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Preface

Composite materials have emerged as a major class of advanced elements and are
either used or being considered as substitutions of metals/traditional materials in
aerospace, automotive, civil, mechanical, and other industries. The outstanding
features of composites are their high specific stiffness, high specific strength, and
controlled anisotropy, which make them very attractive materials. A unique feature
of composites is that the characteristics of the finished product can be tailored to a
specific engineering requirement by a careful selection of matrix and filler. Due to
these reasons, high performance advanced composites are widely used in several
applications. As a result, a number of edited books have been published in the last
decade outlining a variety of topics of current interest related to composite research.
This is also an edited book for graduate students and researchers from various fields
of science and technology, who wish to learn about the recent development of
composites.

In ▶Chap. 1, focus is directed towards the processing and applications of fiber/
filler reinforced polymer based composite materials, as they constitute an important
class of advanced materials and share a significant part of engineering material
market. In the last few decades, several processes, i.e., hand lay-up, vacuum bag,
pressure bag, filament winding, pultrusion, resin transfer molding, vacuum assisted
resin transfer molding, compression molding, structural reaction injection molding,
structural foam reaction injection molding, sandwich molding, etc., are developed by
composite engineers around the globe. These processes with application of compos-
ites are discussed in this chapter.

The characterization of a material is one of the essential/critical tasks for devel-
oping a product in the advanced applications. Chapter 2 addresses the major
characterization techniques, i.e., volume fractions of constituents, voids in compos-
ites, surface roughness, tensile strength, flexural strength, interlaminar shear
strength, impact strength, notch strength, fracture toughness, modulus, creep, stress
relaxation, thermal properties, glass transition temperature, electrical properties,
magnetic properties, piezoelectric properties, tribological properties, rheological
properties, biological properties, etc. These characterization studies are also
addressed in the adverse environments.

Initially, the composite manufacturing processes developed for aerospace indus-
tries have been given too much emphasis on the quality, and as a result the
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production volume is less. In ▶Chap. 3, a new manufacturing method, i.e., rubber
pressure molding technique for long fiber/fabric reinforced polymer composites is
discussed. A steel die and a rubber punch are used to produce the component in this
process. This type of combination gives a nearly uniform hydrostatic pressure
distribution over the surface of the composite part and hence produces a good quality
product with uniform distribution of fibers and resin with lesser voids.

As composite materials are markedly superior to the conventional materials, they
are better and acceptable over the traditional metallic/ceramic/polymer. But the
functionally graded materials are another class of composite materials, wherein the
compositions of two or more components vary spatially or in a stepwise manner.
This leads to innumerable advantages and a component can be used as a
multifunctional product. It is also possible to achieve the contradictory properties
within a component using the concept of functionally graded material. ▶Chapter 4
defines the concept of functionally graded material, and various manufacturing
techniques involved in making the graded composites.

Electrodeposition is one of the most successful industrial processes for the
deposition of mainly metallic coatings over the traditional products to improve the
performance of material in the aggressive environment. The versatility of technique
also allows the deposition of composites with special features at the micrometer
and nanometer levels. Although the process is most suitable for the metal
matrix composites, recent study reveals the potential in allowing the deposition of
ceramic and polymer based composites as well. In ▶Chap. 5, an overview of the
fundamentals of electrodeposition and processing of composite materials are
discussed.

The polycarbonate, owing to its unique combination of properties such as high
toughness and excellent compatibility with several polymers, proves to be a suitable
matrix for structural applications. Whereas, carbon fiber, due to its superior tensile
strength as high as 230 GPa and being lightweight, finds vast applications in
aerospace, military, and civil industries. ▶Chapter 6 discusses the preparation and
detailed characterization of short carbon fiber reinforced polycarbonate composites.

Ionic polymer metal composites are technologically matured electro-active poly-
mers. These are frequently known as “soft actuators-sensors” or “artificial muscles”
because of their electromechanical coupling behavior. The various factors, which
determine the efficiency of such devices, are discussed in ▶Chap. 7 along with the
working principle of ionic polymer metal composites including fabrications and
applications.

Carbon based polymer nanocomposites (PNCs) are of recent research interest and
cover numerous applications including structural, drug delivery, shape memory
polymers, etc. In Chap. 8, different allotropes of carbon viz. carbon nanotubes,
graphene, graphene oxide, fullerenes, metallofullerenes, carbon nanohorn, carbon
nanodiamond, etc., are discussed in brief. Different types of nonconducting poly-
meric materials used for the fabrication of PNCs are also introduced. Several types of
carbon-based PNCs and their fabrication methodologies have been emphasized to
represent a broad overview on carbon based PNCs using nonconducting polymer
matrices.
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Solid foams form an important class of lightweight cellular engineering materials
that are used in engineering design mostly as core materials in the sandwich
composite structures. These foams are formed by trapping of gas bubbles in a
solid matrix thereby resulting in light-weight materials. The fundamentals, current
state of research, and applications of thermosetting polymer based syntactic foams
are critically addressed in ▶Chap. 9.

Carbon-carbon composites (C/Cs) became of interest in 1970s when the light-
weight high temperature resistant material was required for the space vehicles. The
two critical applications most often mentioned are re-entry vehicles and rocket
nozzles. Other few commercial applications are the requirements for high perfor-
mance lightweight brakes for aircraft and other high performance braking applica-
tions. Since there are not many materials that can withstand the temperatures up to
3000 �C, carbon fiber-carbon matrix composite has become a material of interest.
▶Chapter 10 summarizes various aspects of C/Cs in terms of matrix and reinforce-
ment precursors, fabrication and effects of various processing parameters on their
mechanical and thermal properties, and their applications.

The metal matrix composites have various advantages over the traditional com-
posites. But one of the most important disadvantages is that the metal matrices are
poor in chemical and mechanical compatibility with the reinforcements. In
▶Chap. 11, authors have discussed various reinforcing fiber, matrixes, processing,
characterizations, and applications of metal matrix composites.

Functionally graded materials (FGMs), due to their characteristic spatial gradient
of structural/compositional features, exhibit unique properties that are not possessed
by their constituent components. Applications of FGMs cover diverse areas includ-
ing biomedicine, tissue engineering, structural composites for advanced applica-
tions, etc. ▶Chapter 12 deals with a case study of synthesis and characterization of
FGMs consisting of soft magnetic iron/nickel particles as filler in styrene butadiene
rubber matrix.

Copper-graphite composite is a typical electrical sliding contact material. Graph-
ite has unique antifriction properties but also possess some disadvantages, i.e., low
strength and current-carrying capacity. Addition of graphite particles to copper
matrix reduces density, increases stiffness, raises the service temperature, and pro-
vides a mechanism for tailoring the coefficient of thermal expansion. ▶Chapter 13
addresses the various types of copper-graphite composite, processing, performance
of composites, and applications.

Ceramic materials have excellent strength and thermal stability. However, the
brittleness is a major barrier to these monolithic ceramics. Therefore, various
particulates, i.e., whisker, fibers, or fabric materials with different forms and orien-
tations are used to enhance the toughness of ceramic matrix composites (CMCs) at
elevated temperature in several advanced applications. ▶Chapter 14 focuses on the
processing, properties, and applications of CMCs

Although traditional ceramics are manufactured by ceramic industries (in terms of
volume as well as the selling price), a variety of new ceramics has been immersing
progressively with better properties and performances. ▶Chapter 15 addresses
zirconia and its nanocomposites, and their performances in thermal and chemical
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barrier coating, buffer layer for high temperature superconducting films, ball heads
for hip replacements, automobiles, and series of optical and/or biological sensors.

Superionic conductors, fast-ionic conductors or solid electrolytes are special class
of materials, in which the ionic conductivity is very high and in some cases it can be
comparable to that of molten salts and ionic solutions.▶Chapter 16 briefly discusses
the conducting properties of fast ion conductors based on phosphate glass, which
includes recent development in understanding of the nearly constant loss phenom-
enon, scaling behavior of AC conductivity, few models in the field of ion transport in
glass electrolytes, etc.

Carbon nanotube and graphene are allotrope of carbon having hexagonal arrange-
ment of sp2-hybridized carbon. They exhibit excellent mechanical, thermal, and
electronic properties. In ▶Chap. 17, the authors focus on ceramic composites
reinforced by carbon nanotubes and graphene.

Bamboo is a potential natural fiber with its good stiffness, rigidity, easy avail-
ability, and hydrophobic nature. This hydrophobicity renders improper interfacial
adhesion during polymer matrix based composite fabrication. This adhesion can be
improved by suitable surface treatment of bamboo fiber, which is an important
research topic to many scientists and is covered to some extent in ▶Chap. 18.

Naturally occurring superhydrophobic/superoleophobic surfaces have received
tremendous attention owing to their unique multilevel surface structure.
▶Chapter 19 reviews the basic physical understanding and the structure-property
correlations of such liquid repelling surfaces. The chapter further explores the recent
progress achieved towards the development of artificial liquid repellent surfaces by
mimicking the natural ones.

The editor and authors hope that readers from materials science, engineering, and
technology will be benefited by reading of these high-quality review articles related
to composite materials and their processing and applications. This book is not
intended to be a collection of all research activities on composites worldwide, as it
would be rather challenging to keep up with the pace of progress in this field. The
editor would like to acknowledge many composite researchers, who have contrib-
uted to the contents of the book. The editor would also like to thank all the publishers
and authors for giving permission to use their published images and original work.

There were lean patches when I felt that 1 would not be able to take time out and
complete the book, but my wife, Sutapa, and little daughter, Srishtisudha, played a
crucial role to inspire me to complete it. I hope that this book will attract more
researchers to this field, and that it will form a networking nucleus for the composite
community. Please enjoy the book and communicate to the editor/authors any
comments that you might have about its content.

Advanced Nanoengineering Materials Laboratory Kamal K. Kar
Department of Mechanical Engineering
Indian Institute of Technology Kanpur
Kanpur, Uttar Pradesh, India
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Abstract
The present chapter focuses on the processing and applications of polymer-based
composite structures, as they constitute an important class of materials and share a
significant part of engineering material market. These processing techniques are
hand layup, vacuum bag, pressure bag, filament winding, pultrusion, resin trans-
fer molding, vacuum-assisted resin transfer molding, compression molding,
structural reaction injection molding, structural foam reaction injection molding,
sandwich molding, etc.

Keywords
Polymer • Composite • Hand layup • Vacuum bag • Pressure bag • Filament
winding • Pultrusion • Resin transfer molding • Vacuum-assisted resin transfer
molding • Compression molding • Structural reaction injection molding • Struc-
tural foam reaction injection molding • Sandwich molding

Introduction

Composite materials have emerged as a major class of structural elements. These
materials are light weight, flexible, and also have high corrosion resistance, impact
strength, fatigue strength, etc. Because of these properties, composite materials are
being considered as a replacement of traditional materials used in the aerospace,
automotive, and other industries. The specialty of composites is that the engineering
properties, which are required in the end product, can be achieved by a careful
selection of matrix and reinforcement. The outstanding features of fiber-reinforced
polymer composites (FRPs) are their high specific stiffness, high specific strength,
and controlled anisotropy, which make them very attractive structural materials. Due
to these reasons, the high-performance advanced composites, i.e., FRPs are widely
used in the pulp and paper, semiconductor, metal refining, power, waste treatment,
petrochemical, pharmaceutical and other industries. The following few examples are
the products made of FRPs: pressure vessels, scrubbers, hoppers, hoods, ducts, fans,
stacks, pipes, pumps, pump bases, valve bodies, elevator buckets, heat-exchanger
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shells and tube sheets, mist-eliminator blades, grating, floor coatings, tank lining
systems, etc.

It consists of two or more chemically distinct constituents having a distinct
interface, which separates them as reinforcing particle and matrix. Also, it has a
unique combination of properties that are noticeably different from the constituent
properties. Generally, a discontinuous phase (called reinforcement) is embedded into
a continuous phase (called matrix). These materials are generally classified on the
basis of geometry of the reinforcement used. The reinforcement may be in the form
of fibers or particles. Accordingly, two broad classifications are fibrous composites
and particulate composites. A more detailed classification is given in Fig. 1.1 [1].

In the present chapter, focus is directed toward the FRPs as they constitute an
important class of materials and share a significant part of engineering material
market. A market statistics of polymer matrix composites by end-use application/
market percentage based on the US glass fiber composite shipments in 2014 (totaling
8.2 billion lbs) is given in Fig. 1.2, which includes both types of matrix materials,
i.e., thermosets and thermoplastics [2]. A market forecast for US composite ship-
ment by application segments is also shown for 2020.

FRPs offer many attractive properties but their manufacturing process presents
new challenges day by day. Most of these raw materials are easily available in
abundance. Cost of carbon fiber, which is used as reinforcement, is also considerably

Fiber-reinforced 
composites

Composite materials

Particle reinforced composites
(particulate composites)

Random
orientation

Preferred
orientation

Single-layer composites 
(including composites having 
same orientation and properties 
in each layer)

Multilayered (angle-ply) composites

Laminates Hybrids

Discontinuous-fiber

Preferred
orientation

Random 
orientation

Unidirectional
reinforcement

Bidirectional 
reinforcement

Continuous-fiber

Fig. 1.1 Classification of composite materials
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reduced in the last decades, and cost of materials per unit volume is competitive to
the traditional materials. Still, the percentage use of composites is less. Major
bottleneck is the manufacturing process. Initially, the processes developed for
aerospace industry gave too much emphasis on the quality and as a result, the
production volume was less [2].

There are several methods to manufacture FRPs, such as vacuum bagging,
autoclave, filament winding, pultrusion, matching die set compression molding,
resin transfer molding (RTM), resin infusion, and other liquid composite molding
(LCM). Among these methods, autoclave is the best method for manufacturing of
some aeronautic parts. Recently, LCM (such as RTM, infusion, bladder molding,
etc.) is becoming more and more popular in the aeronautic industry. But a major cost
issue for manufacturing of FRPs and parts using autoclave is the requirement of
expensive tooling and disposable bagging materials. Other disadvantages are long
cure times, high energy consumption, volatile toxic byproducts, creation of residual
stress and voids in the materials, and the use of expensive tooling that are capable of
withstanding high autoclave temperature. Therefore, a key step to further increase
the overall usage of FRP products is to decrease the manufacturing cost [2].

Polymer Matrix Composites

Polymer matrix composites (PMCs) constitute a major category of composite mate-
rials with a wide range of applications. In PMCs, fibers or any other reinforcing
agent is embedded in the polymer matrix. They offer very attractive properties which
can be tailored to the specific requirements by proper selection of fiber, matrix, fiber
configuration (short, long, straight, woven, braided, laminated, etc.) and fiber surface
treatment. PMCs are lightweight material coupled with high stiffness and strength

Fig. 1.2 US composite material market forecast by application segments (Courtesy: American
composites manufacturers association)
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along the direction of reinforcing fiber. They also exhibit dimensional stability,
temperature and chemical resistance, and relatively easy processing. Advanced
PMCs are replacing metal components in many uses, particularly in aerospace and
automotive industries [2].

Matrix Materials

The polymer matrix binds the fibers together so as to transfer the load to and between
them and protects them from environments and handling at work. Thermosets and
thermoplastics are the two basic types of resin used in the manufacturing of
advanced PMCs [2].

Thermoset Resins

Nowadays, in the advanced composite industry, thermoset resins dominate over the
thermoplastic resins. In order to produce a product using thermoset resins, addition of a
curing agent or hardener and impregnation onto a reinforcingmaterial followed by curing
are key steps [2]. Some properties of important thermoset resins are given in Table 1.1.

Epoxies The epoxy resins have relatively low molecular weight with low shrinkage
(1–5 %) during cure. They can be cured partially and stored in that state. The cured
epoxy resins exhibit good mechanical and thermal properties, high resistance to
chemicals and corrosion. Their glass transition temperature varies from 100 �C to
270 �C. However, they are more expensive compared to the polyester resin. These
resins vary from low-viscosity liquids to high-molecular-weight solids. The curing agent
or hardener is one of the essential ingredients for epoxy. These compounds control the
reaction rate and determine the performance characteristics of the finished part. The
aromatic amines like 4,40-methylene-dianiline (MDA) and 4,40-sulfonyldianiline (DDS)
are the most commonly used curing agents in the advanced composite industry [2].

Table 1.1 Typical properties of some thermoset resins

Resin
Density
(g/cm3)

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

HDT
(�C)

Cure
shrinkage
(%)

Glass
transition
temp. (�C)

Epoxies 1.2–1.3 55–130 2.75–4.10 48 1–5 100–270

Polyester 1.1–1.43 34.5–103.5 2.1–3.45 60–205 5–12 70–120

Vinyl ester 1.12–1.32 73–81 3.0–3.5 93–135 5.4–10.3 102–150

Phenolic 1.00–1.25 30–50 3.6 165–175 0–0.01 260

Polyimide
(PMR-15)

1.32 38.6 3.9 – 0–0.006 320–330

Polyurethane 1.1–1.5 1–69 0.069–0.69 50–205 0.02 135
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Polyesters Polyester resins are widely used due to their good mechanical
properties, corrosion resistance, low weight, and low cost. Their tensile strength
varies from 34.5 to 103.5 MPa. Glass transition temperature of polyester resins
varies from 70 �C to 120 �C, which is lower than epoxy resin. They consist of linear
long-chain polymers dissolved in the vinyl monomer (usually styrene). Unsaturated
polyesters are combinations of anhydrous forms of saturated and unsaturated
dicarboxylic acids (e.g., phthalic anhydride and maleic anhydride, respectively).
These acids react with diols to produce the ester group in the polymer backbone. The
unsaturation sites in the polymer chains are reactive, and they cross-link with the
styrene monomer via a free radical reaction. A peroxide catalyst, such as methyl
ethyl ketone peroxide (MEKP), is used as an initiator. The speed of reaction can be
increased at a given temperature by using an accelerator in the resin, such as cobalt
octoate. There should be a reasonable working time before the resin changes from
liquid to solid state. This can be achieved by the presence of inhibitors in the resin,
such as quinines or catechols. The addition of heat to the system accelerates this
cross-linking reaction significantly [2].

Polyurethanes Polyurethanes are another group of resins used in the advanced
composites. These compounds are formed as a result of reaction between the polyol
component and an isocyanate compound, typically toluene diisocyanate (TDI).
Other examples are methylene diisocyanate (MDI) and hexamethylene diisocyanate
(HDI). Polyurethanes are versatile polymers and perform well for tensile strength
(1–69MPa), abrasion resistance (abrasion index, NBS ranging from 110 to 435), and
tear strength (12–192 kN/m). These resins are used to manufacture fiber-reinforced
structural foams [2].

Phenolic and Amino Resins Phenolic and amino resins are another group of
thermosetting resins. These are low in cost and have good electrical and heat-
insulating properties along with good mechanical properties. Dielectric strength of
mica-filled phenolic resins varies from 13,790 to 15,760 V/m, whereas their tensile
strength varies from 38 to 48 MPa. Amino resins are formed by controlled reaction
of formaldehyde with various compounds that contain the amine group –NH2. Urea-
formaldehyde and melamine-formaldehyde are common examples in this category.
They have low smoke and heat release properties in the event of a fire. Hence,
aircraft interiors are made by these materials [2].

Polyimides Polyimides are relatively new class of materials used for
high-temperature applications in the composite industry. The glass transition
temperature of polyimides ranges from 320 �C to 330 �C. The thermal
stability and flame resistance of these resins are better than the epoxy resins.
Polyimide-based composites have excellent retention of strength in the adverse
environmental conditions, but they have a very low elongation at break and are
brittle [2].
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Thermoplastic Resins

Currently, thermoplastic resins represent a relatively small part of the PMC industry.
These resins are nonreactive solids, i.e., no chemical reaction occurs during
processing. The final product can be made by application of heat and pressure. Unlike
thermoset resins, the thermoplastic resins can usually be reheated and reformed into
another shape, if desired. Common examples of thermoplastic resins are polyethylene,
polystyrene, nylon, polycarbonate, polysulfone, polyphenylene sulfide, acrylonitrile-
butadiene-styrene (ABS), etc. [2]. Some properties of important thermoplastic resins
are given in Table 1.2.

Polyethylene Polyethylene (PE) is a translucent thermoplastic material with suffi-
cient strength for many product applications, good flexibility over a wide range of
temperatures, and excellent corrosion resistance. There are two types of polyethyl-
ene: low-density (LDPE) and high-density (HDPE). LDPE has a branched-chain
structure and HDPE has a straight-chain structure. LDPE has a tensile strength from
6.2 to 17.2 MPa, whereas HDPE is stronger with tensile strength varying from 20 to
37 MPa. Polyethylenes are mainly used in electrical insulation, chemical tubing,
housewares, and packaging [2].

