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Preface

Continuous fiber-reinforced composites is a novel class of materials with 
characteristics such as high modulus, tolerance, strength, damage resis-
tance, and safety. The aerospace industry now relies heavily on them, and 
they are increasingly used in consumer goods, recreational products, and 
other industries. Polymer matrix composites are widely used across many 
industries. In the field of materials science and engineering, they represent 
a vital subject for undergraduate students. Due to the dominance of tradi-
tional composite materials in structural applications (such as aerospace), 
their use has largely focused on mechanical and fabrication characteristics. 
However, driven by the demands of the battery, biomedical, and electronic 
industries, non-structural applications are becoming increasingly signif-
icant. Since functional and structural composites have different perfor-
mance and cost requirements, the scientific principles guiding their design 
also differ considerably. This book’s focus on functional composite materi-
als sets it apart from other related works.

In addition to discussing the creation, composition, characteristics, and 
applications of relevant composite materials, the book presents the funda-
mental concepts underlying each function. While cement-matrix compos-
ites are commonly used for structural purposes, ceramic and metal-matrix 
composites are becoming increasingly important. This book covers com-
posite materials across all matrix types.

Classifying composite materials by their matrix type is a less common 
approach in books on composites. In contrast, this book adopts a novel 
functional approach, organizing materials according to their applications. 
This helps readers understand how composites are designed to meet the 
needs of various industries. Such insight benefits both professionals across 
sectors and students preparing for industry roles. Moreover, the functional 
approach allows for the systematic exploration of a broad range of scien-
tific topics beyond just mechanical behavior.



xvi  Preface

The book contains nine chapters. Chapter 1 provides an overview of 
composite materials, covering the properties of polymer matrices and 
reinforcements, material selection basics, production methods, composite 
properties, and applications. Chapter 2 focuses on the synthesis and pro-
cessing of Shape Memory Alloys (SMAs) within composites. It addresses 
scalability, manufacturing techniques, performance optimization, and the 
challenges and potential of SMA-based composites. The chapter highlights 
the transformative potential of SMAs in driving advanced technological 
developments and offers a comprehensive analysis of their interaction with 
composite materials, including insights into their synthesis, applications, 
and future prospects.

Chapter 3 introduces key types of smart composites, including those 
embedded with piezoelectric, thermochromic, and magnetostrictive ele-
ments, highlighting their unique ability to enhance structural perfor-
mance. It also explores challenges in their development, such as material 
compatibility, processing methods, and long-term durability. The chapter 
concludes by identifying emerging trends, such as the use of sustainable 
materials and the integration of artificial intelligence (AI) for real-time 
monitoring and adaptive response.

Chapter 4 covers the fundamentals of piezoelectric materials, offering a 
detailed discussion on piezoelectric nanocomposites, their properties, and 
the fabrication of select examples. These materials have broad applications, 
including nano-transformers, portable nano-generators, energy harvesters, 
and biomedical devices—though most are used in sensor manufacturing. 
Chapter 5 explores the electrodeposition process using periodic modula-
tion of rectangular and triangular waveforms, examining their effect on the 
conventional electroplating of Ni/ZrO₂-TiO₂ coatings on mild steel.

Chapter 6 explores the evolving field of smart functional composite 
polymer materials for aerospace applications. It examines their use in 
structural components, functional devices, thermal management systems, 
and self-healing coatings. Chapter 7 focuses on the friction and wear resis-
tance behavior of advanced coatings, highlighting their ability to enhance 
mechanical performance under extreme conditions. The chapter illustrates 
how these coatings can extend component lifespan, reduce maintenance 
needs, and offer sustainable engineering solutions for high-demand sec-
tors such as aerospace, automotive, and energy.

Chapter 8 discusses recent developments in composite materials, high-
lighting their advantages and limitations, trends in advanced and func-
tionally graded materials (FGMs), various FGM structures and their 
applications, and the dynamic behavior of FGM plate structures. Chapter 
9 provides a comprehensive review of structural health monitoring (SHM) 



Preface  xvii

techniques for composites, outlining both their benefits and implementa-
tion challenges. It examines various sensor technologies—including Fiber 
Optic Sensors (FOSs), Resistance Strain Gauges, Eddy Current Sensors, 
Piezoelectric Sensors, and MEMS Sensors—for their applicability in SHM. 
The chapter also categorizes key SHM methodologies into ‘active’ and ‘pas-
sive’ approaches, covering techniques such as Lamb waves, electro-me-
chanical impedance, active vibration monitoring, strain-based methods, 
acoustic emission, and Comparative Vacuum Monitoring (CVM).

