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13.1 INTRODUCTION

In the previous unit, you have studied about glasses, ceramics and their
applications. In this unit, you will be studying about composites and their
applications. You will first study about the classification of composites,
followed by the formation of composites. At the end you will be studying about
their applications. In this way, in this unit, you will be studying composites in
detail

Expected Learning Outcomes

After studying this unit, you should be able to:
classify of composites;

explain the formation of composites; and

discuss about the applications of composites.

13.2 COMPOSITES

Let us now discuss about composites. Composite materials are structural
materials made from fibres or particles embedded in a matrix of another
material. They are often used in laminates, fabrics, and reinforcing materials to
withstand maximum loads and achieve desirable properties. Matrix-based
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structural composites serve two primary purposes: binding reinforcement
phases and deforming to distribute stresses. Matrixes can have temperature
variations, be conductors or resistors of electricity, or have moisture sensitivity.
Some inorganic materials, polymers, and metals have been used as matrix
materials in structural composite design. Composites cannot be made from
constituents with divergent linear expansion characteristics. The choice of
fabrication method depends on matrix properties and the effect of the matrix
on reinforcement properties. Chemical inert constituents are crucial in
composite selection and fabrication.

13.2.1 Classification of Composites

Composite materials are combinations of two or more distinct phases (matrix
and reinforcement) that result in superior overall properties. They can be
classified in several ways, one of the most common being based on the shape
of the filler and the reinforcement scheme.

Classification by Shape of Filler

1. Particulate Composites
Filler phase consists of particles (spherical, cubic, or irregular).
Distribution may be random or controlled.

Examples: Concrete (sand + gravel in cement), metal-matrix
composites with ceramic particles.

2. Fibrous Composites
Reinforcement in the form of fibres.
Fibres may be continuous or short (discontinuous).

Examples: Glass fibre reinforced plastics (GFRP), carbon fibre
composites.

3. Flake Composites
Reinforcement in the form of thin plate-like fillers.
Provide good barrier properties and dimensional stability.

Example: Composites with mica or glass flakes.

<
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Fibre composite Particulate Flake composite Lammar Filled composite
composite composite

Fig. 13.1: Representati e classes of the composite materials. 275
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Classification by Schemes of Reinforcement

1. Particle Reinforcement (b)

Load transfer occurs from the softer matrix to hard dispersed
particles.

Improves wear resistance, hardness, and sometimes toughness.
2. Fibrous Reinforcement (c)

High aspect ratio fibres (continuous or alligned) carry most of the
load.

Provides very high strength and stiffness in the fibre direction.
3. Laminar or Layered Reinforcement (d)

Composite is built up in layers (laminates).

Each layer may have fibres oriented differently.

Improves strength, impact resistance, and fatigue resistance.

Example: Laminated polymer composites in aerospace applications.

Composites
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Fig. 13.2: Classification of composite materials ased on the t pes of
reinforcement.

Composite materials are advanced materials known for their high specific
strength and stiffness, resistance to fatigue, and good performance at elevated
temperatures. A key advantage is that their properties can be tailored during
fabrication to meet specific requirements. Moreover, they can often be shaped
close to the form of the final product or structural component, reducing the
need for extensive post-processing. By definition, composites are
heterogeneous materials made up of two or more distinct components that
differ significantly in their properties. These components are mutually insoluble
or only slightly soluble and remain separated by clear interfaces.

The concept of composite design is inspired by natural systems. Examples
include:
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Wood: where cellulose fibres are bound together by the polymer lignin.

Bone: where thin, strong crystals of calcium phosphate are reinforced by
collagen fibres.

The overall properties of a composite depend on the physical and mechanical
characteristics of the individual components. The strength of bonding at their
interfaces.

A major feature of composites is that they combine the advantages of their
components while minimizing their weaknesses. In some cases, they even
display novel properties not present in any individual component. For optimal
performance, the components are selected to have different but
complementary properties.

The matrix (base material) in a composite provides shape and binds the
reinforcement. It strongly influences processing conditions, service
temperature, fatigue resistance, environmental stability, density and specific
strength.

Depending on the matrix material, composites can be classified as:
Metal matrix composites (MMC) — matrix of metals or alloys,
Polymer matrix composites (PMC) — matrix of synthetic polymers,
Ceramic matrix composites (CMC) — matrix of ceramics or carbon,

Hybrid composites — containing combined or layered matrices of different
types.