Polystyrene Polystyrene is a clear, odorless, and tasteless plastic material, which is
relatively brittle unless modified. The impact properties of polystyrene can be
improved by copolymerization with the polybutadiene rubber. It has good dimen-
sional stability and low cure shrinkage (0.002–0.008 %). But they are susceptible to
chemical attack by organic solvents and oils. They have adequate tensile strength
(17.9–60.7 MPa) within operating temperature limits [2].

Polyamides (Nylons) Polyamides or nylons are thermoplastics characterized by the
presence of a repeating amide group in their main-chain structure. They have

Table 1.2 Typical properties of some thermoplastic resins

Resin
Density
(g/cm3)

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

HDT
(�C)

Cure
shrinkage
(%)

Glass
transition
temp. (�C)

Acrylonitrile-
Butadiene-
Styrene, molded

0.88–3.5 24.1–73.1 0.78–6.1 65–220 – 105–109

Polystyrene 1.02–1.18 17.9–60.7 0.3–3.35 62–98 0.002–0.008 83–100

Nylon (PA6) 1.12–1.14 41–166 2.6–3.2 68–85 0.003–0.015 47

Polycarbonate
(molded)

0.95–1.51 46.1–93.1 1.8–3.0 78–187 – 143–152

Polysulfone 1.37–1.48 60–131 – 172–213 – –

Polyethylene,
HDPE (glass
filled)

0.94–1.53 11–113 0.7–13.6 51.7–127 0.001–0.003 –
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sufficient tensile strength (41–166 MPa), good toughness (107 J/m), and good
chemical resistance to make them popular in many industries. They are typically
used for unlubricated gears, speedometer and windshield wiper gears, antenna
mounts, packaging, and for many general-purpose applications [2].

Polycarbonate Polycarbonates form another group of thermoplastics having carbon-
ate group in their structure. The tensile strength of polycarbonates at room temperature
is relatively high (about 62 MPa), and their impact strength is also very high
(640–854 J/m) as measured by Izod test. They have high heat deflection temperature,
good electrical insulating properties, good corrosion resistance, and high dimensional
stability. Typical applications for polycarbonates include safety shields, cams and gears,
aircraft components, helmets, electrical relay covers, and computer terminals [2].

Polysulfone Polysulfones are characterized by the presence of a sulfone group in
their structure and these polymers are known for their toughness and stability at high
temperatures. They have high heat deflection temperature of 174 �C at 1.68 MPa and
have a high tensile strength (for thermoplastics) of 70 MPa. Polysulfones resist
hydrolysis in aqueous acid and alkaline environments. These polymers are typically
used for connectors, TV components, capacitor films, medical instruments, and
corrosion-resistant piping [2].

Reinforcing Materials

Fibers as reinforcing materials offer two advantages. Firstly, the bulk material is
always stronger when produced as small-diameter fibers due to the natural exclusion
of large-scale defects. Secondly, the fiber configuration allows the tailoring of prop-
erties in the specific directions. Fibers added to the resin system provide strength to the
finished part. According to the desired properties required in the finished product,
reinforcing material is selected. Various forms of fibers such as yarns, rovings,
chopped strands, woven fabric, and mats are used in the advanced composite. Each
of these has its own special application. Yarns and rovings are used in processes such
as filament winding or pultrusion. When preforms are used in parts manufacture,
woven fabric or mats are required. Four basic types of fiber as reinforcing materials are
used in the advanced composite industries [2]. These are glass, carbon, aramid, and
boron. Typical properties of these fibers are mentioned in Table 1.3.

Glass Fibers

Glass fibers consist of (�SiO4-)n tetrahedra units in the backbone and are amor-
phous in nature. It is the most common reinforcing material for PMCs, as they offer
high strength at relatively low cost. They are available as continuous and short fibers.
However, they have poor abrasion resistance, poor adhesion to polymer matrix, and
tendency to absorb moisture. In order to overcome these drawbacks, coupling agents
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(e.g., silanes) are used. The glass used for making fibers is classified into five major
types. The letter designation is based on the characteristic property of the glass:

(i) A-glass is a high-alkali glass; it has very good resistance to chemicals, but
lower electrical properties.

(ii) C-glass is a chemical grade, which offers extremely high chemical resistance.
(iii) E-glass has low alkali content and it is electrical grade. It provides good

insulation property and strong resistance to water.
(iv) S-glass has 33 % higher tensile strength than E-glass.
(v) D-glass has superior electrical properties with low dielectric constant.

E-glass fiber dominates the current PMC industry and has very good mechanical and
electrical characteristics at reasonable cost. The mechanical properties like strength
and stiffness of E-glass fiber are 3450 MPa and 72 GPa, respectively. S-glass contains
a higher percentage of alumina and silica as compared to E-glass. Typical values of
strength and stiffness for S-glass fibers are 4300 MPa and 87 GPa, respectively [2, 3].

Carbon/Graphite Fibers

Carbon fiber has high strength and high stiffness and used in a variety of structural
and electrical applications. It is also called as graphite fiber. Typical strength and
stiffness of carbon fiber (HT Type) are 5000 MPa and 250 GPa, respectively. But, it
may vary depending on the precursor used [4]. It is manufactured by heating,
oxidizing, and carbonizing of polyacrylonitrile polymer fibers (PAN) or other pre-
cursors, like rayon and petroleum pitch. The PAN-based fiber is the most commonly
used fiber in the advanced composite industry today.

Aramid Fibers

Aramid fibers (Kevlar) are made from aromatic polyamides and possess unique
properties like high tensile strength and modulus, temperature stability, dimensional
stability, flex performance, textile processability, and resistance to chemical. Typical

Table 1.3 Typical properties of some fibers

Fiber
Density
(g/cm3)

Tensile strength
(MPa)

Tensile modulus
(GPa)

Elongation at
break (%)

E-Glass 2.54 3450 72 4.5

S-Glass 2.49 4300 87 5.3

Carbon (HT) 1.8 5000 250 1.6

Aramid
(Kevlar 49)

1.44 3600 131 2.8

Boron 2.6 3500 400 0.8
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values for strength and stiffness of aramid fibers (Kevlar 49) are 3600 MPa and
131 GPa, respectively [3]. The disadvantage of aramid fibers is that they are difficult
to machine.

Boron Fibers

Boron fibers are manufactured by chemical vapor deposition in which a fine tungsten
wire or graphite filament is used as a core and boron trichloride gas as boron source.
The fiber diameters vary from 0.1 to 0.2 mm. They have low density, high tensile
strength, and high modulus of elasticity. Typical values for strength and stiffness are
3500 MPa and 400 GPa, respectively [5]. Boron fibers are difficult to weave, braid,
or twist because of their high stiffness. They can be formed into resin-impregnated
tapes for hand layup and filament winding. These fibers have limited applications in
the aerospace industry because of their high cost.

Current Manufacturing Methods of Polymer Matrix Composites

The manufacturing of polymers and development of new technologies for their
composites have contributed a lot in the composite manufacturing science. In this
section, a review of currently available manufacturing methods for FRPs has been
presented. The recent developments in each technology area are surveyed and
various new applications and advantages/disadvantages have been discussed.

Hand Layup

Hand layup is an oldest open-mold process used for the composite manufacturing.
This process is simple, and it is a low-volume and labor-intensive process. Large
components, such as boat hulls, can be prepared by this technique. Reinforcing mat
or woven fabric or roving is placed manually in the open mold, and resin is poured,
brushed, or sprayed over and into the glass plies. Squeegees or rollers are used to
remove the entrapped air manually to complete the laminated structure as shown in
Fig. 1.3. The most commonly used matrixes are polyesters and epoxies that can be
cured at room temperature. The time of curing depends on the type of polymer
used for composite processing. For example, for epoxy-based system, normal curing
time at room temperature is 24–48 h. A catalyst and accelerator are added to the
resin, which enables room-temperature curing of the resin. In order to get high-
quality part surface, a pigmented gel layer is first applied on the mold surface. Hand
layup is the most commonly preferred process for the manufacture of polymeric
composites.

Avila and Morais have investigated the effect of curing process and stacking
sequence on the mechanical properties of composites prepared by hand layup
[6]. After completion of the stacking sequence, three sets of plates are selected,
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and each one is cured by different processes, such as cure in air, cure through
vacuum assisted, and cure under compression. The void formation rate has been
identified by a microscopic analysis. A hand layup molding process that involves a
forming of reinforcing fiber preform on the screen frames has been developed by
Otaka [7]. The preforms are made from the cut fibers and adhesives under
reduced pressure (e.g., by connecting to the vacuum pumps). Finally, the preforms
are set on the hand layup molds, and resins are coated on the preforms. The method
is demonstrated for glass, carbon, and ceramic fibers. Mariatti and Chum have
studied the consequence of laminate configuration on the properties of glass fiber-
reinforced plastics prepared by hand layup [8]. After examining the effect of water
absorption on the flexural properties of GFRP composites, it is found that the
configurations of the laminate system govern the properties of GFRPs. The occupa-
tional exposure to styrene vapor during the hand layup molding of glass
fiber-reinforced polyester composite has been analyzed by Andersson and
Alenius [9]. Styrene concentrations and working temperatures are measured contin-
uously during the study. Air flow, temperature, and styrene concentration are also
calculated using a CFD code, which is found to be in fairly close agreement with the
styrene concentration measured at the same point. This process is extremely flexible,
and wide variety of shapes can be made. The process does not need large capital
investment, but the production rate is very slow due to the manual operation and
large number of steps involved. Due to this, the results may be variable and subject
to operator differences. Since the external pressure is not applied, quality of the
product is poor with low fiber volume percent and increased void content. Also, the
surface of the product is rugged due to the resin shrinkage. Rahamani et al. have
investigated the effect of fiber orientations, resin types, and number of laminates on
mechanical properties of laminated composites [10]. Composites were manufactured
by hand layup process, using a fiber-to-resin ratio of 40:60 (w:w). To investigate the
effect of fiber orientation, angles of 0, 35, 45, and 90 were selected. Results show
that the mechanical properties, in terms of tensile, flexural, and impact strengths, are
mainly dependent on the fiber orientations followed by the number of laminates. An
automatic layup process has been developed by Chaple et al. for producing FRP roof

Mold Tool

Consolidation
Roller

Resin

Dry Reinforcement
Fabric

Fig. 1.3 Schematic of hand layup
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sheets of uniform thickness and providing safe environment for workers
[11]. Vasanthanathan et al. have developed a new method for fabrication of com-
posite shell structures without any joints and wrinkling using carbon fibers and
epoxy resin [12].

Vacuum Bag Molding

In vacuum bag molding, the entrapped air and excess resin are removed using
vacuum. After fabrication of the layup, a perforated release film or peel ply is placed
over the laminate. The bleeder ply, which is placed above the peel ply, is made of
fiber glass cloth, nonwoven nylon, polyester cloth, or other material that absorbs
excess resin from the laminate, followed by a breather ply of a nonwoven fabric. The
vacuum bag is placed over the entire assembly and sealed at the mold flange as
shown in Fig. 1.4.

A vacuum is created under the bag, and thus the laminate can be merged by
applying a pressure up to one atmosphere. This process provides a high reinforce-
ment, improved adhesion between layers, and great control of fiber volume percent
compared to the hand layup. Chapman et al. have developed composite sections for
aircraft fuselages and other structures [13]. A novel vacuum bag process for molding
a laminated board using high-energy focused ultrasound and high-pressure water
tank has been developed by Liu et al. [14]. In this process, a pre-impregnated
material is loaded onto a mold and sealed in a silicone rubber vacuum bag. The
bag is placed in a water tank and connected to the vacuum system. Water is filled in
the tank till the required water pressure is obtained, and the resin is cured by using
high-energy focused ultrasound. After curing, water is discharged from the tank, and
the laminated board is taken out. Caron has developed a reusable vacuum bagging
technique for forming polymeric materials [15]. It includes a fabric layer bearing
reinforcing fibers and a release surface disposed on at least one side of the fabric
layer. Multiple mold cycles of the vacuum less than ambient pressure can be

To vacuum 
pump

To vacuum 
gauge

Breather fabric

Peel ply/Release 
film

Release coated mold
Bleader fabric

Vacuum bagging
film

Sealant
tape

Laminate

Fig. 1.4 Schematic of vacuum bag molding
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subjected to the vacuum bag without a significant leakage. A double-vacuum-bag
process for the manufacture of composite has been developed by Hou and Jensen
[16]. The process includes a heating chamber with double-vacuum environment
around the preform provided by inner and outer vacuum bags. Vacuum is drawn in
the first environment, then the second one, wherein the two vacuum levels are
different. Curing is done in more than one stage. Zhou and Yang have developed
another vacuum bag pressing for reinforcing structure with external bonding of fiber
using prepreg vacuum bagging additionally [17]. A special carbon fiber/epoxy
prepregs with multifilaments of nylon fibers bonded on both surfaces and their
laminates manufactured by vacuum bag molding with decreased void content, and
good mechanical strength has been reported by Kaneko et al. [18]. Johnson and
Lewit have developed a composite manufacturing method in which the curable
liquid sealant acts as vacuum bag [19]. In this method, the reinforcement is kept
on the open mold, and a liquid-form sealant layer is applied over the reinforcement to
create an airtight chamber to entrap the reinforcing fiber material between the mold
and the sealant layer. After curing the sealant layer, a vacuum pressure is created in
the airtight chamber to pass resin through the reinforcing fiber. Another method for
vacuum molding of wet resin glass fiber-reinforced plastics has been developed by
Kook [20]. Major advantages of vacuum bag molding are higher fiber content in the
laminate, lower void content, better fiber wet-out, and reduced volatile emissions as
compared to the hand layup. Large cruising boats and racing car components can be
manufactured by vacuum bag molding. Disadvantages of vacuum bag molding
include expensive and disposable bagging materials, labor intensive, inconsistent
performance, trapped air/volatiles, wrinkles, loss of seal, and requirement of higher
level of operator skills.

Alms et al. have developed a new method called vacuum-induced preform
relaxation (VIPR) in which the permeability of the reinforcing fabric can be
influenced during infusion and hence the resin flow can be manipulated locally
[21]. In this process, an external vacuum chamber is used that seals against the
flexible molding surface of a VIP mold, and a secondary vacuum is applied to locally
reduce the compaction pressure on the fibers, which increases the permeability of
that region steering resin flow to that region [21]. Harper has discussed the use of
reusable vacuum bags made of silicone and their advantages over conventional
consumables in vacuum bag molding [22].

Pressure Bag Molding

Pressure bag molding is identical to the vacuum bag molding except that the
pressure, usually provided by compressed air or water, is applied to the flexible
bag that covers the prepreg composite. The application of pressure forces out the
entrapped air, vapors, and excess resin. It also facilitates better wetting of fibers.
Shima has developed an internal-pressure bag molding for manufacturing of hollow
FRPs efficiently [23]. A production method for FRPs has been proposed by Horibe
et al. [24]. This method is used to manufacture a boat hull. The reinforcement (glass
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chopped strand mat/carbon fiber cloth) impregnated with resin (vinyl ester) is put in
a vacuum bag, which is then pressure cured by compressing at � atmospheric
pressure from the outside of the bag film. Dai et al. have developed a mandrel for
pressure bag molding used to manufacture a shaft [25]. The mandrel comprises a
cylinder having an open base part at one end and an open clamping part for a tube at
the other end. Coiled prepreg sheets are mounted on this mandrel and inserted into a
pressure bag mold. Hot fluid is passed through the mandrel tube, which assists in
curing of the prepreg sheets thermally. Another method for manufacturing of FRPs
with complex structures by internal-pressure molding using a flexible bag has been
proposed by Kanemaru and Sanae [26]. The reinforcing fabric is put in the mold and
a bag is prepared. The polymer containing a curing agent is forced into the mold with
simultaneous application of pressure to the bag. Asano and Nojima have
manufactured a full-sized FRP pipe by this bag molding [27]. The thermosetting
resin-impregnated molding material is put around a core mold and covered with a
bag. Heat-shrinkable belts are used to wrap the film bag and further pressurize the
molding material while heating. Another modified method for preparing FRP has
been proposed by Howard [28]. Mold parts defining the mold cavity are movable
and are pressed by a gas bag during the curing process, against the polymerizable
composition, which is turned and subjected to a mold pressure as it cures within the
mold cavity. A glass fiber-reinforced stadium seat is manufactured by this process.
The pressure bag molding produces quality composites with high fiber content and
lower void content. The method requires disposable bagging material and high skill
of the operators. An improvement of pressure bag molding is the use of autoclaves
for curing of the composite. An autoclave enables the curing of composite at higher
temperature so that the curing reaction is more efficient and viscosity goes down
enhancing wetting of fibers.

Autoclaves are basically heated pressure vessels. These are usually provided with
the vacuum systems. The bagged layup is cured inside the autoclave as shown in
Fig. 1.5. The pressures required for curing are typically in the range of one to six bars
and takes several hours to complete the curing. This method accommodates higher
temperature matrix resins having properties higher than the conventional resins, such
as epoxies. Component size is limited by the autoclave size. It is mostly used in the
aerospace industry to manufacture high-strength/weight ratio parts from
pre-impregnated high-strength fibers for aircraft, spacecraft, and missiles.

Antonucci et al. have analyzed the heat transfer in the autoclave technology
[29]. The heat transferred between the energy-carrying fluid and the bag-composite-
tool element triggers exothermic curing reactions, leading to compaction of com-
posite. Simplified energy balance equations are used assuming a negligible thermal
gradient throughout the thickness. The relation between interlaminar fracture tough-
ness and pressure condition in the autoclave molding of composite laminates has
been proposed by Jiang et al. [30]. A change in curing pressure affects the morphol-
ogy of matrix and fibers, and the interfacial strength of fiber and matrix. Conven-
tionally, a high pressure has been achieved by pressurized air systems, which have a
risk of fire occurring within the autoclave. The use of inert nitrogen instead of air
eliminates the risk of fire. Chen et al. have studied the dimensional control of
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laminates using Taguchi method [31]. The optimum curing conditions for stabilizing
the laminate thickness are obtained from dynamic characteristic analysis, and an
equation predicting the laminate thickness is postulated. An autoclave curing scheme
for FRPs has been developed by Boey [32]. The system can operate at �20 bar
pressure while achieving a 0.1-bar vacuum within the layup film bagging. Auto-
claves are widely used to cure high-performance FRPs at high temperature and
pressure. This process involves application of higher heat and uniform pressure on
the component during curing, which results in a denser and low void percentage
product. The autoclave equipment and tooling are expensive and it is only suitable
for high-end applications.

Filament Winding

This process consists of a rotating mandrel on which pre-impregnated fibers or
reinforcement is wound in the preset patterns. The method provides the best control
of fiber placement. The wet method is shown in Fig. 1.6. Here, the fiber is allowed to
pass through a bath containing low-viscosity resin. In the dry method, the
pre-impregnated reinforcing layers are wound on the mandrel, and then the compo-
nent is removed and postcured. Conventionally, this process is used to make pressure
vessels, rocket motor cases, tanks, ducting, golf club shafts, and fishing rods.
Recently, non-cylindrical and nonspherical composite parts are also produced by
filament winding technology. Polyesters, vinyl esters, epoxies, and phenolics are the
typical thermoset resins used in the filament wound parts. Beckwith has discussed a
filament winding technology for manufacture of composites made of continuous
fibers impregnated with resins [33]. Materials of fabrication, resins, winding pat-
terns, and filament winding applications are discussed briefly [33]. A quality com-
parison of the conventional and robotic winding of fiber composite components has
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been proposed by Munro [34]. The concepts of hybrid filament winding processes,
lightweight winding systems, and advanced filament winding techniques are also
discussed here. Polini and Sorrentino have presented a study on filament winding of
asymmetric shape parts by robotic system [35]. In the robotized filament winding
process, a roving is deposited on a die according to a designed robot trajectory, and
the wound parts are polymerized in a furnace for thermoset matrix. It is possible to
wind asymmetrical or complex geometries using this technique. The critical aspect
of the robotized filament winding process is the winding trajectory, which influences
the mechanical performance and the winding time of the composite part. The work
discusses the most important criteria for a proper winding trajectory, its influence on
the winding time, and helps to optimize the designing of the winding trajectory.
Materials, process, machines, and tools needed for filament winding of composites
has been presented by Parnas and Ardic [36]. They have also discussed the design
and analysis methods, test methods, current situation, and future perspectives of the
filament winding process. Sohl has discussed the materials and equipment used in
the filament winding process together with the specialized topics such as residual
stresses and strains, macrobuckling, void content, and quality assurance aspects,
related to the filament winding process [37]. This process is best suited for parts with
rotational symmetry, but it is possible to wind odd-shaped parts using a robotized
winding. It requires special equipment and may result in variation in the part
thickness in case of tapered parts. The tooling and setup cost is high and it is only
suitable for a limited variety of components.
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Martinec et al. have developed a method to calculate and determine the accurate 3-D
trajectory of the end effector of an industrial robot during the manufacture of composite
profiles using a dry fiber winding technology on a polyurethane core with a circular
cross section. The algorithm can be applied to any manufacturing process, where it is
necessary to determine the 3-D trajectory of a robot end effector [38]. Zhang et al. have
developed smart mandrels using shape memory polymers and analyzed their behavior
using simulation [39]. The simple and efficient demolding of SMP mandrels is verified
by filament winding experiments on bottle-shaped and air duct-shaped mandrels. Rojas
et al. have developed a unified approach and a generic mathematical model that leads to
harness the benefits of filament winding using complex shape mandrels [40]. A
numerical tool is also developed and applied to predict the evolution of the filament
winding angle of the fiber tow placed over the surface of two axisymmetric geometries:
a convex and a concave one. Experimental validation is carried out by manufacturing
these geometries using a four-axis filament winding machine.