This book can serve as a reference for undergraduate and postgradu-
ate students, as well as engineers, technicians, technology managers, and 
marketing staff. It will be especially helpful for thermal, electrical, indus-
trial, and chemical engineers, thanks to the broad scientific scope enabled 
by the functional approach. Finally, we extend our gratitude to Martin 
Scrivener and Scrivener Publishing for their work in bringing this book to 
publication.

Dr. Sandip Kunar
June 2025
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Introduction to Functional 
Composite Materials

Sandip Kunar1*, Gurudas Mandal2, Jagadeesha T.3 and Pranav Charkha4
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Abstract
Composite materials are vital for everything, from supporting modern nations to 
facilitating new inventions. The main benefits are their strength, durability, light 
weight, flexibility in design, and resistance to corrosion. These materials are uti-
lized in modern industries including building, medicine, oil and gas, sports, trans-
portation, and aerospace. This chapter covers an overview of composite materials, 
including the properties of polymer matrix, reinforcements, a basic approach to 
material selection, composite production procedures, composite properties, and 
applications.

Keywords:  Natural fiber, biopolymer, thermoset, thermoplastic, fiber, matrix, 
composite

1.1	 Introduction

Nature contains composites. The long cellulose fibers that make up wood 
are joined by lignin to form a composite substance. It is formed by join-
ing two or more materials that do not dissolve concurrently and have 
quite discrete qualities. The composite’s distinctive qualities are a result 

*Corresponding author: sandip.sandip.kunar@gmail.com
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2  Functional Composites

of the interaction of its various constituent components. These materials 
have been applied by people in various contexts from a long time ago. To 
construct sturdy and long-lasting structures, early Mesopotamian and 
Egyptians settlers exploited the blending of straw and mud at around 1500 
BC, which is when these materials were first applied. A block of brick has 
a strong confrontation to bending, ripping, and squeezing because of the 
mixture of straw and mud. The ancient composite materials such as ceram-
ics and boats were reinforced by straw [1]. In 1200 AD, the first composite 
bow was produced by combining wood, bone, and animal glue during the 
Mongols period. Birch bark was used to wrap and press the bows. These 
bows were accurate and strong. The supremacy of Genghis Khan’s military 
was ensured in part by composite Mongolian bows. Many of the biggest 
developments were brought about by wartime requirements because of 
their advantages, which include strength and light load. Various materi-
als were created during World War II and transitioned from research and 
development to real manufacturing [2].

The fiber-reinforced polymers (FRP) are a direct result of the advance-
ment and demand for composite materials. Over 7.5 million pounds of 
glass fibers had been utilized in 1945 for a variety of goods, mostly for 
military uses. The composite materials gained popularity and expanded 
quickly into the 1950s. The pioneers of composites made a bold attempt to 
expand the use of composites into other industries, including transporta-
tion, construction, and aircraft. The public sectors acquired the idea about 
the benefits of FRP composites, particularly no corrosion of composite 
materials. In 1946, the first composite boat hull was issued for commercial 
use. In 1947, an entire car body was made of composite and put through 
testing. As a result, Chevrolet Corvette was created in 1953. Several inno-
vative molding techniques, including compression molding and sheet 
molding, emerged with the onset of the automotive age. The two methods 
became the most widely used molding procedures in the automotive and 
other sectors. Manufacturing techniques like vacuum bag molding, pultru-
sion, and large-scale filament winding were created in the early 1950s. The 
greatest market for composite materials in the 1960s was the marine indus-
try. The first carbon fiber was patented in 1961 and frequently accessible 
after a few years. The industry commenced to manufacture the composites 
in the 1970s. During this time, numerous new resins and reinforcing fibers 
were created for use in composite applications. The automobile industry 
overtook the maritime industry as the largest market in the 1970s, and it 
still retains that position presently. Composites were initially employed in 
infrastructure applications in Asia and Europe in the late 1970s and early 
1980s. In the 1990s, Aberfeldy, Scotland, saw the installation of the first 
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pedestrian bridge made entirely of composite materials. During this time, the 
first all-composite vehicle bridge deck was built in Russell and Kansas, while 
the first FRP-reinforced concrete bridge deck was built in McKinleyville, 
West Virginia. Applications for composites are still being found today. New 
composites are created by combining nanomaterials with enhanced fibers 
and resins. In the early 2000s, nanotechnology started to appear in business 
goods. To enhance the electrical and mechanical characteristics of polymers, 
bulk carbon nanotube is utilized as composite reinforcement [3].