Dispersion-Strengthened (Particulate) Composites

Dispersion-strengthened composites contain dispersed particles of high-
melting compounds such as oxides, nitrides, borides, and carbides (e.g.,

AlL O3, SiO,, BN, SiC). These fillers offer high modulus of elasticity, low
density, chemical inertness, and in the case of aluminium and silicon oxides,
cost-effectiveness and abundance.

Manufacturing Methods:
Powder metallurgy is the primary method.

Alternative methods involve introducing fillers into a molten metal or alloy
immediately before casting, often combined with ultrasonic treatment to
remove impurities, improve wettability between particles and matrix and
ensure uniform particle distribution

Mechanical Behaviour:

The matrix primarily bears external loads, while the dispersed particles
impede dislocation movement, enhancing strength.

Particles can also promote non-equiaxed (fibrous) grain structures, further
strengthening the material.

Strength depends on concentration of the reinforcing phase, uniformity of
distribution and the article size and spacing. 277
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Orowan equation: = Gb//

where G is the shear modulus, b is the interatomic spacing, and / is the
spacing between particles.

Optimal Parameters:

Particle size: 0.01-0.1 ym

Inter-particle spacing: 0.05-0.5 ym

Properties are isotropic, an advantage over fibrous composites.
Examples:

Aluminium-based: Sintered aluminium powders (SAP) contain Al and
Al,O3. Powder processing includes briquetting, sintering, and pressing.
Oxide layers on flakes (0.01-0.1 ym thick) enhance strength, heat
resistance, and ductility control.

Nickel-based: Ni or Ni-Cr matrices reinforced with oxides (e.g., ThO,,
HfO,). Optimal strengthening occurs at 3.5-4% HfO,.

Applications: High-temperature components (300-500°C), e.g., piston rods,
turbine blades, capacitors, chemical equipment elements.

Fibrous Composites

Reinforced by fibres or filamentary crystals of metals (Mo, W, Be), oxides,
carbides, nitrides, or carbon.

Fibre types: continuous or discrete, diameters from sub-micrometre to
hundreds of micrometres.

Carbon fibres: strength depends on heat-treatment temperature and
defects; withstand 2200°C in inert/reducing atmosphere. Features: high
thermal/electrical conductivity, corrosion resistance, low thermal
expansion; drawback: poor wettability, improved by coatings (TiB,, ZrB,).

Ceramic fibres: high hardness, stiffness, thermal stability; whiskers (small
fibres) show extremely high strength due to low dislocation density.

Glass fibres: high strength (3—5 GPa), thermal stability, dielectric

properties, low thermal conductivity, corrosion resistance; produced as
continuous (3—100 ym dia., up to 20 km) or staple fibres (0.01-0.5 mm
dia.). Cross-sectional shaping improves packing, stiffness, and density.

Non-Metallic Matrices:

Advantages: lightweight, good workability, corrosion resistance, damping,
antifriction properties.

Drawbacks: low fibre—matrix bonding, strength drop above 100-200°C,
poor electrical conductivity, cannot be welded.

278 Common matrices: epoxy, phenol-formaldehyde, polyamide
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Common fibres: carbon, boron, glass, organic (lavsan, kapron, nitron,
aromatic polyamides)

Methods to improve matrix stiffness: incorporation of metal ions (e.g., 15%
Ba or 7.6% Ni increases modulus by 25-50%).

Fibre-Specific Properties:

Carbon-fibre composites: low thermal/electrical conductivity, moderate
thermal conductivity.

Boron-fibre composites: high tensile, compressive, shear strength;
properties influenced by fibre geometry.

Organic-fibre composites: high impact strength, low compression
stiffness; matrix and fibres are chemically similar with strong bonding.

Metallic-Matrix Composites

Higher strength, stiffness, plasticity, fracture toughness, and temperature
resistance than non-metallic composites.

Retain high strength at elevated temperatures; moisture-resistant, non-
combustible, electrically conductive.

Common matrices: Al, Mg, Ti alloys, Ni-based alloys
Examples:

Aluminium-matrix: reinforced with steel wire, boron, or carbon fibres.
Carbon-fibre composites are lighter and cheaper than boron-fibre but
involve technological challenges (coating needed to prevent reaction with
matrix).

Magnesium-matrix: lower density (1800-2200 kg/m3), high specific
strength, reinforced with boron or carbon fibres.

Titanium-matrix: challenges due to high reactivity at elevated
temperatures; reinforced with high-melting fibres (Mo, W, Al,O3, SiC).
Reinforcement improves elastic modulus and working temperature, rather
than specific strength.

