance of the composites. To minimize the adverse effects, low carbonization/
heating rates are generally preferred. But the low heating rates lead to high
processing cost because of long cycle times. Thus, the initial carbonization step
becomes rate determining step in the manufacturing of C/Cs and more detailed
investigation of this is essential.

Furthermore, PCs not only serve as green composites for fabrication of C/Cs but
also as potential candidates for other structural applications. When these composites
are exposed to high temperature, changes in the properties of composites such as
decrease of density and non-monotonic behavior of heat capacity and thermal
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conductivity are expected, which further affect the performance of the composites.
Thus, detailed investigations of these properties of PCs under high temperatures at
different heating rates are essential.

Another way to reduce the manufacturing costs of C/Cs is to increase the carbon
yield by modifying the matrix precursors, especially through polymer pyrolysis
routes. As described earlier, modification of the matrix by adding carbon additives
such as fine powder of cokes, graphite powders, carbon black fillers, CNFs, CNTs,
and nanospheres to the resin matrix minimizes the shrinkage, which not only reduces
the manufacturing cost of C/Cs by improving their density in one step or less number
of steps but also improves some of the properties of composites depending on the
type and amount of fillers and heat treatment temperature used. But uniform distri-
bution of these fillers is a challenge. Also, costs are generally higher than the coarse
carbon materials. Furthermore, the modification of the resin matrix with fillers shows
an improvement of wear and frictional characteristics of precursor PCs. But no study
has clearly discussed the effects of graphite fillers loading on the mechanical
properties of precursor PCs and their C/Cs when these are heat treated at different
temperatures, because the laminate thickness and density of the precursor compos-
ites change when these are made under similar processing conditions due to viscosity
of the resin, which increases as the filler loading increases. Here, the advantage of
using graphite filler is to get its low cost benefits.

As mentioned before, C/Cs are widely used in high-technological applications
because of their superior properties compared to other traditional materials. Though
these composites are made to near net shape, these materials have to be machined to
meet the manufacturing demands and for better performances. A very little work on
machining of C/Cs has been found in the literature. This is because of difficulties to
machine the composites by conventional methods due to their non-homogeneity,
anisotropy, variable hardness gradient within structure, and intrinsic brittleness.
However, researchers have established that these can be machined by some of the
nontraditional methods such as laser machining and electrodischarge machining.
Since the composites are difficult to machine, a detailed study of their machinability
features is essential using alternative methods.
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