Pultrusion

Pultrusion process generally involves pulling of continuous fibers through a bath
containing resin, mixed with a catalyst, and then it is passed through a preforming
fixture followed by a heated die. The excess resin is removed and the component is
partially pre-shaped while passing through the performing fixtures. The sectional
geometry and finish of the product are determined by a heated die. Further curing is
often required for a good quality product. Figure 1.7 shows a schematic of pultrusion
process. The strength and weight of the profiles produced by this process compete
with the traditional metal profiles made of steel and aluminum. The composite
sandwich panels are designed, pultruded, tested, and evaluated for their mechanical
performance in relation to the panels, which are manufactured from vacuum-assisted
resin transfer molding (VARTM). Pultruded panels show significant advantages over
VARTM panels, including increased tensile strength and stiffness, increased bending
stiffness at panel level, and reduction in material and production costs. Lam
et al. have studied the pultrusion process and developed a numerical procedure to
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reach an optimum combination of pull-speed and temperatures in dies for producing
a uniformly cured composite pultrudate [41]. The important parameters in pultrusion
that affect the degree and uniformity of the curing of thermosetting composites are
the pull-speed and die temperature. A required degree of cure having maximum
uniformity can be achieved by optimizing the above parameters using an algorithm.
This algorithm is based on the objective function, representing the effects of both
parameters on the distribution of degree of cure across the cross section of a
pultruded part. Trivisano et al. have developed a mathematical model of the
pultrusion process for epoxy-based composites [42]. The dimensionless mathemat-
ical model is applied to the description and optimization of the process variables like
die temperature, pulling speed, and composite thickness. Esfandeh et al. have inves-
tigated the factors affecting the surface quality of pultruded profiles [43]. For a rod
made of unsaturated polyester resin and E-glass roving, increasing material packing
in the die, employing release agents compatible with resin, and also type and level of
curing agent have significant influence on the surface quality of the product. The
pulling speed and heating profile of the die are also important factors that must be
selected according to the resin formulation used. A method for continuous manu-
facture of fiber-reinforced plastic foam composites has been developed by Murata
and Muranaka [44]. The setup consists of a means for conveying long-board cores in
the longitudinal direction, plural molds for impregnating filament bundles with
foamable thermosetting resins, and a mold for integrating the impregnated bundles
with the cores and foaming the resins. Methven et al. have studied the possibilities
for the manufacture of fiber-reinforced composites using microwave heating, with
emphasis on microwave-assisted pultrusion (MAP) [45]. The interlaminar shear
strength and the ultimate tensile strength of the profiles increase after postcuring,
indicating limited cross-linking in the MAP. Pultruded profiles with specific geom-
etries are only suitable for a continuous process.

Simacek and Advani have modeled the resin infiltration process during thermoset
tape pultrusion, by modifying the preexisting simulation tool for liquid molding
processes [46]. The formulated capability can be used not only to optimize the
impregnation dynamics within the pressure chamber but can also be used to predict
the required forces for the selected pulling rate. The proposed model does allow one to
handle a variety of tape cross-sections, not just rectangular prisms. Boyd et al. have
presented an experimental methodology for determining the through thickness proper-
ties of pultruded GRPmaterials and their application in finite element analysis (FEA) of
adhesively bonded joints [47]. The finite element analysis is validated using an infrared
thermography-based experimental mechanics technique known as thermoelastic stress
analysis. Belingardi et al. have proposed alternative lightweight materials (GMT,
GMTex, and GMT-UD) for automobile bumper subsystems using pultrusion process
[48]. Major parameters, such as impact energy, peak load, crash resistance, energy
absorption, and stiffness, have been taken as evaluation criteria to compare the pro-
posed material solutions with pultruded and steel solutions. The results predicted by the
finite element analysis have been evaluated and interpreted in comparison with other
existing solutions to put in evidence the effectiveness of the proposed innovative
materials and design concept solutions.
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Resin Transfer Molding

Resin transfer molding (RTM) is a low-pressure closed molding process for moder-
ate- and high-volume production. This process basically involves placement of the
dry stack of reinforcement in the bottom part of the mold, and then the other half is
clamped over the bottom mold. For complex shapes, preforms are used. After
closing the mold, a low-viscosity resin containing catalyst is pumped in, which
displace the air through strategically located vents. The resin/catalyst ratios are
controlled by metered mixing equipment and injected into the mold port as shown
in Fig. 1.8. The commonly used matrix resins include polyester, vinyl ester, epoxy,
and phenolics. Both injection and curing can take place at either ambient or elevated
temperature. In order to have optimum surface finish, a gel coat is applied to the
mold surface prior to molding. High-quality parts such as automotive body parts,
bathtubs, and containers are produced by this method. Otten and Siebrecht have
developed a device for manufacturing a composite component by RTM [49]. It
comprises (a) a trough, into which starting material for manufacturing the compo-
nent can be introduced, (b) a cover that can be attached to the trough to enclose the
starting material, and (c) a heating device for manufacturing the component by
heating the starting material. The trough is manufactured from a material with a
coefficient of expansion that is essentially identical to the coefficient of expansion of
the starting material for manufacturing the component.

A new injection approach for resin transfer molding has been designed and tested
by Lawrence et al. [50]. The resin does not follow the same path every time to
impregnate the preform, and a micron-size gap between the mold edge and the
preform may produce flow deviations and change the flow pattern causing premature
arrival of the resin at the vent locations. Hence, to distribute the resin throughout the
mold effectively and efficiently, multiple gates and vent locations are required.
An automated RTM intelligent workstation with scattered injection gates and vents
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that will be activated by the control methodology selected based on the online flow
pattern of the resin during impregnation has been developed recently. The online
flow pattern is noticed by the point sensors placed in the mold walls. This method
assists in distribution of resin throughout the mold and also controls the opening
and closing of the individual gate during mold filling. Devillard et al. have charac-
terized the race-tracking and preform permeability at the time of resin filling in
RTM process [51]. In the first step, the simulations are generated offline that
represent the possible interruption that may probably occur during injection process.
In the second step, the sensors, which are placed in the mold, identify the model
within the database that corresponds to the experiment in terms of the filling
characteristics. The final step uses the available information to demonstrate bulk
permeability, race-tracking strength, and location. The accuracy and reliability of
this method has been determined by numerical case studies and experiments. A
system to control the flow of resin using real-time feedback in RTM process during
mold filling has been developed by Nielsen and Pitchumani [52]. This assists in
eliminating the defects related to filling process in the composite products. A real-
time response of the system can be forecasted by using numerical simulations. This
helps to guide the flow through a scheduled target by finding the proper combination
of flow rates at the injection port. The performance of the controller, which has been
implemented on a laboratory-scale RTM process, is evidenced on various configu-
rations of preform and required fill patterns. Mogavero et al. have proposed a way to
maintain the constant flow rate in RTM process using a nonlinear control method
[53]. This simulation also analyzes the impact of various parameters on the ability to
provide a constant flow rate. The theoretical model evaluated using flow experiments
is in correspondence with the computer models. A similar method for low-cost
estimation of permeability in RTM has been proposed by Ferland et al. [54]. A
rectangular mold is used for the numerical observation of the principal permeability.
The experimental data has an inbuilt correlation with Darcy’s law and allows an
approximate calculation of both numerical and experimental errors. Kranbuehl
et al. have developed another intelligent closed-loop skillful automated method for
controlling the RTM process of an epoxy composite with graphite fiber preform
[55]. During the impregnation and curing in RTM process, the processing properties
of the epoxy resin are monitored and controlled by the resin transfer model using an
in situ frequency-dependent electromagnetic sensor (FDEMS). Once it is correlated
with degree of cure and viscosity, the FDEMS sensor monitors the reaction
progress of the resin, viscosity, and fabric impregnation that are predicted by the
RTM processing model. This eases the skillful control of the RTM process in the
mold through a careful in situ monitoring and evaluation. The consequence of
process variables on the quality of RTM moldings has been studied by
Hayward and Harris [56]. Carbon fiber-reinforced epoxy and glass fiber-reinforced
polyester resins gave a high level of reproducibility under identical processing
conditions. The variation in injection pressure has no effect on the quality of
moldings. A wide range of resin viscosities has been successfully molded.
RTM can produce laminates having high fiber volume with very low void contents.
It is safe for the health and environment due to the enveloping of resin. Component
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prepared by RTM has molded surface on both sides. The disadvantages of
RTM process are need of heavy and expensive tooling to withstand pressures,
limitation in size of the components, and very expensive scrap parts due to
un-impregnated areas.

Han et al. have proposed a new high-speed RTM process in which resin flow
direction is changed from in-plane to through-thickness for the preform with an aim
to reduce the impregnation time [57]. Computational fluid dynamic (CFD) simula-
tion is introduced to investigate the impregnation state of preform with respect to the
number and size of vacuum gates. Impregnation tests, under conditions similar to
those in the CFD simulation, are carried out, and the impregnation behaviors of the
resin are compared with the simulation results. Finally, an optimization process is
carried out to find the number of vacuum gates and permeability ratio that result in
the minimum impregnation time. Yang et al. have developed a mathematical model
to describe the formation of micro- and mesoscale voids with particular attention on
the influence of flow direction and fabric shear on the impregnation of the unit cell
[58]. Experimental validation has been conducted by measuring the formation and
size of voids; a good agreement between the model prediction and experimental
results has been found. Eck et al. have presented multi-objective optimization of a
fiber-reinforced composite part, and its manufacturability with the RTM process is
considered during the optimization [59]. A new CPU time-efficient method, called
process estimator, is also developed based on the local material parameters that allow
to calculate the filling times of complex and fine meshed parts with varying perme-
abilities and porosities in some seconds to minutes.

Vacuum-Assisted Resin Transfer Molding (VARTM)

RTM process is modified by using vacuum for efficient resin transfer and impreg-
nation. In vacuum-assisted resin transfer molding (VARTM), the mold consists of a
single die and preform is placed over it. Above the preform, a flexible transparent
sheet made of nylon or mylar plastic is placed and sealed. Now, the entrapped air is
removed by application of vacuum between the preform and the sheet. Finally, the
part is kept inside the oven and cured. The VARTM process is shown in Fig. 1.9. The
application of pressure enhances the concentration of the fiber and also renders
improved adhesion between sandwich layers. Tanaka and Yotsukura have developed
a method of manufacturing FRPs by VARTM [60]. A process model for the VARTM
simulation by the response surface method (RSM) has been developed by Dong
[61]. The design of experiments (DOE) assists in identifying the substantial process
variables. A quadratic regression model formulated by the response surface method
is validated against the 3-D VARTM model and experiments.

Kelkar et al. have evaluated the performance of woven fabric composites
manufactured by VARTM process used in defense and aerospace applications
[62]. For applications in composite armored vehicle (CAV), tension-compression
fatigue behavior of plain-woven S2 glass/epoxy and twill-woven S2 glass/vinyl ester
composites have been evaluated. Low-velocity impact loading tests have been
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analyzed on the stitch-bonded E-glass/vinyl ester and woven roving E-glass/vinyl
ester composites for naval application. The system for controlling the flow rate in
VARTM has been investigated by Bender et al. [63]. In this system, the vacuum
pressure applied on the injection barrel generates a computer-controlled difference in
vacuum between the injection and vent gate. A fuzzy-logic controller has been
enforced in Lab VIEW and the optimization of the system has been done using
virtual model. A parametric study explains the effect of process and material
parameters on the performance of the control system. Tackitt and Walsh have
conducted another experimental analysis on variation in thickness in the VARTM
process [64]. This thickness variation results in change in volume percent of the fiber
and the related mechanical properties. The thickness gradient is studied using a range
of linear variable differential transformers (LVDTs) to observe displacements of the
surface during infusion. Surface displacements are displayed as a 3-D plot in order to
visualize the entire part surface at the time of infusion. An artificial neural network
model to forecast the compressive strength of VARTM-processed polymer compos-
ites has been proposed by Seyhan et al. [65]. The ply layup compressive strength of
E-glass/polyester composites by VARTM processes is analyzed by a three-layer
feed-forward artificial network (ANN) model, which has one-output and three-
input neurons and two hidden neurons. The back-propagation algorithm fulfills the
understanding of ANN. The average error is 3.28 %. The predicted values and
measured values are in good correspondence. Tuccillo et al. have analyzed and
characterized the non-isothermal resin infiltration during the VARTM process
[66]. Embedded optic fiber sensors assist in real-time monitoring of the resin flow
during the experimental infusion tests and to demonstrate the capability and the
reliability of the simulation. Mechanical properties of the honeycomb sandwich
composites made by VARTM have been studied by Eum et al. using static tests
[67]. VARTM is a very effective method to manufacture the honeycomb sandwich
composites, and mechanical properties of composite structures made by VARTM are
satisfactory for real-life applications. Chen et al. have proposed a new method to
simulate the flow in the VARTM process [68]. This method considers the equivalent
permeability approach to substantially minimize the time required for computation
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of VARTM flow model of large parts. The computational model of the 3-D control
volume/FEM simulation for VARTM process is simplified by the equivalent perme-
ability model of flow channel. The results obtained from conventional 3-D compu-
tational simulations and experiments validate this new model. VARTM process
provides several benefits compared to the traditional RTM process as follows:
lower tooling cost, processing at room temperature, shorter mold filling time, and
better scalability for large structures. In this process, the efficiency of the process and
quality of the product depend on resin level in the mold and sufficient wet-out of the
fibrous preform.

Kamar et al. have investigated the ability of graphene nanoplatelets (GnPs) to
improve the interlaminar mechanical properties of glass-reinforced multilayer com-
posites [69]. A novel method was developed for the inclusion of GnPs into the
interlaminar regions of plain-weave, glass fabric fiber-reinforced/epoxy polymer
composites processed with VARTM. Flexural tests showed a 29 % improvement
in flexural strength with the addition of only 0.25 wt% GnP. At the same concen-
tration, mode-I fracture toughness testing revealed a 25 % improvement. Matsuzaki
et al. have proposed an active flow control scheme by forecasting resin flow from the
monitored time to the filling ends using numerical flow simulation and taking
corrective action using dielectric heating at a specific targeted location to decrease
the viscosity of the resin [70]. Because dry-spot configuration can be forecasted
early, the flow can be actively controlled before the occurrence of an adverse flow
front. Hsiao and Heider have described a membrane-based VARTM process varia-
tion used in aerospace applications [71]. The additional membrane, which is perme-
able to gas and impermeable to the resin, facilitates the improved means to avoid
dry-spot formation and to continuously degas the resin during the infusion and
curing stages compared to conventional VARTM.

Compression Molding

Compression molding utilizes coupled metal molds employing bulk-molding com-
pound (BMC), sheet molding compound (SMC), or preform mat. The preform of
required dimensions is placed on a press, and pressure and temperature are applied
for curing as shown in Fig. 1.10. Cycles can range from few minutes to few hours.
Some of the common thermoset resins used in compression-molded parts are poly-
esters, vinyl esters, phenolics, rubbers, etc.

Dumont et al. have studied the compression molding of SMC and developed a
model to explain the effect of various processing parameters such as the axial punch
velocity, initial SMC temperature, and geometry of the mold on local normal stress
levels [72]. The model is coupled into a finite element code especially developed for
the modeling of compression molding of composite materials. Though the model is
simple, good comparisons are obtained between simulated and experimental results.
Another method for preferential curing in compression molding of FRPs has been
developed by Yen and Lukas [73]. The molding process involves applying heat to a
mold billet located in a mold cavity defined by steel inserts. A layer of material
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having a low thermal conductivity is positioned contiguously to some of the inserts
so that a portion of the mold billet in the vicinity of the low thermal conductivity
material layer remains cooler than portions of the mold billet that are remote from the
layer of material. Odenberger et al. have worked on the experimental visualization of
the flow at the time of mold closure in compression molding of sheet molding
compound (SMC) [74]. A continuous high-resolution close-up monitoring is utilized
to capture the advancing flow front, and its three phases are defined, namely, flow,
squish, and boiling. The actual flow is very complex and air is likely to be entrapped
during the initial phase. The controlling process parameters during first phase are
mold closing speed, mold temperature, and amount of preheating in the mold. The
flow is stable and seemingly viscous during the second phase. During the boiling
phase, bubbles are noticed in the low-pressure region at the flow front, which favors
the void formation. The flow behavior of glass mat-reinforced polypropylene in
compression molding has been investigated by Zhang et al. [75]. The effects of blank
plies and process parameters on the flow are considered. The flow area increases
with the number of blank plies. A high molding pressure (�15 MPa) and temper-
ature (80–90 �C) are in favor of the flow. Jo and Kim have studied the effect of
product geometry on fiber orientation of compression-molded rib-type products
[76]. The image processing method is used to analyze the distribution of fiber
orientation. The effects of product size and fiber content on the orientation state
are discussed. A method for calculating the distribution of fiber content in
compression-molded long-fiber-reinforced thermoplastic products has been devel-
oped by Hojo et al. [77]. The effects of molding variables on the fiber distribution are
also studied. Lee et al. have presented a model for the flow, heat transfer, and curing
that occurs during compression molding of FRPs [78]. This model applies to thin
parts with slowly varying thickness and arbitrary planar geometry. The model takes
into consideration the temperature-dependent viscosity, non-Newtonian flow behav-
ior, and the heat loss during curing. This molding offers good part design flexibility
and produces fast molding cycles. Complex features such as inserts, ribs, bosses, and
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attachments can be molded. Good surface finishes are obtainable in this process,
which contributes to lower part finishing cost. Subsequent trimming and machining
operations are minimized and labor costs are low. Compression molding is not
suitable for fragile mold features. Dimensions across the parting line are difficult
to maintain. Uneven parting lines, which are present in a mold design, are problem.
Flash removal is difficult in high-impact composites.

Goodship et al. have developed a novel process called gas-assisted compression
molding (GasComp) based on the injection of nitrogen gas during a conventional
compression molding cycle [79]. Injection parameter studies are carried out on
polypropylene-based recycled glass mat-reinforced thermoplastic (GMT). The
parameters investigated are gas ramp rate, gas injection delay time, and peak
pressure. Taketa et al. have proposed a new compression molding approach using
unidirectionally arrayed chopped strands (UACS) [80]. UACS is a sheet made by
introducing slits into a conventional prepreg. It is demonstrated that complexly
shaped components, such as rib structures, can be fabricated by stacking UACS
plies and curing them by hot pressing. Moreover, the layer structure is maintained
after the processing, and there are few resin-rich regions in it. The UACS laminates
show superior mechanical properties compared to those of sheet molding compound
(SMC). Levy and Hubert have investigated the interstrand void content (ISVC)
reduction in compression molding of randomly oriented strands (ROS) of thermo-
plastic composite [81]. The compaction is ruled by an ordinary differential equation
that is solved numerically. The model is validated experimentally using an
instrumented hot press with Carbon-PEEK prepreg strands.