This material sector is advancing continuously with a large portion. 
For instance, engineers can modify the design of composite components 
based on the performance requirements, where more strength is required 
in the component. Wind turbine blades are always modifying the design of 
blade size and demand smart composite materials. By choosing the proper 
matrix material, the engineers can also decide the attributes like corrosion 
resistance, resistance to chemicals, etc. The use of natural fibers as rein-
forcements in composites to surrogate the synthetic fibers has acquired 
popularity recently owing to more environmental awareness and the 
requirement for sustainable development [4–7]. An overview of composite 
material, characteristics of polymer matrix, reinforcements, the fundamen-
tal method for choosing materials, techniques for producing composites, 
composite properties, and application are covered in this chapter.

1.2	 Overview

As the most used word, composite materials are made up of two or more 
components, each of which exhibits a wide range of physical and/or chem-
ical properties. A new material having features distinct from the individual 
component is fabricated by combining two or more fundamental materi-
als. Blending two or more elementary materials produces a new substance 
with different properties from the constituent parts. Because the principal 
components remain discrete and the formation of structure is separate, 
composites must be appropriately separated from the solutions of solids 
and material mixtures [8].

Individual basic components, sometimes known as constituent materi-
als, make up composite materials. The matrix, often known as the “binder,” 
and the reinforcement are the two elementary types of basic materials that 
are identified. To make a composite, at least one substance from each cate-
gory is needed. By maintaining the relative positions of the reinforcements, 
the matrix phase surrounds, envelops, and supports them. By adding their 
unique mechanical and physical resources, the reinforcements improve the 
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matrix’s qualities. While the infinite variety of reinforcements and binders 
allows the designer to create the best possible combinations, resulting in 
custom-made composites, the synergism between the two phases produces 
the quality materials [9].

The following are familiar instances of composite materials:

•	 Wood (cellulose fibers encased in lignin and hemicellulose)
•	 Bones (apatite, a hard mineral, collagen, and a soft protein)
•	 Pearlite is a mixture of cementite and ferrite [10, 11]

The following composite materials are categorized as follows:

•	 The matrix (binder) component serves as the basis for the 
first classification criterion. Ceramic matrix composites 
(CMCs), organic matrix composites (OMCs), and metal 
matrix composites (MMCs) are the three primary compos-
ite groups. In general, OMC refers to polymer matrix com-
posites (PMCs) and carbon–carbon composites.

•	 Fiber-reinforced composites (FRCs), laminar composites, 
and particle composites are differentiated based on the 
second categorization criterion, which relates to the rein-
forcing phases. FRC can be further divided into types with 
reinforcements that are continuous or discontinuous fibers, 
respectively.

•	 FRC is made up of fibers encased in matrix materials. If 
the composite’s characteristics rely on the fiber length, it 
is referred to as a discontinuous fiber composite or a short 
fiber composite. However, the composite is contemplated 
“continuous fiber reinforced” when the fiber length expan-
sion does not cause the elastic modulus of the composite to 
grow further. Despite often having good tensile qualities, 
fibers are typically tiny in diameter and readily twist when 
compressed axially. The fibers must be reinforced for resist-
ing the buckling.

•	 The particulate composites are made of particles, which 
can be powdered or flakes, that are dispersed in a binding 
matrix. Particle boards are fabricated of wood and concrete 
is good example of this form [12].

There are numerous further categories of composite materials, includ-
ing the following:
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(a) Grouping based on the kind of matrix materials:
ØØ Composites made of metal (MMCs)

Despite having a relatively high specific mass, metal fibers are typically 
inexpensive. They are used for metal matrix reinforcement. This mate-
rial has not more requirement because of their high density. The excel-
lent fiber-matrix compatibility allows for the primary function in the 
metal-metal composite preparation. Metal matrices are reinforced with 
carbon steel fibers to endure temperatures up to 300°C. Fibers are com-
posed of heat-resistant metals such as tungsten or molybdenum, are used 
to strengthen metal matrices. So they can tolerate higher temperature. The 
following fibers are used generally.

•	 Steel: regularly contains alloys of strengthening aluminium.
•	 Tungsten: used to reinforce materials that can withstand 

heat.
•	 Boric: extremely light but solid and inflexible; manufactur-

ing is not simple. Boric fibers should be mentioned as a typ-
ical example, where a thin SiC layer is first applied to the 
surface of a thin tungsten wire to protect it from oxidation 
and boron diffusion into the matrix, followed by a boron 
layer that is chemically deposited on the wire by BCl3 vapor.