13.2.2 Formation of Composites

Organic Matri Composites

Polymer Matrix Composites (PMC)/Carbon Matrix Composites or
CarbonCarbon Composites Polymers are very much suitable as materials as
they can be processed easily. They are lightweight and have mechanical
properties which are desired at. In aeronautical applications high temperature
resins are used extensively. Two main kinds of polymers are thermosets and
thermoplastics. After they are cured the thermosets behave like well-bonded
three-dimensional molecular structure. They decompose instead of melting on
hardening.

Resins and thermoplastics are versatile materials used in the production of
composites. Thermosets, a type of thermoplastic, are flexible and can be 279
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retained in partially cured conditions, making them ideal for advanced fibre
reinforced composites. These resins have a one- or two-dimensional
molecular structure and can be molded using conventional compress
techniques. They are increasingly used in composites to improve base
properties and extract functional advantages, such as replacing metals in die-
casting processes. Thermosets can alter their creepover temperature,
increasing failure load and creep resistance.

Ceramic Matri Materials CMM

Ceramics are solid materials with strong ionic bonding, high melting points,
and high compressive strength, making them ideal for high-temperature
applications. However, their high modulus of elasticity and low tensile strain
make it difficult to add reinforcements for strength improvement. This results
in composite failures unless the fibre volume is high enough. To address this,
reinforcement with high modulus of elasticity is being used, and pre-stressing
of the fibre in the ceramic matrix is being increasingly used. Ceramics with
higher thermal expansion coefficients may result in composites with lower
tensile strength.

Fibre Reinforced Composites are composed of fibres embedded in matrix
material. Such a composite is considered to be a discontinuous fibre or short
fibre composite if its properties vary with fibre length. On the other hand, when
the length of the fibre is such that any further increase in length does not
further increase, the elastic modulus of the composite, the composite is
considered to be continuous fibre reinforced. Fibres are small in diameter and
when pushed axially, they bend easily although they have very good tensile
properties. These fibres must be supported to keep individual fibres from
bending and buckling.

Laminar Composites are composed of layers of materials held together by
matrix. Sandwich structures fall under this category.

Particulate Composites are composed of particles distributed or embedded in
a matrix body. The particles may be flakes or in powder form. Concrete and
wood particle boards are examples of this category.

Thus in this section we have studied about classification and formation of
composites. Before moving to the next section try out the following SAQ.

§4Q1

What are the different types of classifications of composites? Explain in
details.

13.3 APPLICATIONS OF COMPOSITES

CMCs (Carbon Matrix Composites), a subgroup of composites and ceramics,
combine the characteristics of ceramics with fibres for improved performance
and durability in harsh environments. They are lightweight, resistant to high
temperatures and corrosion, and ideal for applications with rigorous
mechanical and thermal requirements. LCMCs, developed for lightweight
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materials in aerospace, automotive, and energy, offer superior performance in
weight reduction and fuel efficiency. Their low density, exceptional thermal
stability, and strong wear-resistance make them suitable for parts requiring
extreme heat.

Composites using ceramic fibres and a ceramic matrix are joined to create
CMCs, a type of advanced material. The three main parts of CMCs are the
matrix material, the reinforcing material, and the interphase material. Every
component is essential to defining the properties and functionality of the
composites.

Composition of CMCs Matrix Material: In CMCs, the matrix material is often a
ceramic compound that provides structural integrity and protects the
reinforcement material. Matrix materials commonly used in lightweight CMCs
include aluminum oxide (alumina), aluminosilicate (mullite), zirconium oxide
(zirconia), and yttria-stabilized zirconia (YSZ), which are examples of oxide
matrix material. Carbon matrix (C), SiC, silicon nitride (SizN,4), zirconium
carbide (ZrC), boron nitride (BN), and aluminum nitride (AIN) are some non-
oxide matrix materials that are commonly employed.

The strength and stiffness of LCMCs are provided by the reinforcing material.
These materials frequently take the shape of fibres, whiskers, or particles;
typical reinforcing materials utilized in LCMCs include the following:

Continuous fibres: SiC fibres and carbon fibres are frequently used as
continuous reinforcements.

Discontinuous fibres: Short fibres or whiskers, such SiC whiskers, are
used as discontinuous reinforcements.

Particles: Ceramic particles that are nano- or micron-sized, such SiC or
alumina particles, can be used as reinforcement. Material for Interfaces
The interphase material in CMCs connects the reinforcement and matrix,
improving interface adhesion and efficiently transmitting stress. It helps
prevent interface fractures from starting and spreading.

The fibre—matrix interface has to have an energy-efficient crack progression
region in order for matrix cracks to deflect there and offer stress tolerance. It
has been demonstrated that CMCs, namely SiC fibre/SiC matrix composites
with either carbon (C) or BN interphases, exhibit remarkable properties.