Structural Reaction Injection Molding

Structural reaction injection molding (SRIM) involves the manual placement of a
glass fiber mat into the production mold and injection of the resin into the mold,
where it permeates and surrounds the glass fiber mat to form the part as shown in
Fig. 1.11. Donatti has developed another SRIM process having void reduction
[82]. The glass mat is placed in the mold at a location, where bubbles and voids
are likely to occur. This reduces the formation of bubbles and stabilizes the cell
structure of the completed molded component. Polushkin et al. have analyzed the
development of the impregnation front and the pressure profile in SRIM process
[83]. There is a good agreement between the calculated and experimentally noticed
flow front position and pressure profile. A numerical method for cure kinetics in
SRIM process has been proposed by Duh et al. [84]. The method uses either axial
flow or radial flow of reactive resins through a fiber preform inside a mold cavity.
Castro et al. have developed an innovative approach to manufacture composite parts
with complex geometry [85]. The first step is to separate the complex parts into
several simple substructures that are separately produced by an optimal process. This
is followed by assembly of these substructures on a specially designed tool and
shifted into a mold cavity for resin impregnation by SRIM process. A composite link
is manufactured by this method. The mold filling is simulated by a 3-D computer

1 Polymer-Based Composite Structures: Processing and Applications 25



model, and the modeled results are in correspondence with the experimental results.
The reason for void content and its effect on the material properties of SRIM
composites have been investigated by McGeehan et al. [86]. Void content can be
reduced by evacuating the mold cavity. Changing the injection rate and shot size has
limited effect on the void content. The tensile strength decreases with an increase in
void content. Environmental conditioning shows that the moisture absorption is
proportional to the void content. Young et al. have developed the mold
filling processes for SRIM and RTM under isothermal conditions using 2-D and
3-D computer simulations [87]. The critical review on SRIM has been done by Tang
and Wang [88]. Generally this process is used to produce corrosion-resistant load-
bearing parts, such as automotive body parts and structural beams. This process can
produce a wide variety of structural composite parts. When compared to other
composite materials, SRIM process improves the impact and abrasion properties
and lowers the part weight. But it requires expensive setup and robotic-controlled
preform equipment for making quality products.

Deng et al. have developed a computer simulation model to analyze the curing
and cooling of reaction injection molding process of nylon 6 based on theory of
balance equation of energy, reaction kinetics, and crystallization kinetics [89]. The
model is applied to predict the conversion and temperature distribution within a
plate-type mold. The effects of the feed temperature, wall temperature, and reaction
rate constant on the temperature and conversion have been discussed for searching
the optimum processing conditions. Kapila et al. have studied the effects of different
gates and their sizes on the component and molding parameters in injection molding
process [90]. The influence of different gate sizes of film gate and submarine gate to
check air traps and various process parameters such as clamping force and fill time is
described.

Polyol 
Feed

Isocyanate
feed

Mixing Head

MoldReinforcement

Fig. 1.11 Schematic of structural reaction injection molding
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Structural Foam Reaction Injection Molding

Polyurethanes can be processed into either a solid or foam. These are formed as a result
of reaction between the polyol and isocyanate component. A blowing agent added to the
polyurethane formulation activates the curing reaction and results in a cellular structure.
Polyurethane foams having density of 240 kg/m3 and greater are usually called structural
foams. Significant increase in the flexural modulus is noticed after the addition of long
glass fibers to the structural polyurethane foam. Processing method is the same as
structural RIM except the addition of blowing agent. Hashisaka et al. have designed
special molds and molding of polyurethane foams with reduced voids and pinholes
[91]. The runners with mixing units are designed with structures so as not to allow
materials to remain inside. A method of making unreinforced reaction injection molded
structural foams using a polyisocyanate component, an organic isocyanate-reactive
component of an organic polyol, and an isocyanate foaming agent has been proposed
by Shidaker and Bareis [92]. Modesti et al. have conducted a comparative study of
physical and chemical blowing agents used in the structural polyurethane foams
[93]. The component equations for the vaporization rate of the two blowing agents
and the polymerization kinetics data are reported. The temperature and density profile
from experimental results are in good agreement compared with the simplified theoret-
ical model predictions. The skin thickness of polyurethane foam, using a numerical
algorithm, which modeled the foaming behavior in reaction injection molding, has been
predicted by Tighe and Manzione [94]. The predicted value is in good agreement with
the observed values from the actual structural foams. Foaming as a function of cavity
thickness is also treated in the proposed model. Structural foam RIM process has many
advantages such as 20–40 % weight savings compared to the traditional composites,
high-impact properties, less labor, and styrene-free processing. It needs high initial
investment but the running cost is low.

Heim and Tromm have used a special mold technology to produce injection molded
components with locally graded foam structures and locally different densities
[95]. The characteristics of the density in the different foamed areas and the mechanical
properties depend on the process-specific process parameters. The density reduction in
the highly foamed areas is directly set by the process, and the density in adjacent thin-
walled areas results as a function of process control. Li et al. have introduced a reaction
injection molding process of phenolic foam sandwich plate in order to resolve the
difficulties in repetitive continuous manufacturing process of such product [96]. The
phenolic foam produced here has uniform pore diameter and good fireproof property,
and there need not any glue between phenolic foam and color steel plate, which could
make it a potential building material instead of polysterol sandwich plate. Samkhaniani
et al. have presented a numerical approach for simulation of mold filling in reaction
injection molding with polyurethane foam [97]. Polyurethane foam formation includes
several complex phenomena such as chemical reactions, heat generation, and blowing-
agent evaporation. Foam properties are variable during formation, foam viscosity
increases, and conductivity reduces. Foam phase is considered compressible and two
phases are immiscible. This study prepares a numerical model to reduce several
experimental runs with expensive prototypes for mold design.
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Sandwich Molding

Sandwich molding involves injection of two different materials simultaneously into
a mold cavity to make products having required features of both materials. It may
consist of foamed, fiber-reinforced, or recycled material. The skin may be selected
for its visual impression. Various stages of the sandwich molding process are shown
in Fig. 1.12. In stage I, the skin material is shot into the mold cavity followed by core
material injection in stage II. The injection of core material is continued further in
stage III, where the product takes the final shape. Kohlitz and Krawinkel have
developed a procedure for the production of a multipart sandwich structure suitable
for automobile chassis [98]. A sealing material is applied in between the foam and
skin layers to prevent the penetration of foamed or injected material to the visible
side of the product. Resin-made boxes having flat bottoms with less warpage have
been manufactured by sandwich molding, as reported by Kato and Kanemitsu
[99]. Mitamura et al. have made laminates consisting of synthetic resin matrix and
reinforcing fiber layers and have a surface with concave and convex patterns
[100]. A method for fabrication of a lightweight composite part by sandwich
molding used for automobiles and buildings has been proposed by Zanella
[101]. Giehl and Mitschang have designed an integrated process for producing
fiber-reinforced sandwich and profile structures in one step [102]. The residual
stresses and warpage in sandwich injection molding have been modeled by
Lundstrom and Toll [103]. The derived models compare well to the experiments
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Fig. 1.12 Schematic of
sandwich molding
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made with a two-layered structure. This process offers the possibility of combining
materials with different properties and hiding a recycled constituent within a fresh
skin material. But it involves high investment cost and the method cannot produce
thin sandwich products of thickness less than 2 mm.

Modeling of the interface distribution and flow-induced residual stresses and
birefringence in the sequential co-injection molding (CIM) of a center-gated disk
have been carried out by Kim and Isayev using a numerical scheme based on a
hybrid finite element/finite difference/control volume method [104]. The influence
of the processing variables including melt and mold temperatures and volume of skin
melt on the birefringence and interface distribution was analyzed for multilayered
PS-PC-PS, PS-PMMA-PS, and PMMA–PC–PMMA molded disks obtained by
CIM. Zaverl et al. have studied the effect of processing parameters on mechanical
properties and material distribution of co-injected polymer blends within a complex
mold shape [105]. A partially bio-sourced blend of poly(butylene terephthalate) and
poly(trimethylene terephthalate) PTT/PBT is used for the core, with a tough biode-
gradable blend of poly(butylene succinate) and poly(butylene adipate-co-terephthal-
ate) PBS/PBAT for the skin. A ½ factorial design of experiments is used to identify
significant processing parameters from the skin and core melt temperatures, injection
speed and pressure, and mold temperature. Interactions between the processing
effects are considered, and the resulting statistical data produced accurate linear
models indicating that the co-injection of the two blends can be controlled. Impact
strength of the normally brittle PTT/PBT blend is shown to increase significantly
with co-injection and variations in core to skin volume ratios to have a determining
role in the overall impact strength.

Challenges in Manufacturing of Polymer Matrix Composites

The manufacture of advanced composite parts involves the preparation of a network
of fibers according to the desired shape of the component, impregnating this fiber
network with the resin, and curing of the resin while the part is being supported. The
major challenges are efficient handling of the fibers and application of uniform
pressure during the curing of resin. The fibers are stiff in nature and do not flow.
For this reason, the continuous fibers are stacked in layers, which are successively
impregnated with the resin or formed into a preform and kept in a mold. The resin is
supplied into the mold under pressure to make the fiber wet. In addition to these
problems, getting high volume percent of fibers in the composites is another major
problem. Appropriate curing of the matrix is required to achieve required properties
in the composites. The pressure, temperature, component geometry, and distribution
of pressure over the surface of component are some of the deciding factors of quality
product. Due to the constraints imposed by fibers and resin systems, the manufactur-
ing technologies developed so far are centered on a specific application area, and the
processing parameters are optimized as per specific need.
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Applications of Polymer Matrix Composites

It is highly impossible to provide a complete list of PMC applications. However,
some applications classified according to major market segments are indicated here.

Agriculture In agriculture sector, PMCs are used in the production of feed troughs,
containers and enclosures, fencing, equipment components, partitions, staging,
flooring, silos and tanks, etc.

Aerospace and Aircraft PMCs has wide applications in aerospace industry such as
construction of containers, gliders, control surfaces, and light aircraft, internal
fittings, window masks, partitions and floors, galley units and trolleys, satellite
components, aerials and associated enclosures, structural members, ground support
equipment components and enclosures, etc.

Business and Appliance Equipment Molded items like enclosures, frameworks,
covers, and fittings and assemblies for internal use, switchgear bodies and associated
electrical and insulation components, etc.

Building and Construction External and internal cladding, permanent and tempo-
rary formwork and shuttering, partitions, polymer concrete, prefabricated buildings,
kiosks, cabins and housing, structural and decorative building elements, bridge
elements and sections, quay facings, signposts and street furniture, staging, fencing
and walkways, etc.

Consumer Product Components For domestic and industrial furniture, sanitary
ware, sporting goods, caravan components, archery and playground equipment,
garden furniture, notice boards, theme park requirements, swimming pools, aqua
tubes, diving boards, seating and benches, simulated marble components, skis and
snowboards, etc.

Corrosion-Resistant Equipment Chemical plant, linings, oil industry compo-
nents, pipes and ducts, chimneys, grid flooring, staging and walkways, pressure
vessels, processing tanks and vessels, fume hoods, scrubbers and cooling tower
components, assemblies and enclosures, etc.

Defense Aircraft vehicle, aerospace and satellite components, enclosures and con-
tainers, personnel armor, rocketry and ballistic items, shipping and transit containers,
simulators and allied, etc.

Electrical and Electronic Internal and external aerial components and fittings,
circuit boards, generation and transmission components, insulators, switch boxes
and cabinets, booms, distribution posts and pylons, telegraph poles, fuse tubes,
transformer elements, ladders and cableways, etc.
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Engineering and Industrial Assemblies and fittings, sundry enclosures, pallets,
safety helmets, trays, bins, profiles and medical items, assemblies and equipment
components, etc.

Marine Applications PMCs are used in the manufacture of canoes and boats,
yachts, surf and sailboards, lifeboats and rescue vessels, buoys, boat accessories
and subassemblies, window masks and internal moldings and fittings for ferries and
cruise liners, work boats and trawlers, etc.

Transportation Automotive, bus, camper and vehicle components generally, both
underbody, engine and body panels, truck, rail and other vehicle components and
fittings, land and sea containers, railway track and signaling components, traffic
signs, seating, window masks and partitions, etc.

Water Control Engineering and Sewage PMCs are used in the manufacture of
tanks, pipes, process and storage vessels, staging, pump components, partitions,
walkways, scrubbers, and weirs.

Concluding Remarks

The composite materials have many advantages and can be tailored to meet the
specific functional requirements, yet they are not popular in everyday products.
This is because of the manufacturing difficulties and costs associated with the
production of consumer goods at competitive pricing. Traditional metallic
materials still dominate at many places, where a composite material might be more
appropriate with respect to material economy and function. The major obstacle in
this direction is not the material cost; it is the manufacturing cost of a
composite item. The existing manufacturing methods are costly thereby increasing
the product cost. No doubt, the technology for manufacturing of high-quality
composite products (like in aerospace and automotive sector) is available, but the
equipment, tooling, and running costs are so high that the production of general-
purpose items is not economical. Composite materials cannot be utilized to their full
potential unless we have the technology for competitive production of composite
items. This is a major issue today and there is a need for innovation in manufacturing
technology of composites. In addition to these problems, application of high pres-
sure to minimize the void content in the FRP product having a complex geometry
and getting high volume percent of fiber is not feasible. Again there is a major
problem if the product has a complex geometry like flat, flat with curve, and flat with
curve to cone.
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Abstract
Various types of composite materials are becoming an inevitable part of our day-
to-day life since these are used for a variety of applications. A better understand-
ing on the various properties of the composites is very helpful in their targeted
applications, and hence characterizing the composite materials by different tech-
niques play a major role in the development of long-life, high-quality composite
products. The polymer-based composite materials provide large amount of flex-
ibility and lightweight to the final product. The selection of various reinforce-
ments and polymer matrices is very critical in designing a desired product. In this
chapter, various techniques used for characterizing the polymer-based composite
materials in order to examine their mechanical, thermal, electrical, magnetic,
piezoelectric, tribological, rheological, and biological properties are discussed.

Keywords
Creep • Fatigue • Flexural strength • Glass transition temperature • Piezoelectric •
Polymer composite • Scanning electron microscopy • Stiffness • Stress relaxa-
tion • Voids

Introduction

Composite materials have been in use for thousands of years. For example, mud
bricks, which are composed of mud (matrix) and straw (reinforcing fiber), can resist
both tensile and compressive loads, thus resulting in an excellent building material.
It is a combination of at least two materials, one being a binding material (or matrix)
and the other one is a reinforcing material. The matrix holds the reinforcing materials
together. However, many composite products are made with more than two raw
materials, but those materials are not miscible together and have different nature.
Composites exist in nature and can be made by humans also. A good example for a
natural composite is wood. It consists of long fibers of cellulose bound together by a
much weaker substance called lignin. There are several kinds of man-made
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composites like structural beam, which is an inhomogeneous mixture of cement
(matrix), stone (reinforcing particle), and steel rod (reinforcing fiber). The selection
of materials for the matrix and reinforcement, the form of reinforcement, and the
manufacturing process are very critical for obtaining a composite product with
desired properties. The matrix material can be a metal, ceramic, glass, polymer, or
organic material in solid (plate or powder) or semisolid forms. The reinforcing
material can be a metal, ceramic, glass, textile, polymer, or organic material in the
form of lamina, fiber (short and long), particle, whisker, etc. The main advantage of
composite material is their high strength and stiffness combined with lightweight
feature. The composites have major applications in the advanced fields such as
structure, thermal engine and blade, automobile, aerospace, rocket, missile, satellite,
military, biomedical, electronics, packaging, etc. The characterization of a composite
is one of the essential tasks for developing the desired composite products for
particular applications. The major characterization studies used for composites for
the evaluation of performance in the targeted areas are mechanical, thermal, electri-
cal, magnetic, piezoelectric, tribological, rheological, and biological.

Volume Fraction

In a composite material, the parameter “volume fraction” plays a major role in
characterizing its various properties such as mechanical, thermal, electrical, etc.
The evaluation of this parameter is of great importance for material scientists. For
example, in a fiber-reinforced composite, the fiber volume fraction significantly
determines its properties. A composite can’t be prepared with 100 % of fibers.
There is a maximum limit of fiber content in a composite structure. And this
maximum volume fraction is able to achieve only when the unidirectional fibers
are hexagonally close packed. For a composite material, let the total volume be “V”
and masses of its constituent materials be M1, M2, M3, etc. Then the composite
density (ρcom) can be expressed (Eq. 2.1) as

ρcom ¼ M1

V
þM2

V
þM3

V
þ . . . (2:1)

In terms of the densities and volumes of the constituents, Eq. 2.1 can be written as
Eq. 2.2 based on the rule of mixtures.

ρcom ¼ V1 ρ1
V

þ V2 ρ2
V

þ V3 ρ3
V

þ . . . (2:2)

where Vi and ρi are the volume fractions and densities of the ith phase, respectively.
The fiber volume fraction (Vf) can be written in terms of fiber weight fraction

(Wf) [1] as

Vf ¼ Wf ρm
Wf ρm þWm ρf

(2:3)
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where ρm, ρf, Wf, and Wm are the density of the matrix, the density of the fiber, the
weight fraction of the fiber, and the weight fraction of the matrix, respectively.
Correspondingly, the fiber weight fraction (Wf) can be expressed in terms of fiber
volume fraction (Vf) [1] as

Wf ¼ Vf ρf
Vf ρf þ Vm ρm

(2:4)

The fiber volume fraction determines the strength of the composites. Ravi et al. have
studied the effect of fiber volume percent on the dynamic damage behavior of woven
glass fiber-reinforced polymer (FRP) composites [2]. Delamination is the major
damage noticed for specimens with higher fiber volume percent, while the matrix
cracking and interface debonding occurs for materials with low fiber volume percent.
Fiber volume percent in combination with fiber distribution is the main parameter
affecting the interlaminar fracture toughness (ILFT) [3]. It has a significant influence
on the longitudinal tensile and compressive strengths and the in-plane shear strength
of FRPs. The strength parameters vary in direct proportion to the fiber volume
percent up to 50 % [4]. The fiber volume percent of a composite are determined
by chemical matrix digestion method as described in ASTM D3171 [5], the burn test
as described in ASTM standard D2584 [6], or by photomicrographic techniques. For
glass fiber composites, burn test is used because the glass shows good oxidation
resistance (500–600 �C), which is much more than the complete burning of matrix.

Voids

Voids form at the interface of composite structures. These are generally formed as
gas bubbles trapped inside the cured composite materials. The main sources of voids
include the material constituents and the synthesis processes. The presence of voids
in a composite structure is found to affect its structural and mechanical properties. It
has been predicted that the interlayer and intra-layer reactions caused by the stress
and chemically driven diffusion are responsible for the usual void behavior in
composites. Voids present in the composite material can be evaluated by matrix
digestion and matrix burn-off techniques [1].

The volume fraction of void (Vvoid) can be calculated if the composite density and
the density of the matrix and fibers are known. The equation for determining the
volume fraction of void is given by Eq. 2.5 [1] as

Vvoid ¼ 1� ρexpcom

Wm

ρm
þWf

ρf

� �
(2:5)

where ρcomexp is the experimentally determined composite density. Void is undesirable
and has adverse effect on the mechanical properties of composites. Wu et al. have
developed an analytical model to estimate the elastic properties of polymer com-
posites with voids of various sizes and locations [7]. These voids have significant
influence on the interlaminar shear strength (ILSS) of the composite materials
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[8]. Bowles and Frimpong have studied the influence of voids on the ILSS of
graphite fiber-reinforced PMR-15 composites [9]. As the void content increases,
an increase in scatter in the strength data is observed. The role of voids in the
initiation and propagation of cracks in composites reinforced with unidirectional
carbon fiber (CF) has been investigated by Chambers et al. [10]. Void area greater
than 0.03 mm2 results in deterioration of mechanical properties. Voids assist in the
propagation of crack in the resin-rich interply regions. An increased void content
increases composite’s susceptibility to water penetration and weathering. The pro-
cedure of measuring the voids in composites, required for the calculation of density,
is given in ASTM D 1505 [11] and ASTM D 3800 [12].

Surface Roughness

Surface roughness is an important parameter for ascertaining the surface quality and
aesthetic value. The average surface roughness (Ra value) is one of the most fre-
quently used parameters for surface roughness, which describes the height of irreg-
ularities and gives an indirect indication of the sharpness and depth of surface notches
[13]. It is an absolute average roughness over one sampling length [14]. Researchers
have used this Ra value for studying the impacts of various process parameters on the
surface quality of FRP composites. Davim and Reis have analyzed the effects of
machining parameters on the surface quality of plastics reinforced with CFs [15].

Surface Topography

Scanning electronmicroscope (SEM) is also used for studying the topography of solids
[16]. In the field of FRPs, it is used to reveal the actual distribution of fibers and matrix
in the composite. It is also used for the analysis of fractured surfaces [17] and helps to
examine the crack propagation infibrous compositematerials in order to gain an insight
about composite strength, the adhesion between the phases, and the mode of failure
[18]. It serves as an effective means to confirm the uniformity of fiber distribution
across the cross section and presence of internalflaws (like voids, brokenfibers, foreign
inclusions, etc.) at microscopic level, which explain the physical and mechanical
behavior of composites and the discrepancies associated with their properties.

Mechanical

Measurement of mechanical properties of composites involves testing on the suit-
ably designed specimens. The interpretation of material response over the entire
range of loads is necessary, if the advanced design procedures are to be used for the
efficient material utilization. The macromechanical properties of composites may be
computed through micromechanical analysis, and the design of composite materials
may be started with constituent material properties. However, the validity of
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micromechanical analysis is to be checked through experiments. Another purpose of
mechanical characterization is to check the adequacy of new fabrication procedure
and to assure the material uniformity. The mechanical properties of composites
include (i) strain and yield strength in tension, compression, shear, and torsion,
(ii) ILSS between the matrix and fiber, (iii) flexural fatigue strength, (iv) impact
strength, (v) stress relaxation, and (vi) creep.