ØØ Composite materials with an inorganic non-metallic matrix.
ØØ Polymer matrix composites (PMCs)

Because of their low compactness, easy manufacturing, and desired 
technical properties, these polymers exhibit appropriate matrix materi-
als. Consequently, polymeric resins endure elevated temperature. Due to 
that it is commonly applied in aviation [13]. Two important categories of 
polymers are thermosets and thermoplastics. A well-bonded 3D molecular 
structure that forms after curing, is what distinguishes thermosets. At high 
temperatures, some substances break down rather than melt. To amend 
this circumstances for curing and determining other characteristics, the 
key composition of the resin only needs to be replaced. They are also 
retained for long periods of time in a partially healed state. Additionally, 
thermosets have a great extent of flexibility. Therefore, they make excellent 
matrix bases for FRC in sophisticated applications. To create chopped fiber 
composites, thermosets are frequently utilized, particularly when utilizing 
a molded solution with good quality fibers. Thermoplastics are molecules 
with 1D or 2D structure that dissolved at greater temperatures and usually 
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have inflated melting points. Another benefit is that their softening at high 
temperatures is reversible, meaning that cooling can return them to their 
previous characteristics. This makes it easier to apply well-established 
compression procedures for creating molded compounds. Thermoplastic-
reinforced resins are currently a constant growing class of composites. 
These days, a lot of research efforts in this field are focused on improving 
the resins’ main qualities and maximizing their performing benefits for 
certain applications. This includes attempts to use die-casting techniques 
to replace problematic metals. The reinforcement significantly alters the 
morphology of crystalline thermoplastics, causing the reinforcement to be 
stimulated to permit nucleation.

These resins can alter their creep characteristics across a wide tem-
perature range, regardless of whether they are crystalline or amorphous. 
Reinforcement in such systems can improve the creep resistance and fail-
ure load, but this temperature range also covers the point at which resin 
usage is compromised [14, 15].

(b) Categorization based on the type of scattered phase:
•	 Continuous composites reinforced with fibers
•	 Textile fibers and woven-reinforced composites
•	 Composites reinforced with sheets
•	 Composites reinforced with very short fibers (sometimes 

known as “whiskers”)
•	 Composites reinforced with particles
•	 Composites enhanced with nanoparticles

(c) Categorization based on reinforcing fiber type:
Composite materials made of carbon and graphite fibers are 

common traits of various materials:
•	 Less elongation at break than glass fibers.
•	 Tensile strength is lower than glass fibers at normal 

temperature.
•	 It is steady, chemically inert and excellent thermal perfor-

mance up to 1000°C, and stable up to 2000°C when oxida-
tion protected.

•	 Minimal expansion of heat, occasionally even contraction of 
heat.

•	 Significantly more resilient to fatigue than glass.
•	 Conductive of electricity.
•	 One hundred times the price of glass.
•	 Anisotropy is high.
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1.3	 Characteristics of Composites

The fact that there are numerous varieties of composite materials is already 
known to us based on their classification. Generally, the performance of 
various composites varies. However, they also share certain traits. When 
compared to well-familiar materials such as metals, polymer matrix com-
posites have the subsequent unique properties:

(i)	 High specific strength and high specific modulus
High specific strength and specific modulus are the two main 
advantages of polymer matrix composites. The ratio of strength 
to density is known as specific strength, and the ratio of modu-
lus to density is known as specific modulus. Length is the suit-
able dimension for both cases. These attributes are essential for 
structural materials used in aircraft. Because glass fibers have a 
relatively low modulus and a high density, glass fiber resin matrix 
composites have a somewhat lower specific modulus than metal-
lic materials.
(ii)	 High damage resistance and rapid fatigue resistance
Often, there is no obvious sign of the severity of damage before 
metallic materials fatigue. In composites, the fiber/matrix inter-
action can prevent the spread of cracks. Those fiber links that are 
prone to breaking are always where fatigue failure begins. There 
is a significant forerun before the start of the last destruction 
because crack growth or destruction spreads gradually over an 
extended period. The S-N curve of fatigue properties shows that 
the fatigue strength of most metallic materials is only 40–50% of 
tensile strength, whereas for carbon fiber/polyester composites, 
this value rises to 72–82% for glass fiber composites. The percent-
age falls between these two ranges.
(iii)	 Good damping properties
The inherent frequency of composites is high, and it is generally 
difficult to generate a resonance. Simultaneously, composites 
have a strong vibration damping because the fiber/matrix contact 
readily absorbs vibrational energy. It is simple to halt vibrations if 
they do occur [16].
(iv)	 Practical processing methods
Fiber matrix can be preferred based on the product’s performance 
needs and usage circumstances. As a result, custom materials can 
be created upon request. Depending on the product’s size, shape, 