CMC classification: There are several types of CMC; the phases fibre and
matrix (separated by a slash) are commonly used in the categorization. For
example, C/SiC is a CMC made up of C fibres and a SiC matrix. For CMC,
oxide fibres are composed of silica, mullite, or alumina, whereas non-oxide
fibres are often comprised of SiC or C. The majority of non-oxide matrices are
composed of C, SiC, and silicon mixtures. Oxide matrices are composed of
alumina, zirconium, mullite, and other aluminosilicates. Oxide fibres and oxide
matrices, as well as non-oxide fibres and non-oxide matrices, are frequently
paired. As seen in Fig. 13.3, CMCs may be divided into oxide-CMC and non-

oxide CMC categories according on the kind of CMC matrix. 281
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Fig.13.3: Classification of CMCs ased on the nature of the matri .

O ide Ceramic Matri Composites

Ceramic fibres and ceramic matrices—more especially, an oxide matrix—are
combined in oxide ceramic matrix composites (O-CMC). O-CMC combines
high temperature and mechanical properties to enable a wide range of
applications with demanding thermal and mechanical requirements.

Ceramic fibres and ceramic matrices—more especially, an oxide matrix—are
combined in oxide ceramic matrix composites (O-CMC). O-CMC's combination
of high-temperature stability, low density, high strength, and outstanding
corrosion resistance makes it possible for a variety of applications with
demanding mechanical and thermal requirements. Inorganic oxide compounds
of metallic or metalloid elements containing oxygen, such as alumina, beryllia,
ceria, and zirconia, are known as O-CMCs. Moreover, O-CMCs may only be
used in situations where the maximum temperature is 1200°C. This limitation
is explained by the oxide reinforcing fibres' deteriorating mechanical
performance, which lowers the composite's tensile strength values.

As shown in Fig. 13.4, O-CMCs material has various categories.

Oxide CMCs
Base matrix material | |
Alumina Aluminosilicae
Filler/reinforcement | Boron carbide | | Silicon nitride|| Titanium carbide| | Titanium dioxide Alumina Mullite

Fig.13.4: O-CMC material categories.
Non-O ide Ceramic Matri Composites

Non-oxide CMC materials have drawn a lot of research interest because of

their superior mechanical and thermal characteristics. They have a filler or

reinforcement (ceramic, metallic, plastic, polymer, etc.) and a non-oxide base

(CMC). Non-oxide CMCs are technical ceramics having covalent bonds, such

as non-conductive nitrides and conducting carbides. When they are exposed
282 to high temperatures, the non-oxide components are not very resistant to
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oxidation and corrosion. Non-oxide CMC combinations have different material
properties and need different production processes, which limits their use in
different industrial sectors. Non-oxide CMCs are the most popular option for
high-temperature applications.

Non oxide CMCs

Base matrix material | | | |

Silicon Titanium Tungesten
Carbon carbide carbide carbide
i Silicon Nickel Carbon Nickel Nickel/chrome
i i Metal
Filler/reinforcement Carbon Resin oo v | bonsied Carbon Nickel obhro

Fig.13.5: Non-o ide CMC material categories.
Applications of CMCs

Aerospace Industr : CMCs are used in advanced aerospace applications
such as hypersonic flight vehicles, thermal protection systems in spacecraft,
and turbine engine components. Despite extremes in temperature, pressure,
and other environmental conditions like moisture, these structural CMCs retain
their exceptional long-term mechanical characteristics. For advanced friction
systems in aerospace applications, C/C-SiC composites show better
tribological properties, reduced densities, and increased damage tolerance.
The use of CMCs in rocket engine thrust chamber components is being
accelerated by a number of engine manufacturers and research institutions.

Automo ile Industr : Crucial qualities related to the automotive industry,
such as exceptional strength, high wear resistance, low CTE, refractoriness,
self-lubricating properties, superior insulation, energy storage, and high heat
conductivity, must be present in CMC products.

Defence Industr : Apart from aerospace and automobiles, armour
components are also included in defense industry applications. Some
examples of CMCs in this case may be tank power trains, enhanced armour,
propeller systems, ground-based support vehicles, elements of fuel injectors,
weapons for armed forces, combat aircraft, submarine shaft seals, and tear-
resistant accurate bearings.