Strength

A high strength-to-weight ratio is required for a composite in its applications. Hence,
it is very important to determine its strength. Thus, characterizing the strength of a
composite is very critical before its application. This section briefly discusses about
the various mechanical characterization tools used for finding out the strength of the
composite materials.

Tensile Strength The ASTM standard D-3552-96 defines the test method for
determining the tensile properties of a fiber-reinforced metal matrix composite
(MMC). However, the tensile properties of advanced composite materials and
polymer matrix composites can be tested by ASTM standard D-3039, and the tensile
properties of MMCs can be characterized by ASTM standard D-3518 specimen.
Strength characteristics of composite materials generally follow the mixture rules.
These are mathematical expressions giving the property of the composite in terms of
the quantity and arrangement of its constituting materials. Let us assume a part of the
unidirectional composite material having unit dimensions with the fibers
having volume fraction, Vf. Then, the volume fraction of the matrix, Vm (Eq. 2.6),
is given [19] as

Vm ¼ 1� Vf (2:6)

The slab model is shown in Fig. 2.1.
If a stress σ1 is applied in a direction of the fiber orientation, then both the fiber

and matrix act parallel to resist the load. In this case, strain in both fiber (εf) and

Fig. 2.1 Schematic of slab
model showing transverse
stiffness of a unidirectional
composite
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matrix (εm) must be the same (let it be ε1) in fiber direction and can be written
(Eq. 2.7) as

εf ¼ εm ¼ ε1 (2:7)

It is clear that the load on the composite must be equal to the sum of the total load of
the fiber phase and the matrix phase. Load on each phase is the phase area times the
stress in each phase, but phase area is numerically equal to its own volume fraction.
Hence, the composite strength (σcom, Eq. 2.8) can be written [19] as

σcom ¼ σfVf þ σmVm (2:8)

where, σf, σm, Vf, and Vm are the total stress on the fiber phase, the total stress on the
matrix phase, the volume fraction of the fiber phase, and the volume fraction of the
matrix phase, respectively.

Consider the ultimate strained condition of the fibers in the unidirectional com-
posite at which the fiber begins to break. The breaking strength of the composite (σb)
can be written from the rule of mixtures [19] as

σb ¼ σfbVf þ σmb 1� Vfð Þ (2:9)

where σfb and σmb are the breaking strength of the fiber and the breaking strength of
the matrix, respectively. At the breaking strain of the fiber, the load carried by the
fiber becomes zero, which results in transferring the entire load to the matrix. The
breaking strength of the composite is now reduced according to the fiber fraction as

σb ¼ σmb 1� Vfð Þ (2:10)

The maximum of these two strengths gives the breaking strength of the whole
composite. For a certain range of fiber fraction in the composite, the strength actually
reduces on the addition of fibers. These relations are presented in Fig. 2.2.

The tensile properties of the composites can also be determined by bending a
sandwich beam specimen containing a thin layer of composite material, which is
bonded to the top and bottom of a thick substrate such as an Al honeycomb [20,
21]. This method can also be used for determining off-axis properties and transverse
properties as reported by Lantz [21]. Richards et al. have showed that the satisfactory
results can be achieved for 450 specimens having a value of 12 for the ratio of the
specimen length between the grips to its width [22]. Pagano and Halpin have found
that a uniform state of strain and stress exists at the center of an off-axis tensile
coupon if the length-to-width ratio is sufficiently large [23]. A standard test method
to determine the tensile properties of polymer matrix composite materials has been
described in ASTM D3039 [24].

The strength and toughness are the properties that are strongly enhanced by the
addition of nanoparticles in the matrix. This is not only observed in the polymer
matrix composites but also in other composites. For example, certain
nanoconstituents like silicon carbide (SiC), silicon nitride (Si3N4), etc. are added
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into the non-polymer matrix like alumina to form Al2O3/SiC, Al2O3/Si3N4,
MgO/SiC, and SiN4/SiC nanocomposites. The strength of alumina is almost three
times augmented with the help of the dispersion of 5 vol.% SiC nanoparticles in the
alumina matrix. It has been observed that the annealing also helps to improve the
fracture strength by the development of sub-grain boundaries. For example, in the
case of MgO/SiC nanocomposite, the annealing enhances its fracture strength over a
wide temperature range [25]. A significant improvement of high-temperature

Fig. 2.2 Schematic showing
the strength of a unidirectional
composite in fiber direction

Fig. 2.3 Temperature
dependence fracture strength
for ceramic oxides and
ceramic nanocomposites [25]

44 J. Cherusseri et al.



strengths for Al2O3/SiC and MgO/SiC nanocomposites with respect to Al2O3 and
MgO matrices is shown in Fig. 2.3.

Flexural Strength In a bend test of a specimen, bending strength of the outermost
fiber at the instant of failure is defined as flexural strength. The nominal flexural
strength (σN, Eq. 2.11) can be written [26] as:

σN ¼ f or 1� Db

D

� ��1

(2:11)

where f r
o is the average tensile strength of the boundary layer and is given by

f or ¼
Mo D� DBð Þ

2I
(2:12)

where Mo, D, Db, and I are the bending moment, the beam depth, the half value of
boundary layer thickness, and the moment of inertia of cross section, respectively.
The expression for moment of inertia (I) can be written as

I ¼ D3

12
(2:13)

Plastics have higher flexural strength as compared to their straight tensile. The
breaking force required for a specimen of specified width and thickness is known
as “modulus of rupture.”

Interlaminar Shear Strength Evaluation of ILSS can be done by a similar test
procedure adopted for the flexural strength. The experimental setup is shown in

Fig. 2.4 Experimental setup
to measure the interlaminar
shear strength
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Fig. 2.4. The composite specimen dimensions and geometry are recommended in
ASTM D-3039-79 and ASTM D-3410 in tension and compression mode, respec-
tively, and ASTM D-695 for advanced composite materials in compression mode.
The ILSS (τ, Eq. 2.14) can be expressed [27] as follows:

τ ¼ 3F

4bd
(2:14)

where F, b, and d are the load at the moment of break, the width of the specimen, and
the thickness of the specimen, respectively. A representative curve of load versus
displacement for a specimen under testing is shown in Fig. 2.5.

Hsu and Herakovich have examined the problem by separating each layer into an
outer and an inner region [28]. The inner region is analyzed using classical laminate
theory, while the region near the free edge is analyzed by employing the perturbation
technique and concluded that their analysis renders better results than the finite
difference solution by Pipes and Pagano [29]. Wang and Dickson have developed a
method to calculate the interlaminar stresses in symmetric composite laminates
[30]. They have used the extended Galerkin method with the interlaminar stresses,
and the displacements are represented by complete sets of Legendre polynomials. This
method provides systematic steps for direct computation of interlaminar stresses. A
substantial study has been reported on the ILSS of composite materials at room
temperature. ILSS depends on the resin formulation [31–35]. A group of researchers
has altered the resin to improve the ILSS of composites [36–41]. Another group of
researchers has altered the fiber surface using elastomer [42], silane [43, 44], styrene
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Fig. 2.5 Load versus
displacement curve during a
test for determining ILSS
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[45], styrene–isoprene [46], polybutadiene [47], methacryloxypropyltrimethoxysilane
[46], methacryloxypropyltrimethoxysilane-modified polybutadiene [46], and oxidation
to improve the ILSS of composites made of epoxy [42, 45], phenolic [43], nylon 6 [44],
and vinyl ester [47]. The dependence of ILSS on fiber orientations of the neighboring
plies around the interfaces has been studied extensively by Zhang et al. [48], Okada and
Nishijima [49], Vishwanath et al. [50], and Costa et al. [51]. Ray has studied the ILSS
of epoxy composites having glass fiber loading of 55, 60 and 65 % by weight [52,
53]. A rapid decrease in ILSS with increasing void content in FRP composites is
reported by Costa et al. [51] and Mouritz [54]. Ray [52, 53] has studied the impact of
strain on ILSS.

Impact Strength The impact strength of a composite is a very important design
parameter in most of the applications, e.g., aeronautics (bird impact on the engine),
and personal vehicle armors. An analytical solution of the transversal impact on a
yarn has been developed by Smith in 1958. In a yarn point impact for an elastic
material, the transverse and longitudinal waves propagate with respective velocity
(U, Eq. 2.15) written [55] as

U ¼ C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε 1 þ εð Þ

p
� ε

h i
(2:15)

where C and ε are the strain–wave velocity and strain of the yarn, respectively. The
strain–wave velocity (C) can be determined from Eq. 2.16 [55]:

C ¼ 2L 1 þ 3εð Þ þ d2

t2 1 þ 2εð Þ (2:16)

where L, d2 and t2 are the strain–wave front traveling distance after reflection at the
clamp, the distance traveled by the transverse wave after reflection, and the trans-
verse wave overtaking time after reflection.

Chocron-Benloulo et al. have shown the trend of residual velocity with striking
velocity analytically, for 8 ply Kevlar 29 panel shot by a 64 grain (4.147 g) fragment
simulating projectile, where the striking velocity was 300–1500 m/s [56]. This
analytical model is shown in Fig. 2.6.

An experiment has been conducted on a mechanically needle-punched nonwoven
fabric, which is made of natural fiber [57]. Polypropylene is used as a polymer binder
fiber, and the natural fibers used are flax, hemp, and kenaf. The blending ratios of
natural/polymeric fiber are varied from 50/50 to 70/30. The fiber or polypropylene
mats are used as a reference material. The prepregs weight ranges from 1600 to
2400 g/m2. The objective of this experiment is to measure the dynamic stress using a
reflection polariscope with single-flash technique. The impact test apparatus consists
of a loading apparatus and a photoelastic element setup as illustrated in Fig. 2.7. In
this process, pressurized air is used to accelerate the steel projectile and an anvil is
used to transmit the impulse. It uses a piezoelectric force sensor and avoids damag-
ing the composite at the contact point. The boundary conditions are different for
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various specimens like disk, beams, or plates, which are in the loading apparatus.
Now, the wave propagation can be very easily detected in its early stages (provided
that the reflection should occur at the point of interest of the specimen). It is possible
to investigate the effect of superposition and reflection of propagating waves at
different profile and/or boundary conditions. It also helps in understanding the
fracture nature of FRP composites after the impact loading. The applications of the
test are (i) locating the artificial cracks by analyzing impact strains in the specimen,
(ii) determining the viscoelastic properties of composites and photoelastic coating

Fig. 2.7 Schematic of impact testing device [57]

Fig. 2.6 Analytical model of residual velocity versus striking velocity for 8 ply Kevlar 29 panel [56]
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material due to high strain rates, (iii) analyzing the strain–wave propagation in FRP
composite disks, (iv) having the ability to trace stress concentration in the impact-
loaded orthotropic composites, etc.

Another procedure to determine the impact toughness is notched Izod test. The
hammer has been dropped from a height of 0.6 m with a velocity of 3.4 m/s. This test
is used to determine the impact behavior of composites with end-shaped fibers. The
impact toughness depends on the various parameters like behavior of the matrix,
fiber end, and fiber length.

Notch Strength Geometry effects, locally concentrated damages, and notches
influence the local stress concentration. The presence of notch is the main reason
for the failure of composite materials. This is due to the square planar array of broken
fibers. The extents of fiber pullout and the stress concentration around the notch lead
to failure. The extent of fiber pullout mainly depends on the Weibull modulus.
Normalized notch strength (σ, Eq. 2.17) can be written as follows [58]:

σ ¼ μ�
ci

þ σp (2:17)

where μ*, ci, and σp are the strength of the critical link at the notch, the notch size,
and the normalized pullout stress, respectively. The expression for normalized
pullout stress (σp) is given by Eq. 2.18 [58].

σp ¼ 1

m þ 1

� � m
m þ 1

Γ
m þ 2

m þ 1

� �
(2:18)

where m is the Weibull modulus.
The notch strength of composite (σ�f ) is given by Eq. 2.19 [58].

σ�f ¼
cin � 1ð Þ m þ 1ð Þ
nin cmþ1

in
� 1

� �
2
4

3
5

1
m þ 1

(2:19)

where in and ni are the initial notch size and the number of nearest neighbors,
respectively.

The normalized notch strength predicted by an analytical local load-sharing
model and by the Batdorf-type model is compared for better understanding. The
normalized fiber bundle notch strength (σf*/σc) versus initial notch size (in) for fiber
Weibull moduli (m) of 5 and 10 predicted by the above models are shown in Fig. 2.8.
The notch strength predicted by both the models are nearly parallel for m = 10, but
there is a huge difference in the notch strength obtained by two methods for m = 5.
According to the Batdorf model, the fibers with m = 5 are weaker than m = 10,
which is in contradiction to the local load-sharing analytical model.

Fracture Toughness Fracture toughness is the energy absorbed by the composite
during loading or impact in order to propagate a crack up to the failure. Actual
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fracture toughness is predicted by a single pullout fiber testing. Fiber properties such
as fiber end shape, fiber length, friction at interface, and matrix properties have an
influence on the fracture and impact toughness. ASTM D-5528:01 defines the
standard test method to determine the mode-I interlaminar fracture toughness of
unidirectional FRP matrix composite. However, for the mixed mode-I and mode-II,
it is based on the standard number ASTMD-6671/D 6671M-04e1. Estimation of the
fracture load of notched plates is a tedious job but it has been established more or
less. The influence of parameters like the notch geometry, notch root radius, notch
angle, notch depth, and relative width and thickness of the specimen have been
extensively studied. Dash et al. have studied how the critical stress intensity factor
KC is affected by the crack size and environmental effects on fracture toughness
[59]. These new experimental procedures are more reliable and have been used for
studying the fracture toughness. The total fracture toughness (Rt) is given by
Eqs. 2.20, 2.21, and 2.22 [59, 60]:

Rt ¼ Rr þ Rpo þ Rs (2:20)

� Vf σ�f
τf

σ�f :d
6

1

4
þ σ�f
Ef

� �
þ Rm

2

� �
þ 1� Vf

	 

Rm (2:21)

Rs ¼ VfRf þ 1� Vf

	 

Rm þ Vf

ld
d
Ri � Vf

ld
d
� 1

� �
Rm (2:22)

where Rr, Rpo, Rs, Rf, Rm, Ri, d, τf, ld, Vf, and Ef are the toughness due to stress
redistribution, toughness due to the fiber pullout, toughness due to a creation of new
surface in the fiber, matrix and interface, toughness at the fiber, toughness at the
matrix, toughness at the interface, fiber diameter, frictional shear stress, de-bond
length, volume fraction of the fiber, and Young’s modulus of the fiber, respectively.
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For most of the fiber composites with thermoset matrices, particularly with CFs, fiber
pullout is the primary source of fracture toughness and is represented by
Eq. 2.23 [60].

Rpo ¼
2Vf τf l

2
po

d
(2:23)

where lpo = pullout distance. When the critical transfer length (lc) is more than the
fiber length (l), all the fibers are pulled out assuming lpo varies from 0 to 0.5 within
the mean value of 0.25; the Rpo is given by Eq. 2.24 [60].

Rpo ¼ Vf τf l
2

6d
l � lc (2:24)

Rpo is maximum for l = lc.
For the composite having fiber length (l) greater than the critical fiber length (lc),

the fraction of fiber can be pulled out up to lc
l and the lpo varies from 0 to 0.5.

Therefore, Rpo is written by Eq. 2.25 [60].

Rpo ¼ Vf τf l
3

6d l
l > lc (2:25)

Recently, Dash et al. have used an epoxy resin (Araldite–LY5052 and a
hardener–HY5052) reinforced by a plain-woven carbon fabric (INDCARF–30 of
3 K-filament counts: a product of IPCL) [59]. A specimen fabricated of
CF-reinforced composite with ASTM standard D-3039 dimensions is shown in
Fig. 2.9. A thick diamond-edged wheel with thickness 0.03 mm has been used to
cut a sharp notch of varying sizes in different specimens.

For a fracture toughness test, a specimen with single-edge sharp notch is used.
This specimen is then subjected to a tensile loading on a servo-hydraulic tensile
testing machine. It has been clamped initially by using pin-loaded grips. The
specimen experiences a monotonic uniaxial tension at a certain displacement rate.
Ample precaution has to be taken to maintain a uniform temperature around the test
jig. Rate of crack displacement is closely monitored, and the critical load is calcu-
lated at the complete fracture load. The fracture equation is given by Eq. 2.26 [61].

Kc ¼ ασnc
ffiffiffiffiffiffi
πa

p
(2:26)

where KC, α, σnc, and a are the notch toughness, the boundary modification factor,
the critical nominal stress, and the crack length, respectively.

The delamination results in complete fracture and also reduction in stiffness,
which is a very important parameter for designers. The current challenge is to
increase the lifetime and load-bearing capacity of the composites by controlling
the delamination behavior. The crack plane due to delamination in composites is well
defined, and the elasticity of the material is retained in the vicinity of the crack tip
except in the very thin layer of interface. Hence, examining the energy release rate
assists in analyzing the crack formed. Wilkins et al. have found the critical strain
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energy release rate for mode-I and mode-II delamination [62]. Han and Koutsky
have found the interlaminar fracture energy of polyester composites reinforced with
glass using width-tapered double-cantilever beam (WTDCB) specimens [63]. A
nonlinear theory for the energy release rate using double-cantilever beam (DCB)
has been developed by Devitt et al. [64]. Mall et al. have used the DCB specimen to
investigate the effect of loading rate on ILFT [65]. A substantial study of ILFT has
been reported at room temperature on composite materials comprising glass fiber
and polyester resin [66–73]. The ILFTof composite is influenced by the sizing agent
[66, 67], materials used as matrix [68, 69], loading of particles [70], geometry of the
fabric [71], fiber volume percent [74], fiber orientation of the fiber [72, 75],
processing pressure [76], aging condition [68], humidity [69], and temperature
[77]. It is clear from the literatures that for structural application of composite
materials, ILFT is an important material property.

Modulus or Stiffness

The reinforcements such as fibers in a matrix material may have random or preferred
orientations. If the fibers are aligned in the same direction, then they suffer with high
stress. Hence, random orientation of material (known as anisotropic, which means
that it is having different properties in different directions) is preferred. The most
important factor of controlling the anisotropy is the optimization of properties for

Fig. 2.9 A specimen with
ASTM standard D-3039 [59]
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specific applications. At a microscopic level, properties of composites depend on the
individual properties of the fiber and matrix as well as the orientation of the fiber in
the matrix. The unidirectional fibers are the simplest arrangement of fibers in a fiber-
reinforced composite and are shown in Fig. 2.10. In these composites, minimum
properties are given along the transverse direction, whereas the maximum properties
are given along the fiber-oriented direction.

Unidirectional Fiber–Matrix Composites Unidirectional composites possess dif-
ferent tensile moduli in various directions and are presented in Fig. 2.11a-b.

Longitudinal Tensile Modulus The following assumptions have been used for
determining the longitudinal tensile modulus:

(i) Longitudinal load produces equal strain in fiber and matrix.
(ii) Fibers are uniform, parallel, and continuous.
(iii) Perfect bonding between fiber and matrix. The net load applied (Fl) on the

oriented direction of the fibers is shared by fibers (Ff) and matrix (Fm), which
can be written by Eq. 2.27.

F1 ¼ Ff þ Fm (2:27)

The stresses depend on the cross-sectional area of fiber (Af) and matrix (Am). Then,
Eq. 2.27 is written as Eq. 2.28.

σ1A ¼ σfAf þ σmAm (2:28)

where A, σf, and σm are the total cross-sectional area of the composite, the fiber
stress, and the matrix stress, respectively. The total cross-sectional area of the
composite is given by

A ¼ Af þ Am (2:29)

Fig. 2.10 Longitudinal and
transverse direction of fiber-
reinforced composite
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From Hooke’s law, Eq. 2.28 is written as Eq. 2.30

E1ε1 A ¼ Efεf Af þ EmεmAm (2:30)

where E1, Ef, Em, ε1, εm, and εf are the axial Young’s modulus of the composite, the
axial modulus of the fiber, the axial modulus of the matrix, the strain on the
composite, the strain on the fiber, and the strain on the matrix, respectively.

However, the strain is same on the fibers (εf), the matrix (εm), and the composite
(ε1) and can be written as

ε1 ¼ εf ¼ εm (2:31)

Then the Eq. 2.30 is reduced to Eq. 2.32.

E1A ¼ EfAf þ EmAm (2:32)

Dividing both sides by the area “A,” then Eq. 2.32 changes to Eq. 2.33.

E1 ¼ Ef

Af

A
þ Em

Am

A
(2:33)

For a unidirectional composite,

Af

A
¼ Vf (2:34)

Am

A
¼ Vm (2:35)

Fig. 2.11 Different tensile moduli labeled (a) in various ways and (b) in different directions
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where Vf and Vm are the volume fraction of the fiber and volume fraction of the
matrix, respectively. Then the tensile modulus of the composite in the longitudinal
direction can be represented by Eq. 2.36 [78].

E1 ¼ EfVf þ EmVm (2:36)

For density, this is similar to the rule of mixtures. For polymer composites, Ef>> Em.
Therefore, E1 � EfVf.

Transverse Tensile Modulus For predicting the transverse tensile property, plenty
of mechanical models have been used. One of such a simple model is Jones model
[79]. In this model, a load, which is applied in a direction normal to the fibers,
contributes for the transverse stiffness. The fibers are stacked together and the model
is being simplified. It is assumed that the stresses are equal in each of the components
[i.e., composite stress in the transverse direction (σ2) = fiber stress (σf) = matrix
stress (σm)], and also the Poisson contraction effects are ignored. A model showing
transverse stiffness of a unidirectional composite is depicted in Fig. 2.12.

The total extension (δ2) = δf + δm. If the total elongation in the load direction is
L2, and the elongation on the fibers and matrix are Lf and Lm, respectively, then
length and strains are written by Eqs. 2.37 and 2.38, respectively.

ε2L2 ¼ εfLf þ εmLm (2:37)

where ε2, εf, and εm are the composite strain, fiber strain, and matrix strain,
respectively.

Dividing Eq. 2.37 both sides by L2, then

ε2 ¼ εf
Lf

L2

þ εm
Lm

L2

(2:38)

However, Lf/L2 = Vf and Lm/L2 = Vm = (1–Vf). Therefore, strain becomes
(Eq. 2.39),

Fig. 2.12 Model showing
transverse stiffness of a
unidirectional composite
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ε2 ¼ εfVf þ εm 1� Vfð Þ (2:39)

where Vf and Vm are the volume fraction of the fiber and volume fraction of the
matrix, respectively.

By using Hooke’s law, Eq. 2.39 can be written as Eq. 2.40:

σ2
E2

¼ σfVf

Ef

þ σm 1� Vfð Þ
Em

(2:40)

However, σ2 = σf = σm; hence, Eq. 2.40 becomes Eq. 2.41 [79].

E2 ¼ EmEf

EmVf þ Ef 1� Vfð Þ (2:41)

where E2, Em, and Ef are the modulus of composite in the transverse direction,
modulus of the matrix, and modulus of the fiber, respectively. It is observed that E2 is
not particularly sensitive to Vf. If Ef >> Em, E2 becomes independent of the
property of the fiber. The matrix dominates the transverse modulus and is virtually
independent of the reinforcement. Jones model is not relevant to most of the practical
situations. Hence, improved mechanical models have been developed by using the
theoretical studies such as Halpin–Tsai model [80]. The semiempirical Halpin–Tsai
equations [81, 82] correct the Eq. 2.41 as

E2 ¼ E0
mEf

E0
mVf þ Ef 1� Vfð Þ (2:42)

where E0
m ¼ Em= 1� ν2mð Þ½ � and νm is the Poisson’s ratio of the matrix.

Hull et al. in 1996 have predicted the rule of mixtures for longitudinal (E1) and
transverse (E2) modulus of glass/polyester composite (Ef = 73.7 MPa, Em = 4GPa)
as shown in Fig. 2.13 [83].

Stiffness of Short Fiber Composites For short fiber (aligned) composites, which
are usually not found in polymers, the rule of mixtures for modulus [84] in the fiber
direction is given as:

Ec ¼ ηLEfVf þ Em 1� Vfð Þ (2:43)

where Ec, ηL, Ef, Em, and Vf are the modulus of the short fiber composite in the fiber
direction, the length correction factor, the modulus of the fiber, the modulus of the
matrix, and the volume fraction of the fiber, respectively. The length correction
factor (ηL) is obtained theoretically (for L > 1 mm, ηL > 0.9).

The rule of mixture expression is brought into picture for composites in which
fibers are not perfectly aligned by incorporating both ηL and ηo, where “ηo” is
the correction for the non-unidirectional reinforcement. It is 1.0 for unidirectional,
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0.5 for biaxial, 0.25 for biaxial at 45�, 0.375 for random in plane, and 0.2 for random
in three dimensions.

In short fiber-reinforced thermoset polymer composites, the fibers are much
longer than their critical length, and orientation effects determine the elastic proper-
ties. For the randomly oriented fiber, the following equations (Eqs. 2.44, 2.45, and
2.46) give sufficiently accurate estimates [85].

Er ¼ 3

8
E11 þ 5

8
E22 (2:44)

Gr ¼ 1

8
E11 þ 1

4
E22 (2:45)

νr ¼ Er

2Gr

� 1 (2:46)

where Er, E11, E22, Gr, and νr are the modulus of randomly oriented fiber composite,
longitudinal modulus of the composite, transverse modulus of the composite, shear
modulus of the randomly oriented fiber composite, and Poisson’s ratio of the
randomly oriented fiber composite, respectively.

Fatigue

Fiber-reinforced composites have a good rating regarding fatigue life, which can be
evaluated by S-N curve. Tension–tension fatigue of advanced composites can be
tested with ASTM standard D-3479 specimen. Most of the composite materials are
inhomogeneous and anisotropic, and the fatigue behavior of inhomogeneous

Fig. 2.13 Schematic
showing rule of mixture
prediction for longitudinal
(E1) and transverse (E2)
modulus [83]

2 Polymer-Based Composite Materials: Characterizations 57



composites is much more complicated. A model proposed by Epparachchi et al. [86]
is applicable to the fatigue data for glass/epoxy and glass/polypropylene specimens.
The empirical fatigue law used is given below.

dσ
dt

¼ �aσmax 1� Rð Þγt�k (2:47)

where σ, t, σmax, R, and γ are the applied stress, time, maximum stress applied, stress
ratio, and the set fixed to 1.6 (derived from assumption on fatigue crack propagation
rate), respectively, and a and k are constants.

The above model can be arranged as follows [86]:

σult
σmax

� 1

� �
1

1� Rð Þγ f
β ¼ α Nβ � 1

	 

(2:48)

where σult, σmax, f, and N are the ultimate stress, the maximum stress applied, the
loading frequency, and the number of loading and unloading cycles till failure,
respectively, and α and β are constants (can be determined experimentally).

A model has also been developed for the fatigue testing of E-glass fiber/epoxy
composite, and the model equations [87] are given as follows:

dσ
dt

¼ �C2t
�m1 (2:49)

C2 ¼ A: f R, σu, σmaxð Þ (2:50)

where σ, t, m1, A, R, σu, and σmax are the residual strength after n cycles, time, a
material constant, a constant, stress ratio, the initial residual strength, and the
maximum applied stress, respectively.

Creep

Creep can be defined as high-temperature progressive deformation at constant stress.
It is a performance-based behavior since it is not an intrinsic material response. It is
highly dependent on environmental conditions such as temperature. A creep test
involves a tensile specimen under a constant load maintained at a constant temper-
ature, and strain measurements are recorded over a period of time. A standard
method of testing the creep and creep rupture of a continuous fiber-reinforced
ceramic composites subjected to tensile loading at elevated temperature is according
to ASTM C-1337:96. The creep resistance of MgO/SiC nanocomposite is found to
be 2–3 times greater than that of pure MgO matrix at a temperature of 1300 �C and
for the Al2O3/SiC nanocomposite, it is about 3–4 times greater than that of a pure
Al2O3 matrix at a temperature of 1400 �C. In these two cases, a tremendous
improvement in creep resistance is observed. This is attributed to the suppression
of grain boundary slidings by the reinforced intergranular nano-sized SiC particles.
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Stress Relaxation

Glass fiber-reinforced polymer (GFRP) composites used for structural applications
require good, long-term mechanical properties. This behavior can be predicted by
accelerated mechanical testing such as creep and stress relaxation. The dimensional
stability of load-bearing structures and the retention of clamping force for bolts
fastened to composites are determined by stress relaxation behavior. The stress
relaxation studies of pineapple leaf fiber-reinforced polyethylene composites and
banana fiber-reinforced polyester composites have been studied [88, 89]. Barpanda
and Mantena have studied the effects of hybridization on the stress relaxation and
creep characteristics of pultruded glass–epoxy–graphite hybrid composites [90]. The
dynamic mechanical analysis is used for the stimulated stress relaxation and creep
testing. Geethamma et al. have analyzed the tensile stress relaxation of natural rubber
composites reinforced with short-coir fiber [91]. The strain rate, fiber orientation,
and loading affect the relaxation mechanisms of both filled and unfilled composite.
Kawai et al. have studied stress relaxation of unidirectional T800H/3631 epoxy/
carbon composite at comparatively high tensile strain levels and at elevated temper-
ature [92]. This test has been carried out at 100 �C on plain coupon samples having
different fiber orientations, θ = 0, 10, 30, 45, and 90�. After maintaining the
constant strain, relaxation of the axial stress with time takes place in a short period.
In composite materials, the stress relaxation rate inclines to become zero, regardless
of the orientation of the fiber. The relaxation modulus associated with stress relax-
ation depends on the strain level. The creep and stress relaxation studies to determine
the time-dependent longitudinal strength of epoxy and polyester composites
reinforced with unidirectional glass fiber have been reported by Lifshitz and
Rotem [93]. The risk of delayed fracture can be avoided for stress values lower
than 0.4 and 0.65 times the ultimate failure stress for the glass–polyester and
glass–epoxy composites, respectively. Gutman and Soncino have analyzed the stress
relaxation in polyester–fiber–glass composite under different temperature and chem-
ical environments [94]. Wortmann and Schulz have studied the stress relaxation
properties of polypropylene fibers at different temperatures (�50 to 30 �C) [95]. The
moduli and relaxation time show noticeable temperature dependencies. Ikeda has
assessed the chemical resistance of fiber-reinforced plastics using stress relaxation
analysis [96].

Performance Under Adverse Conditions

Polymer matrix composites are sensitive to the changes in environmental conditions
such as extreme temperatures, moisture, etc. The effects of temperature and moisture
on the parameters such as tensile strength, ILFT, ILSS, elastic modulus, fatigue, etc.
have to be examined for better understanding. Hashemi et al. have determined the
influence of temperature and geometry on the mode-I, mode-II, and mixed mode-I/
mode-II ILFT of the CF/PEEK composites [97]. The study is done within the
temperature range 20–130 �C. An increase in ILFT with increase in temperature is
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observed. However, the ILFT at sub-zero temperatures has not been determined.
Sloan and Seymour have investigated the impact on mode-I interlaminar fracture and
crack growth in graphite/epoxy as a result of exposing to seawater [98]. Takeda
et al. have studied the ILFT of epoxy matrix CFRP and GFRP composites irradiated
by high-energy electrons [99]. In case of GFRP, a significant decrease in the fracture
toughness is noticed. The effect of moisture on the ILFT of particle-filled glass fiber-
reinforced polyester resin composites has been investigated by Srivastava and Hogg
[70]. The samples are exposed to water at 20 and 40 �C. Mode-I and mode-II ILFT
are measured at an interval of 2 months. It is reported that mode-I toughness is
increased for all composites with an increasing moisture uptake. Watt et al. have
studied the changes to the mode-I ILFT of stitched fiberglass/vinyl ester composites
after exposure to elevated temperatures between 100 and 300 �C [100]. The ILFT of
the stitched composites degrades significantly by heating. Pavlidou and
Papaspyrides have analyzed the effect of hygrothermal history on the ILSS of
glass/polyester composites [101]. The experimentation is carried out at a temperature
of 35 �C. Davies et al. have studied the effect of seawater aging on the shear behavior
of glass-reinforced composites at 20 and 50 �C [102]. Apicella et al. have studied
polyesters and their glass mat-reinforced composites at 20 �C and 90 �C for 50 days
[103]. Choqueuse et al. have done a detailed research in a 2-year period on distilled
water aging at temperatures 5, 20, 40, and 60 �C [104].

Thermal

Thermal characterization is very important to achieve precise measurement before
the application. The thermal behavior of composite materials is evaluated based on
the coefficient of thermal expansions (CTEs). Since CTEs vary from material to
material, the thermal properties of the composite may be altered. The CTEs are given
by Eqs. 2.51 and 2.52 [1].

αl ¼ VfαflEfl þ VmαmEm

VfEfl þ VmEm

(2:51)

αt ¼ Vfαft 1 þ νflt
αfl
αft

� �
þ Vmαm 1 þ νmð Þ � Vfνflt þ Vmνmð Þαl (2:52)

where αl, αt, αfl, αft, Efl, αm, Em, νflt, and νm are the coefficient of thermal expansion
in the longitudinal direction, coefficient of thermal expansion in the transverse
direction, coefficient of thermal expansion of fibers in the longitudinal
direction, coefficient of thermal expansion of the fibers in the transverse direction,
the modulus of fibers in the longitudinal direction, coefficient of thermal expansion
of the matrix, the modulus of matrix, the in-plane Poisson’s ratio of fibers, and
Poisson’s ratio of the matrix, respectively, and the other variables are as discussed
above.
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Similarly, the longitudinal (Eq. 2.53) and transverse (Eq. 2.54) thermal conduc-
tivities of the composite can be written [1] as

Kl ¼ VfKfl þ VmKm (2:53)

Kt ¼ KflKm

VfKm þ VmKft

(2:54)

where Kl, Kfl, Km, Kt, and Kft are the thermal conductivity of the composite in the
longitudinal direction, the thermal conductivity of fibers in the longitudinal direc-
tion, the thermal conductivity of the matrix, the thermal conductivity of the com-
posite in the transverse direction, and the thermal conductivity of fibers in the
transverse direction, respectively, and the other variables are as discussed above.

Ceramic matrix composites are the materials for high-temperature applications.
Various composites have been prepared with SiC matrices, SiC fibers, and boron
nitride (BN) fiber coatings [105]. High deposition temperature CVD is the most
desirable technique for BN fiber coatings; however, it may lead to problems in the
composite fabrication. In this composite, there appears to be three important mech-
anisms for BN oxidation corrosion: (i) borosilicate glass formation, (ii) gettering
(is the process of removing device-degrading impurities from the active regions) of
oxygen by SiC, and (iii) volatilization [105]. Rochais et al. have performed initial
tests on known materials and a carbon–carbon composite with the help of different
analysis methods [106]. These methods explain the modifications in the experimen-
tal setup as indicated in Fig. 2.14, a procedure used to determine the temperature
diffusivity. The experimental setup has three main parts: (i) an optical setup for
positioning and focusing the probe beams and the pump used, (ii) device used for
measuring the intensity of the probe beam, and (iii) various electronic devices, which
are used for detecting the signal and carrying out the experiment. Maximum power
of the pump beam, which is a continuous Ar laser, is 2 W. Its frequency is modulated
by a frequency generator-driven acousto-optic modulator operated at frequencies up
to 2 MHz. Then, the pump beam is directed with the help of dichroic mirror, which is
finally focused with the help of microscope onto the sample surface in the heating
stage. The probe beam, which is a laser diode (wavelength 780 nm, power 20 mW),
passes through a quarter-wave plate and the dichroic mirror, which is then focused
with the same microscope on to the sample surface. After reflecting back, it retracts
through the quarter-wave plate again, and from there it is sent to the photodiode by a
beam splitter cube. A pump beam photon is protected from reaching the detector by
using an optical filter. The amplitude and phase of the periodic signal collected by
the photodiode is extracted by a lock-in amplifier. The dichroic mirror orientation is
controlled by a PC controller, which governs the distance “r” between the probe and
pump beam locations. Heating stage window, which is made of fused silica, trans-
mits 93 % of the intensity of the two beams. Specifically designed objective (40 �
magnification) with a large working distance, which is capable of correcting the
spherical aberrations produced due to the heating stage window, has been used.
Heating stage could attain a highest temperature of 1500 �C under a vacuum level
better than 10�3mbar. Sample polishing is necessary in order to ensure good
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reflection. The sample has a diameter less than 7 mm and thickness c.a. 1 mm.
Homogeneous temperature gradient is maintained by keeping the thickness of
sample as small as possible.

Glass Transition Temperature

Glass transition temperature (denoted by “Tg”) is the temperature at which a material
experiences a significant change in properties from hard and brittle to soft and pliable.
Typically, Young’s modulus changes sharply. At glass transition temperature, the
polymeric structure turns “rubbery” upon heating and “glassy” upon cooling. The
glass transition temperature of composites can be determined with the help of differ-
ential scanning calorimetry (DSC) technique. It is to be noted that in the case of low Tg
materials, in order to achieve the benefit of orientation enhancement effect, the Tg
should be in the vicinity of or lower than the measuring temperature.

Electrical

The uses of electrically conductive polymers (ECPs) have been limited in the past
due to their drawbacks such as poor mechanical properties, poor environmental and
thermal stabilities, etc. It has been shown that the composite structure using an
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insulating polymer as the host matrix improves the physical and chemical properties
of ECPs. These composites can have practical advantages over the homogeneous
materials. In the high-temperature region, the electrical conductivity (σ) of the films
is found to follow the equation given below [107]:

σ ¼ σ0 exp � Ea

kT

� �
(2:55)

where Ea, T, and k are the activation energy, absolute temperature, and Boltzmann
constant, respectively. It has been reported that the mechanical properties of the
conductive composites can be improved with a decrement in the electrical conduc-
tivity [107]. Lee and Chen have proposed an idea for improving the mechanical
strength of conventional ceramic superconductors, where they have found applica-
tions in magnetic levitation and shielding [108]. A series of composites have been
prepared, which are flexible even at high temperatures (e.g., (Bi,Pb)2Sr2Ca2Cu3Ox

(2223)). A low-melting-point thermoplastic polymer, nylon-6,6, is used as structural
matrix for the composite preparation. The superconducting (Bi,Pb)2Sr2Ca2Cu3Ox,
(2223) powder with critical temperature Tc ~ 104 K has been prepared by
conventional solid state reactions having a nominal composition of
Bi1.6Pb0.4Sr2Ca2Cu3Oy [108].

Magnetic

Magnetic materials in the field of micromachining have been an area of interest for
applications such as electromagnetic interference shielding, integrated inductive
components, and magnetic microactuators and sensors. However, those materials
possessing desirable hard magnetic properties might not be compatible with that of
the standard microelectronic processes. For example, in preparation of magnets
demanding high temperature, sintering, and pressing, such as in neodymiu-
m–iron–boron and samarium–cobalt magnets [109]. Magnetic polymer composites
are made of strontium ferrite powder embedded in the polyimide organic matrix.
These are considered to be compatible with the micromachining and microelectronic
processes and they exhibited good magnetic properties, such as a high coercivity
(c.a. 320 kA/m), square magnetization curve, a residual induction approaching 0.3 T,
and a maximum energy product of 11,900 T (A/m) and are comparable to the bulk
ferrite [109]. Nanostructured magnetic materials exhibit properties stemming from
the intrinsic character of the particles and interactions between the particles. These
magnetic properties often differ from both the individual constituent atoms and bulk
crystalline counterparts. For soft magnetic properties, exchange coupling between
the magnetic nanocrystalline grains is required. Therefore, freestanding
nanoparticles must be consolidated to allow for this exchange coupling. A ferro-
magnetic nanocomposite having magnetic nanocrystalline particles in the polymeric
matrix can replace conventional ferrites for various applications such as chokes,
high-frequency inductors, filters, sensors, core-shaped planar transformers, etc. The
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increase in resistivity leads to a major reduction in the eddy-current losses in the
magnetic/polymeric nanocomposite solid, while the coupling between adjacent
magnetic nanoparticles produces remarkably better soft magnetic properties at larger
frequencies compared with ferrites or conventional bulk materials.

Piezoelectric

Piezoelectric and electrostrictive materials are found applications in transducers and
sensors. Their role in a sensing device is to detect displacement, acceleration, force,
and sound. Hence, they are widely used in applications, such as strain and vibration
measurement; medical, structural, and health monitoring; underwater imaging; etc.
In the last two decades, the ceramics (e.g., lead titanate), polymers (e.g.,
polyvinylidene difluoride and its copolymers), and ceramic polymer composites
(e.g., piezoelectric ceramic particles LaRC Si polyamide binder matrix composite)
have been used as piezoelectric materials. Some of the electrostrictive materials have
been found to produce a relatively high strain (e.g., lead magnesium niobate) with
less hysteresis than that of piezoelectric materials. The piezoelectricity is commonly
defined by the following equations [110]:

εi ¼ SEijσj þ dmiEm (2:56)

Dm ¼ dmiσi þ ζσijEk (2:57)

where ε, S, σ, d, E, D, and ζ are the strain vector (in m/m), matrix of compliance
coefficients (in m2/N), stress vector (in N/m2), matrix of piezoelectric strain con-
stants (in m/V), vector of applied electric field (in V/m), vector of electric displace-
ment (in C/m2), and permittivity (in F/m), respectively. Here, i and j varies from 1 to
6, and m and k varies from 1 to 3. Also, the superscripts E and σ represent that the
measurements are taken at constant electric field and constant stress, respectively.