Chemical and Biomedical Industries: Strong levels of biocompatibility, solid
strength, outstanding fracture toughness, substantial catalytic adsorption,
strong resistance to chemical attack, and corrosion durability are all necessary
for CMCs used in biomedical, biological, and chemical applications. Heat
exchange systems, reformers, recuperators, refractory materials, nozzles,
artificially made teeth, bones, and joints, cardiovascular valves, catalysts, and
igniters are some of the CMC components utilized in the chemical and
biomedical sectors.

CMC'’s have thermal and chemical stability and mechanical qualities, so they
are appropriate for high-temperature applications.

Applications of Metallic matrix composites: 283
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Power engineering: turbine blades, nozzles
Automotive: car bodies, engine elements
Machine-building: housings, machine elements
Chemical technology: autoclaves, vessels
Shipbuilding: hulls, propellers

Electrical/insulating uses: glass-fibre composites for insulation and radio-
transparent structures, carbon-fibre composites for sliding-contact
bearings

Thus in this section we have discussed about the applications of composites.
Before moving to summary please try out the following SAQ.

§4Q2

What are CMCs and LCMCs with regards to ceramics and composites?

13.4 SUMMARY

In this unit, you have studied about composites and their applications. Firstly,
you have studied about the classification of composites, followed by the
formation of composites. Lastly you have studied about their applications. In
this way, in this unit, you have studied all about composites. In the next unit,
you will be studying about nanomaterials.

13.5 TERMINAL UESTIONS

1. What are the three main classifications of composites based on the matrix
material?

2. Explain the classification of composites with respect to reinforcement.

3. Why composites cannot be made from constituents with highly divergent
thermal expansion characteristics?

4. Compare Metallic Matrix Composites (MMCs) and Non-Metallic Matrix
Composites in terms of properties and applications.

5. Explain the applications of composites in aerospace and biomedical fields.

13. ANSWERS

Self Assessment uestions

1. The classification of composite materials is done in two distinct levels.
Firstly, it is done with respect to the matrix constituent and the classes
are: Organic Matrix Composites (OMCs), Metal Matrix Composites
(MMCs) and Ceramic Matrix Composites (CMCs).

The term organic matrix: Polymer Matrix Composites (PMCs) and carbon
matrix composites commonly referred to as carboncarbon composites.



Unit 13 Composites and Their Applications

Secondly, it may be classified with respect to the reinforcement form
which are: fibre reinforced composites, laminar composites and particulate
composites. Fibre Reinforced composites (FRP) can be further divided
into those containing discontinuous or continuous fibres.

2. CMCs, a subgroup of composites and ceramics, combine the
characteristics of ceramics with fibres for improved performance and
durability in harsh environments. They are lightweight, resistant to high
temperatures and corrosion, and ideal for applications with rigorous
mechanical and thermal requirements. LCMCs, developed for lightweight
materials in aerospace, automotive, and energy, offer superior
performance in weight reduction and fuel efficiency. Their low density,
exceptional thermal stability, and strong wear-resistance make them
suitable for parts requiring extreme heat.

Terminal uestions

1. (i) Organic Matrix Composites (OMCs) — include Polymer Matrix
Composites (PMCs) and Carbon—Carbon composites.

(i) Metal Matrix Composites (MMCs) — matrix of metals or alloys.
(iii) Ceramic Matrix Composites (CMCs) — matrix of ceramics or carbon
2. Composites may be classified based on reinforcement as:

Particle Reinforcement — dispersed particles transfer load from the
softer matrix, improving wear resistance and hardness.

Fibrous Reinforcement — high aspect ratio fibres (continuous or
discontinuous) carry most of the load, providing high strength and
stiffness in the fibre direction.

Laminar (Layered) Reinforcement — built in layers (laminates) with
different fibre orientations, improving strength, impact resistance, and
fatigue resistance

3. Because mismatched thermal expansion coefficients lead to internal
stresses at interfaces, causing cracks, delamination, or failure of the
composite under thermal cycling.

4. MMCs: High strength, stiffness, toughness, and temperature
resistance; electrically conductive and moisture-resistant.
Applications include turbine blades, automotive engine parts, and
ship hulls

Non-Metallic Matrices: Lightweight, corrosion-resistant, and easy to
work with but limited by low bonding and poor conductivity. Examples
include epoxy- or polyamide-based composites.

5. Aerospace:

Used in aircraft structures, turbine blades, satellite components, and
space shuttle tiles. 285
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Provide weight reduction, high strength, and resistance to high
temperature and fatigue.

Biomedical:

Artificial joints, dental composites, bone plates, and cardiovascular
implants.

Chosen for their biocompatibility, wear resistance, and strength.

Overall Significance: Composites enhance performance, durability, and
safety in both fields while reducing weight and increasing reliability
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