In polycrystalline ceramics, the poled axis is usually denoted as the 3-axis, and
with the ceramic having Cα symmetry, the number of nonzero matrix elements is
10 (like sE11, s

E
12, s

E
13, s

E
33, s

E
44, d31, d33, d15, e

T
11, and e

T
33). Piezoelectric materials exhibit

dispersion and the various material constants are function of frequencies. Most of the
constants can be calculated by using resonance measurements. The resonance
measurements are carried out by using small signals on the specimens. A test
methodology has been developed to characterize the piezoelectric fiber composite
for structural actuations as an alternative to monolithic piezoceramic wafers. By
using interdigitated electrode pattern, the performance of the abovementioned actu-
ator system has been improved, which helps in the orientation of the electric field’s
primary component in the plane of the structure, thus permitting the use of piezo-
electric effect along the active fibers. This technology can be applied in an integral
twist actuation of helicopter rotor blades for large harmonic control. The actuators
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required in this application must be able to counter the effect of harsh operating
conditions for rotor blades of the helicopter. Thus, actuators that can withstand a
huge number of electrical and mechanical cycles with appreciable centripetal and
bending loads are desired. The performance of several actuators including S2 glass-
reinforced and E-glass-laminated actuators have been studied. It has been observed
that the abovementioned interdigitated electrode piezoelectric fiber composite actu-
ator has a wide range of ability for the heavy loading requirements. The
micromechanical piezoelectric composites consisting of LaRC Si polyamide binder
and piezoelectric ceramic particles, to serve as sensors and actuators for space
applications, have been developed. A schematic of this composite is shown in
Fig. 2.15. In this schematic, piezoelectric ceramic particles (reinforcement) are
indicated by lighter in color, and the darker region is an indicative of LaRC Si
polyamide binder (matrix).

It has been shown that the ceramic particles are bound together in a conglomerate
configuration. This typical feature plays a significant role to determine the
thermomechanical response of the composite. It is known that a combination of
negative coefficient of thermal expansion for ceramic phase and a positive coeffi-
cient of thermal expansion for LaRC Si phase results in a nonzero coefficient of
thermal expansion for a piezoelectric composite. An application of thermal loading
will result in internal stresses due to the thermomechanical and the piezoelectric
response. The theoretical models have been developed for studying the piezoelectric
behavior of lead titanate (up to 70 vol.%) and polyvinylidene difluoride composites.
It has been observed that the data are matched with the experimental results. The
piezoelectric polymer (PEP) composites have shown different piezoelectric relaxa-
tions. The dispersion has been prepared by adding 3–0 PEP composite piezoelectric
spheres in a continuous polymer medium. When an electric field is applied to such a
composite, each piezoelectric spheres experiences polarization and can be
represented as a dipole. The dipole moment locally modifies the applied field and
the surrounding medium. When only a small volume fraction of piezoelectric
spheres are present, the influence of this dipole field on the neighboring field will
be negligible.

Fig. 2.15 Schematic of
piezoelectric ceramic particles
reinforced LaRC Si
polyamide composite
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Tribological

Tribological properties of composites are highly significant in long-term application
point of views. The erosive wear behavior of Al2O3-fiber MMCs has been widely
studied [111]. The erosion testing apparatus consists of a stainless steel T-tube in the
slurry tank above an erodent reservoir, as shown in Fig. 2.16. The T-tube acts as a
vacuum pump by circulation mechanism of water via. a loop arrangement, and the
SiC particles (size ~ 600–800 μm) are driven up for impinging the slurry jet onto the
specimen. The system gives a certain concentration (e.g., 5.6 wt%) of SiC particles, a
jet velocity (e.g., 7.3 m/s) with a flow rate of water (e.g., 4.6 lit/min). The impact
angle can be easily adjusted in this arrangement. The distance between the targets
can be altered as per our requirements, and the ejector nozzle as well as their relative
positions can be easily shuffled and can be monitored. The samples of dimension
25 mm � 25 mm � 5 mm are cut from an Al-MMC cast in two directions – one
parallel to the fiber (Al-MMC-P) and the other vertical to the fiber (Al-MMC-V). An
Al-alloy (K8510) matrix blank sample without fiber has been used. It has been
observed that in the initial stages, the erosion rate (E) rises with the impact angle to

Fig. 2.16 Schematic of erosion test apparatus of sand/water slurry [111]
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the maximum and decreased very lethargically then after, with further increase in the
erosion angle (α).

Bearing Strength

For an aircraft, bearing strength greatly influences the composite component designs.
When applied through a cylindrical fastener surface, the maximum stress that a
composite can withstand is known as the bearing strength. The bearing stress is an
applied comprehensive load on an interface divided by the bearing area. Bearing
strength of composite materials can be tested with standard specimen
ASTM.00008.10. Furthermore, bearing strength of advanced composite materials
can be tested with standard specimen SACMA SRM 9–88. Due to high dependence
of notch sensitivity on laminate configuration and a lower shear and bearing
strength, having a satisfactory efficiency for a structural coupling with mechanical
fastening is very difficult for the composite materials when compared with metals.
These properties actually restrict the structural performance of the composite struc-
ture and require special reinforcement techniques. Fink and Kolesnikov have
observed a high bearing strength for CFRP/Ti hybrid composites while performing
bearing tests with specimens having different Ti content unidirectional prepreg plies
[112]. In this study, carbon specimens with different laminate configurations have
also been tested for comparison. A 6 mm diameter bolt is used and has given a
clearance fit with the clamping torque of 0–0.6 mm. The tested specimens featured
an edge distance to diameter ratio of 3 and a width to diameter ratio of 4 and 5. The
characteristics of static tests conducted up to the failure in on-axis and 90�-off-axis
loading directions are illustrated in Fig. 2.17.

Here, the maximum specific on-axis bearing strength of the hybrid material is
noticed at a Ti content of 55 %, which is slightly lower in comparison to that of
50/40/10 carbon laminate, while 90�-off-axis bearing strength is about 40 % higher.
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However, the laminate-specific strength doesn’t reflect the absolute weight effi-
ciency of the joint, since the laminate represents only a fraction of the whole local
joint design of the structure. The realization of high absolute joint strengths contrib-
utes to the reduced complexity and weight of secondary joint components such as
bolts, fittings, and connecting parts to a high extent, thus reducing the overall joint
weight. The test results have shown the advantage of Ti-reinforced composite
material, which offers an increase in strength about 80 % under on-axis loading
and 180 % under 90�-off-axis loading compared to the bearing properties of a 50/40/
10 CF laminate and is shown in Fig. 2.18. Higher strength increase rates result when
comparing with laminates having a higher degree of anisotropy. Hybrid material
containing 54 % Ti offers a bearing strength similar to that of a Ti-alloy.

A bearing test apparatus for an aerospace grade unidirectional CF prepreg tape is
shown in Fig. 2.19. The materials such as standard moduli CFs and 180 �C cure
modified, toughened epoxy resin have been used for the bearing test experiment
[113]. In this experiment, the fasteners with free running nut, 6.35 mm diameter steel
hex head bolts, and plain steel washers having 12.7 mm diameter are used. The
experimental matrix is comprised of six coupons with the following local constraint
conditions: (i) a torque of 0.6, 1.3, 2.4, 3.5, or 7.0 Nm is given to the fastener and
(ii) 0.5 or 0.1 mm gap is given on each side of the composite coupon. A mode of
failure has been observed and is concluded that the level of local constraints (applied
torque or gap size) affects the bearing strength. The gap values between 0.5 and
1.0 mm do not influence the initial failure load. Although, if failure is initiated, debris
filling the gap will increase that leads the bearing strength values that do not actually
shows the pin-bearing behavior. For an increase in torque values above 1.3 Nm,

Fig. 2.18 Bearing strength of various CFRP-Ti composites [112]

68 J. Cherusseri et al.



there is a slight increase in bearing strength, which is steady in nature, and with the
increase in values of torque between 0 and 1.3 Nm, the bearing strength increases
rapidly. A typical bearing stress–strain for each constraint condition is shown in
Fig. 2.20.

Rheological

Rheology is the study of the flow of liquids but also solids under conditions in which
they flow rather than deform elastically. It is applicable to substances, which have a
complex structure, including muds, sludges, suspensions, polymers, many foods,
bodily fluids, biological materials, and composites. The rheological performance of
long fiber-reinforced thermoplastic composite has been developed, and its relation to
structural aspects, which stem from different processing routes used, and correlation
of observed facts with available theories have been focused by Cervenka and Alan
[114]. The materials for the study are selected in such a way that the role of all

Fig. 2.19 Bearing test
apparatus for aerospace grade
unidirectional carbon fiber
prepreg tape [113]
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important variables known to control the composite performance can be assessed.
The important variables are as follows:

1. The type of matrix: polypropylene and polyamide
2. The nature of the fiber: glass, carbon, and Kevlar
3. Processing methods: classical injection molding and multiple life-feed techniques
4. Initial fiber length: 5 and 10 mm long pellets used as the feedstock for both the

processing methods.

In this study, measurements of rheological parameters and quantification of
relevant structural features together with generation of data for composites have
been conducted simultaneously. The different structures of thermoplastic matrix/
fiber constituents of different mechanical properties are related to the rheological
behavior of heterogeneous melts and the interfacial behavior between the matrix and
the reinforcement. Shi et al. have studied the rheological properties with good
amount of dispersion of single-walled nanotubes (SWNTs) at low concentrations
(0.05 wt%) in uncross-linked poly(propylene fumarate) [115]. It has been observed
that the SWNTs aggregate at higher concentrations. This aggregation ratifying the
mechanical and rheological properties has been revealed with the help of scanning
electron microscopic study of fractured nanocomposite surfaces. The oscillatory
shear viscoelastic (dynamic and linear) response for an uncross-linked
nanocomposite and an uncross-linked polymer with varying concentrations of
SWNTs, which are made compatible with the polymer using 12-aminododecanoic
acid surfactant, is shown in Fig. 2.21 [115]. The complex viscosity magnitude (|η*|)
and the elastic modulus (G0) both transforms abruptly from liquid-like behavior of
the matrix polymer (G0 / ω2, |η*|/ ω0) to solid-like behavior of the nanocomposites
having 0.05 wt% and higher SWNT (G0 / ω0, |η*| / ω�1).

Fig. 2.20 A typical bearing stress–strain for each constraint condition [113]
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Biological

Biological characterizations of composite materials include toxicity and degradation
testing procedures, which are most important in biological applications
[116–119]. The interphases of such composites are particularly important in the
case of bio-related applications; hence, their properties in terms of biocompatibility,
biodegradability, and bioactivity have to be well understood before practical appli-
cations [120, 121]. For example, the dental patients have routinely demanded high
aesthetic restorations since a long time ago. The major problems related to the use of
resin composites for large restorations in posterior teeth are the side effects and
environmental issues related with dental amalgams. The current developments in
dental researches have evoked the interest on the use of ceramic composite materials
for restoration application [122]. Research on novel biodegradable, biocompatible,
and bioactive composite materials for various biological applications such as bone
replacement [123–127], tissue replacements [128–132], etc., are on the way to
success.

Concluding Remarks

In this chapter, the various experimental characterizations of composites are
discussed briefly. Since these characterizations are not adequate for determining
complete properties of the composite systems, advanced techniques have to be
developed in order to obtain a broad picture. The need of highly performing
advanced composites is increasing day by day due to the developments on their
processability, designing flexibility, etc. The advanced composites are often
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presenting greatest challenges in their experimental characterizations. Among these,
biological characterization is also very important since the toxicity of composites
will directly influence the human life. Hence, characterizing composite materials for
the better understanding of their real behaviors, in all possible directions, is very
critical for their practical applicability and acceptance.
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Abstract
A new manufacturing method, i.e., rubber pressure molding (RPM) for
processing of long fiber/fabric-reinforced polymer composites having complex
geometry, is developed. Studies are conducted for performance evaluation of the
newly proposed RPM using silicone, natural, polybutadiene, and
styrene–butadiene rubbers. Polyester and epoxy resin are used with glass fiber
fabric to manufacture the fiber-reinforced plastic (FRP) products.

Keywords
Rubber pressure molding • Composites manufacturing • FRP composites
manufacturing • Compression molding • GFRP composites manufacturing

Introduction

Fiber-reinforced polymer (FRP) composites offer a combination of low specific gravity,
high strength-to-weight ratio, and specific modulus that are either comparable to or
better than many traditional metallic materials. As a result, the FRP composites have
emerged as a major class of structural material and are either used or being considered as
substitutions for metals in many weight-critical applications. Several methods, i.e.,
filament winding process, pultrusion method, vacuum bagging technique, autoclave
technique, matching die set compression molding, resin transfer molding, etc., have
been developed to manufacture FRP products. Major challenges in manufacturing of
composites are efficient handling of fibers and application of uniform pressure during
curing of the resin. Due to this, manufacturing cost of the FRP increases. In order to
reduce the manufacturing cost of good quality FRP composites, a new manufacturing
technique known as Rubber Pressure Molding (RPM) has been developed recently.

The RPM is based on the matching die set, where the die is made from mild steel
and the punch from flexible rubberlike material, i.e., natural rubber, butyl rubber,
silicone rubber, polybutadiene rubber, chloroprene rubber, styrene–butadiene rubber,
etc., to apply hydrostatic pressure on the various surfaces of a complex-shaped product.

This chapter presents the performance evaluation of RPM using different rubbers
like silicone rubber, natural rubber (NR), polybutadiene rubber (PBR), and butyl
rubber (BR) and resin systems like epoxy and polyester. Burn test, scanning electron
microscopy (SEM), surface roughness, and mechanical tests, like interlaminar
fracture toughness (ILFT), interlaminar shear strength (ILSS), Young’s modulus,
tensile strength, percentage elongation at break, etc., are carried out to know the fiber
content, void content, presence of delamination, bonding between fiber and resin,
microstructure, and mechanical properties of the composite materials. These prop-
erties are also compared with FRP components made by the conventional technique,
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i.e., regular compression molding, where both parts of the mold are made of steel, to
evaluate its performances in the structural applications.

Performance of RPM is also evaluated by using different hardness values of the
rubber punch. For this, natural rubber is used and polyester resin with glass fiber is
selected for experimentation as this is commonly used for general-purpose FRP
products. Since the hardness of rubber changes with the percentage of filler used in
the rubber, the amount of filler material (i.e., carbon black, N 330) in the raw natural
rubber is varied from 0 to 75 phr with an increment of 15 phr. FRP composites are
made using RPM and characterizations of composite laminates are carried out by
burn test, tensile test, ILSS/crushed strength, and ILFT tests. The results are com-
pared with the corresponding values for the composites made by conventional
method to evaluate the performance of RPM. In addition to this, performance of
RPM is also evaluated when the same mold is used repeatedly to manufacture FRP
composite. It is found that surface roughness of rubber mold does not deteriorate
when multiple laminates are prepared from a single rubber mold.

Manufacturing of Composites using Rubber Pressure Molding

Rubber Pressure Molding Setup for Cooler Pump Cap

To prepare the cooler pump cap (Fig. 3.1) from FRP, a split steel die, steel cone, and
flexible rubber punch are used. A schematic diagram of the overall setup is shown in
Fig. 3.2. Split steel die has an interior conforming to the external shape of the

1.5

45°

75

Ø70

50

Ø120

Fig. 3.1 Cooler pump cap
[1–4]
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component. The die is made in two parts as shown in Fig. 3.3 for easy removal of
component once it is cured. A preform of glass fiber fabric wetted with epoxy/
polyester resin is placed in between split steel die and rubber punch as shown in
Fig. 3.2. The rubber punch is pressed by a suitably designed steel cone. The force on
the steel cone is applied by the hydraulic press. The product is cured in 16 h at room
temperature, i.e., 25 �C and pressure of 0.65 MPa.

Preparation of Split Steel Die

The mild steel die is made in two parts (split type). Its assembly drawing is shown in
Fig. 3.3. Two parts of the die are symmetric to each other. To make the die, a
rectangular steel block is cut into two pieces and their surfaces are polished to get
smooth surface. Then two parts are tack welded and machining is done on the welded
assembly to obtain the exact internal dimensions of die. The inner surface of die is
polished to obtain very smooth surface as the shape of rubber punch and preform
depends on the surface finish of die. Four steel flat bars (125 � 25 � 10 mm), with a
dowel hole (Φ8) and two M12 holes on each flat bar (shown in Fig. 3.3), are welded.
To sustain high pressure, supporting webs are provided on the steel flat bar. Then the

Hydraulic pressure

Steel
cone

Top platen of hydraulic press

Rubber punch

Split steel die

FRP component

Bottom platen of hydraulic press

Fig. 3.2 A schematic diagram of RPM setup for cooler pump cap [1–4]
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halves of the welded assembly are detached by breaking the welded points. Different
allowances are taken into consideration to prepare actual size of FRP product.

As the component prepared is of only 1.5 mm thickness, a single die set is used
for preparing rubber punch as well as FRP components. However, to prepare thicker
component, two die sets will be required, one for preparing the rubber punch and
another one for preparing the component. In that case the internal dimension of the
die to prepare rubber punch should be less and offset by thickness of the component.

Design and Fabrication of Rubber Punch

Six types of rubber (natural, butyl, silicone, polybutadiene, styrene–butadiene and
chloroprene rubber) are used to cast six different rubber punches. The rubber
punches have the same inner shape as that of the FRP component. The die used to
cast the rubber punch is same that is used to prepare the component, i.e., split steel
die. This section describes design and fabrication of rubber punch and procedure to
prepare rubber punch. The split steel die (Fig. 3.3) and the steel cone are used for

45°
70

150
Ø120
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Fig. 3.3 Split steel die [1–4]
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casting the rubber punch by pressing uncured rubber between split steel die and
steel cone.

The material for steel cone chosen is mild steel. It consists of a circular base with a
conical projection. The circular base has a dimension of Φ119.8 � 10 mm thick-
ness. The conical portion has a diameter of 85 mm, 54� half cone angle, and height of
75 mm. Two holes of diameter 3 mm each are provided on the circular base to bleed
off extra rubber material during curing of rubber punch. The whole assembly is
shown in Fig. 3.4.

Preparation of Uncured Rubber The uncured rubber is prepared in “two roll
mixing mill.” The formulations used to mix these rubber ingredients with different
rubbers are given in Table 3.1.

Molding and Curing of Rubber Punch The split steel die is preheated before
putting rubber in it. The preheating is done in a hydraulic press to a temperature of

Hydraulic pressure

Rubber punch

Split steel die

Bottom platen of huydraulic press

Steel cone

Top platen of hydraulic press

Fig. 3.4 A schematic diagram of setup used for casting of rubber punch [1–4]

Table 3.1 Composition of ingredients in phr (per hundred rubber) [1–4]

Rubber
(100 phr)

Zinc oxide
(in phr)

Stearic acid
(in phr)

Carbon black
(in phr)

Sulfur
(in phr)

Accelerator
(TMTD) (in phr)

Natural 5.0 3.0 45.0 5.0 2.5

Butyl 5.0 3.0 45.0 5.0 2.5

Silicone 5.0 3.0 45.0 5.0 2.5

Polybutadiene 5.0 3.0 45.0 5.0 2.5
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150 �C. When temperature reaches close to 150 �C, uncured rubber is filled in the die
and the steel cone is placed over it. A nut and bolt system is placed inside the rubber
punch (Fig. 3.5) for easy removal of the component from the rubber punch after curing
of preform. The pressure of 6 MPa is applied on the die set. The temperature and
pressure are maintained for 30 min. The cured rubber punch is taken out by removing
bolts on the metal flats of die. The photograph of the rubber punch is shown in Fig. 3.6.

Fabrication of Fiber-Reinforced Plastic Product

This section describes the fabrication of FRP product (cooler pump cap) using RPM.
The FRP products were made using six varieties of rubber punches. These are
(i) natural, (ii) butyl, (iii) silicone, (iv) styrene–butadiene, (v) neoprene, and
(vi) polybutadiene rubber punch. Pump cap is prepared using above six varieties
of rubber to check the performance of different rubber punches. The tooling required
for molding a pump cap consists of the split steel die, rubber punch, and steel cone.
The photographs of split steel die, rubber punch, and steel cone together are shown
in Fig. 3.7. The cooler pump cap is fabricated using glass fiber fabric and epoxy/
polyester resin. Major steps of the fabrication process are described here.

Circular Steel plate

Ø86

Nut M12

Hole M12

45°

85

Ø20

Ø25

60

Ø120

Fig. 3.5 Schematic diagram of rubber punch [1–4]
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Preparation of Die and Punch The oil and grease present on the surface of the
split steel die and the rubber punch are removed by using acetone. Then a thin layer
of mold release agent is applied on the surface of the die and rubber punch to prevent
adhesion of resin to steel die/rubber punch and easy removal of the FRP product
from the metal die/rubber punch after curing. After applying a thin coating of release
agent, it is kept at room temperature for an hour to let the solvent evaporate out to
leave a thin layer of coating agent on the surface of the steel die and rubber punch.

Making of Preform The hand lay-up technique is used to prepare the preform
(uncured form of product). The glass fabric is cut in right shape using template

Fig. 3.7 Split steel die with rubber punch and steel cone [1–4]

Fig. 3.6 Photograph of
rubber punch [1–4]
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1 (Fig. 3.8a) from a woven glass fiber sheet. The template is designed in such a way
that the uncut portion covers cylindrical portion of the product and the cut portion
covers the conical and base portion of the product. The conical and base of the product
do not give continuous laying, so template 2 and template 3 (Figs. 3.8b and c) are
inserted in conical and base portion after every two layers of template 1. The matrix
used to prepare the product is epoxy or polyester resin. The epoxy resin is prepared by
adding 10 % hardener (HY951) by weight, whereas in case of polyester resin, the
unsaturated resin is mixed with 1.2 % catalyst (methyl ethyl ketone peroxide) and
1.2 % accelerator (cobalt octoate) by weight. Total numbers of template 1, template
2 and template 3 used to prepare the preform are 4, 2 and 2 respectively. Using hand
lay-up technique, the glass fabric and the epoxy/polyester resin are placed on the
rubber punch; then the rubber punch with preform is placed inside the split steel die,
and four nuts of the die set are tightened till the two portions of the split die touch each
other. Then, steel cone is placed over the rubber punch.

Curing of Preform The steel die and the rubber punch with preform are loaded in a
hydraulic press. The pressure used in the hydraulic press is 0.65 MPa and the
preform is allowed to cure at room temperature, i.e., 25 �C for 16 h.

Removal of the Product from Die The steel die is separated into two parts by
removing the bolts after curing of preform. To take out the product from the rubber
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Fig. 3.8 (a) Template 1, (b) template 2, and (c) template 3 [1–4]
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punch, a M12 bolt is placed on the M12 nut inside the rubber punch and screwed
slowly to take out the product from the rubber punch. The purpose of placing the nut
and a steel plate inside the rubber punch is to take out the product easily without
hammering the rubber and the FRP product. The removal of product from the die and
punch is done very carefully so as not to damage the surface of the die, punch, and
the product. The product is then smoothened with the help of an emery paper and
shown in Figs. 3.9 and 3.10.

Theoretical Analysis

This technique is based on the use of a flexible rubber punch that applies hydrostatic
pressure on the surface of the product. This overcomes many difficulties of
prevailing fabrication methods of complex-shaped FRP components. In order to

Fig. 3.9 FRP components made by RPM [1–4]

Fig. 3.10 Products made of
FRP using RPM [1–4]
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verify the uniform pressure distribution over the complex-shaped product and to find
out other parameters like most suitable strain energy density function for the rubber,
optimum pressure during fabrication, and rubber hardness, a finite element analysis
is carried out using ANSYS (version 7.0). There are three different material types –
steel, FRP, and rubber. The properties of the above materials are defined as follows:

Steel: it is a linear, elastic, and isotropic material with Young’s modulus of
210 GPa and Poisson’s ratio of 0.3.

FRP: it is a linear, elastic, and orthotropic material having nine elastic constants.
These are as follows: E11 = 16.2, E22 = 15.3, and E33 = 7.3 GPa; Poisson’s coef-
ficients ν12 = 0.115, ν13 = 0.115, and ν23 = 0.3; and shear moduli G12 = 3.9,
G23 = 2.8, and G13 = 3.9 GPa [5].

Rubber: it is a nonlinear and hyperelastic material. For defining hyperelastic
material in the finite element analysis, it is necessary to know the strain energy
density function. It is represented by 2-, 3-, 5-, 7-, and 9-parameter Mooney–Rivlin
[6]; 1st-, 2nd-, and 3rd-order Ogden [7]; neo-Hookean [8]; 1st-, 2nd-, and 3rd-order
polynomial [7]; Arruda–Boyce [9]; Gent [10]; and Yeoh [11].

The stress strain data are calculated using these strain energy density functions.
These data are compared with the experimental stress strain data for natural rubber
containing 45 phr carbon black (A45) and shown in Fig. 3.11. The formulation of
rubber is given in Table 3.2. Mooney–Rivlin 3 parameters, 5 parameters,
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Fig. 3.11 Experimental stress–elongation curve of NR vulcanizates containing 45 phr carbon
black and its comparison with 2-, 3-, 5-, and 9-parameter Mooney–Rivlin; 1st-, 2nd-, and 3rd-order
Ogden; neo-Hookean; 1st-, 2nd-, and 3rd-order polynomial; Arruda–Boyce; 1st-, 2nd-, and
3rd-order Yeoh; and Gent. Inset figure shows the comparison between experimental data and
Mooney–Rivlin nine parameters [12, 13]
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7 parameters, and 9 parameters; Ogden 2nd and 3rd orders; polynomial 1st, 2nd, and
3rd orders; Yeoh 2nd and 3rd orders; neo-Hookean; and Arruda–Boyce fitted well
with experimental data. However, the Mooney–Rivlin 2 parameters, Ogden 1 order,
and Yeoh 1st order moderately fitted with experimental data. The material constants
of the above models are calculated and used in the finite element analysis. These are
summarized in Table 3.3.

The analysis is carried out for cooler pump cap at the pressure of 1MPa. The pressure
profile for RPM is shown in Fig. 3.12. It shows that pressure is uniformly distributed
over the complex-shaped geometry. It varies from 0.71 to 0.92 with an average of
0.81MPa. The same analysis is carried out for the conventional technique and shown in
Fig. 3.13. The pressure distribution is uneven and widely varies from 0.18 to 0.62 with
an average of 0.40MPa (Fig. 3.13). Themaximum pressure is concentrated at the corner
point, which is also a stress concentration zone. Also high pressure point is observed on
the periphery of FRP component. This may be basically due to the heterogeneous
structure of FRP. The soft rubber mold evenly distributes this high pressure, which is
not possible by the steel mold due to the rigid structure. It is worth to mention here that
the pressure transferred to the product is less in the case of conventional technique.At the
processing pressure of 1 MPa, RPM transfers pressure ~81 % to the component,
whereas in case of conventional technique it is ~40 %. The excess pressure compared
to the conventional technique, which is shown in RPM, is due to the hydrostatic pressure
of rubber mold developed during the compression of rubber. Now the same analysis is
carried out again at a pressure of 10 MPa for both the techniques. The pressure
transferred to FRP component in RPM is 8.25 MPa, whereas in case of conventional
technique it is 4.06MPa. The pressure transferred inRPM is ~82.5 %,whereas in case of
conventional technique it is ~40.6 %. The variation of pressure in conventional tech-
nique is ~ 1.88–6.25 MPa, whereas in case of RPM, it varies from 7.07–9.23 MPa.

Effect of Processing Pressure

The above analysis is carried out at a pressure of 1 and 10 MPa for natural rubber
vulcanizates containing 45 phr of carbon black loading. The hardness of this rubber
compound is 72 shore A. Now the analysis is extended over a wide range of
pressure, i.e., 0.5–50 MPa, to see the pressure distribution over the product for
both techniques. In all cases of RPM, pressure is uniformly distributed over the
surface of product, but the variation is observed in conventional technique. The
results are shown in Fig. 3.14. The transmitted pressure remains constant within
81–82 % with increasing applied pressure from 1 to 50 MPa in the case of RPM,
whereas in the case of conventional technique the transmitted pressure is ~40–41 %.
This proves that the RPM is a better technique to fabricate complex-shaped FRP
component. This says that without changing the cross-sectional area, RPM produces
more pressure to the FRP component compared to the conventional technique. In
addition to this, the pressure is uniformly distributed over the complex-shaped
product in the case of RPM. As there is no improvement of transmitted pressure
beyond 82 %, there is no need to use high processing pressure.
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Effect of Strain Energy Density Function

The above analysis is carried out using nine-parameter Mooney–Rivlin strain energy
density function for natural rubber vulcanizates containing 45 phr of carbon black
loading. To see the effect of other forms of strain energy density function on pressure
distribution over the FRP surface, 2-, 3-, 5-, and 7-parameter Mooney–Rivlin; 1st-,

Fig. 3.12 Pressure distribution on FRP component made by RPM where the rubber mold contains
45 phr carbon black [13]

Fig. 3.13 Pressure distribution on FRP component made by conventional technique [13]
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2nd-, and 3rd-order Ogden; neo-Hookean; 1st-, 2nd-, and 3rd-order polynomial;
Arruda–Boyce; and 1st-, 2nd-, and 3rd-order Yeoh models are used. The pressure is
found to be uniformly distributed over the surface. No significant difference is
observed.

Effect of Poisson’s Ratio

Poisson’s ratio used for rubber in the above analysis is 0.499. Now to see the effect of
Poisson’s ratio on the pressure distribution of FRP component, the analysis for nine-
parameter Mooney–Rivlin strain energy density function is extended to 0.45 and 0.4
Poisson’s ratio. The results are shown in Fig. 3.15. The pressure is uniformly
distributed over the complex-shaped FRP component. As Poisson’s ratio is reduced
from 0.499 to 0.45 and 0.40, the average pressure on the FRP component changes
from 0.52 to 0.50 and 0.42 at the applied pressure of 0.65 MPa. As Poisson’s ratio is
reduced, the transmitted pressure on the FRP component is also decreased. In
addition to this, the pressure is not uniformly distributed on the curved surface of
FRP component. As for example, at Poisson’s ratio of 0.499, the variation of
pressure is 0.45–0.60 MPa, whereas in case of 0.45 and 0.40 Poisson’s ratio, the
variations of pressure are 0.05–0.73 and 0.01–0.72 MPa, respectively. Now the
analysis is further extended to the zero Poisson’s ratio. The system is unstable for
rubber. But for the understanding purpose, material properties of steel (Young’s
modulus of 210 GPa) are used. All other conditions are the same. Only Poisson’s
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Fig. 3.14 Applied pressure versus transmitted pressure for RPM and conventional technique [13]
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ratio of 0 instead of 0.3 is used here. In addition to this, top, middle, and bottom parts
of the processing setup are steel, FRP, and steel, respectively. The variations of
pressure at the processing pressure of 0.65 MPa are 0.22–0.39 and 0.23–0.45 MPa
for Poisson’s ratio of 0.3 and 0, respectively. As such, there is no difference of
pressure distribution on the FRP component.

Effect of FRP Thickness

The thickness of FRP component used in earlier analysis is 1.5 mm. In order to see
the effect of thickness of FRP component on the pressure distribution, the analysis is
carried out for 1, 2, 3, and 4 mm thickness, and the results are shown in Figs. 3.16
and 3.17, when the component is made by RPM. The volume percent of fiber in
composite is constant. Only variable is the thickness of product. The dimensions of
bottom mold, which is made of steel are same as those of earlier analysis. As the
thickness of FRP component increases, to compensate this increased thickness, the
dimensions of rubber mold are reduced accordingly. But the applied pressure is

Fig. 3.15 Distribution of
pressure on FRP component
made by RPM. A Poisson’s
ratio, 0.45; B Poisson’s ratio,
0.40. Applied pressure on the
top of rubber mold is
0.65 MPa [13]
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0.65 MPa in all cases. All other boundary conditions are similar to that of earlier
analysis. The pressure is uniformly distributed on the FRP component. The varia-
tions of pressure are 0.44–0.68, 0.48–0.62, 0.47–0.59, and 0.48–0.61 MPa for 1, 2,
3, and 4 mm thickness of FRP component, respectively. The variation is very small.
As such there is no remarkable effect of thickness of FRP component on pressure
distribution during processing of FRP component through RPM. This indicates that
FRP component of any thickness can be successfully made through the newly
proposed RPM without losing its quality. The same analysis is also carried out for
conventional technique (pressure diagrams are not shown here). The results are
similar to that of earlier one, i.e., pressure is not uniform throughout the surface of
FRP component. In addition to this, as such there is no effect of thickness on
pressure distribution on FRP component made by conventional technique.

Fig. 3.16 Effect of thickness
of FRP components made by
conventional technique on
pressure distribution. A: 1 mm
thickness [13]

Fig. 3.17 Effect of thickness
of FRP components made by
conventional technique on
pressure distribution. D: 4 mm
thickness [13]
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Effect of Fiber Volume Percent

Now another analysis is carried out to see the effect of fiber vol% on pressure
distribution of FRP component. The thickness of FRP is constant. As FRP compos-
ites (45 vol%) are orthotropic materials having elasticity constants of E11 = 16.2,
E22 = 15.3, and E33 = 7.3 GPa, Poisson’s coefficients are ν12 = 0.115,
ν13 = 0.115, and ν23 = 0.3 and shear moduli G12 = 3.9, G23 = 2.8, and
G13 = 3.9 GPa [5]. These values are used in earlier studies. Now to address the
above question, i.e., the effect of vol% of fiber in FRP components on pressure
distribution, there is a need of above nine materials constant as a function of vol% of
fiber. Unfortunately, systematic literature data is not available. In order to achieve a
better understanding, E11 values are varied from 16 to 18 to 20 to 22 GPa. All other
parameters, i.e., E22, E33, ν12, ν13, ν23, G12, G23, and G13 are the same as the earlier
one. It varies from 0.45 to 0.60, 0.44 to 0.63, 0.44 to 0.66, and 0.42 to 0.69 MPa
when the E11 is varied from 16.2 to 18, 20, and 22 GPa, respectively. In all cases the
pressure is uniformly distributed on the FRP component. In addition to this, there is
no remarkable effect of vol% of fiber in FRP component on pressure distribution.
This suggests that FRP component of any volume percent of fiber can be success-
fully made through the newly proposed RPM without losing any product quality.

Effect of Gap Between Fiber-Reinforced Plastic and Rubber Mold

For a better understanding, an analysis is carried out in the absence of FRP
component to see the pressure distribution. The gap between bottom steel and top
rubber mold is equal to that of the FRP component, which is 1.5 mm and used in
earlier investigation. Now the gap between bottom steel mold and top rubber mold is
varied from 1 to 2 and 3 mm. It is filled by air. There is no displacement of air during
compression when the processing pressure of 0.65 MPa is applied on the top of
rubber mold. The results are shown in Fig. 3.18 for 2 mm gap. The stress compo-
nents are summarized in Table 3.4. Up to 2 mm gap, there is no remarkable
difference on pressure distribution on the rubber mold. The pressure is uniformly
distributed throughout the surface. But at the gap of 3 mm, the peculiar pressure
distribution is observed, which is not included here (need more detailed
investigation).

Effect of Rubber Hardness

RPM shows that the pressure is uniformly distributed over the complex-shaped
product, and ~82 % of the applied pressure is transferred to the FRP component
during processing of FRP components. As the RPM uses a rubber mold, now the
question arises about the optimum hardness of rubber mold, where the pressure
distribution should be uniform and the transmitted pressure should be as maximum
as possible. At the same time processing pressure should be minimum. To find out
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the answer, an in-depth analysis is carried out for RPM, where the hardness of rubber
mold varies from 50 (0 phr carbon black loading) to 85 shore A (75 phr carbon black
loading) and the applied pressure is varied from 0.5 to 50 MPa. The formulation used
to get hardness of 50 to 85 shore A is given in Table 3.2. The hardness of the

Fig. 3.18 Pressure
distribution in the absence of
FRP component [13]
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corresponding vulcanizates is also summarized in the same table. It is found that the
pressure is uniformly distributed over the surface over the entire range of hardness,
i.e., 50 to 85 shore A. Now to find out the optimum hardness of rubber mold, the
transmitted pressure is plotted against applied pressure for various hardness of
rubber mold and shown in Fig. 3.19. It shows that 72 shore A hardness of the rubber
mold (45 phr carbon black loading) is very good for RPM, where the distribution of
pressure is excellent and transmitted pressure is ~82 %. No significant difference is

Table 3.4 Stress components on rubber and steel molds in absence of FRP component. The gap is
varied from 1 to 2 mm [13]

Stress component

On steel mold (MPa) On rubber mold (MPa)

Variation Average Variation

Gap between steel and rubber mold: 1 mm

Sz 0.65–0.45 0.65 -

Sx 0.44–0.03 0.65 0.67–0.62

Sy 0.43–0.03 0.64 0.67–0.62

Seqv (equivalent stress) 0.38–0.53 0.93E-4 -0.1E-3

Gap between steel and rubber mold: 2 mm

Sz 0.65–0.52 0.65 -

Sx 0.43–0.02 0.65 0.67–0.62

Sy 0.46–0.08 0.64 0.67–0.62

Seqv (equivalent stress) 0.23–0.57 - 0.82 E-4 -0.11E-3

-5 0 5 10 15 20 25 30 35 40 45 50 55

0

5

10

15

20

25

30

35

40

45

50

55
RPM-0 phr
RPM-15 phr
RPM-30 phr
RPM-60 phr
RPM-75 phr
Conventional
RPM-45 phr

Tr
an

sm
itt

ed
 P

re
ss

ur
e 

(M
Pa

)

Applied Pressure (MPa)

Fig. 3.19 Transmitted pressure versus applied pressure for RPMwhere the loading of carbon black
is varied from 0 to 75 phr and conventional technique [13]
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observed for other vulcanizates, i.e., A0, A15, A30, A60, and A70. Why all these
rubbers show same transmitted pressure except 72 shore A hardness of the rubber
mold (45 phr carbon black loading) is not resolved at this stage.

Performance of RPM to Fabricate FRP Components Based
on Glass Fiber and Epoxy Resin

The silicone rubber mold is known for the last few decades and used to make a
nonstructural item like toys. Its use in structural application is not known. Keeping
this in mind, to develop a new process for fabrication of FRP components, a RPM
based on silicone rubber is also developed. In addition to this, natural rubber,
polybutadiene, and butyl rubbers are also used to make the rubber punch. This
section evaluates the performance of FRP products made by the newly proposed
RPM using these four types of rubber. As 45 phr carbon black loading in natural
rubber shows the best performance with respect to the uniform pressure distribution
over the complex-shaped product and mechanical properties, the rubber punch is
made with the same carbon black loading. Again 0.65 MPa processing pressure is
used to fabricate the FRP components having three important geometry elements,
i.e., (i) cylindrical, (ii) conical, and (iii) flat surface. Figure 3.9 shows such compo-
nent made by RPM. The mechanical characterization for performance evaluation in
structural application is carried out on flat specimen.

Burn test and microstructure studies are performed to check the product qualities
like volume percent of fiber/matrix, void content, presence of delamination, inter-
action between fiber and matrix, etc. It is observed from the burn test that the void
content in all three parts of FRP component made by the RPM is within the range of
3.0 %. The differences in volume percent of fiber and void content within the
component are also very small. Uniformity is maintained in all parts as the vol%
of fiber is in agreement in all parts of the product. The volume percent of fiber and
void content in the FRP component made by the RPM are summarized in Table 3.5.
To evaluate its performance, these complicated FRP components having three
geometry elements are also made by the conventional method at the same applied
processing pressure of 0.65 MPa, where both parts of the mold are made of mild
steel. A comparison is made between the products made by the RPM and conven-
tional methods. The fiber and void percents of the FRP components are measured
and included in Table 3.5. It shows that fiber volume percent in all these three parts
varies from 38 to 43 (~5 %, cylindrical to flat) and void percent within 2.7–4.5,
whereas in the RPM the deviation from cylindrical to flat portion is within 1.5 %.
The higher volume percent of fiber in RPM is due to the hydrostatic pressure
developed by the rubber mold during fabrication of FRP component. The small
deviation of both fiber volume percent and void content in RPM compared to the
conventional process is attributed to the uniform pressure distribution in FRP
component during fabrication.

Electron microscopic studies for all portions of FRP product show good interac-
tion between the fiber and matrix in the RPM (Fig. 3.20a) compared to conventional
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technique (Fig. 3.20b). It also demonstrates that the void percent of FRP component
is more in the case of conventional process. This information is also observed in the
burn test (Table 3.5). Thus, the FRP products prepared by rubber punch give better
uniformity throughout the surface.

The aerospace, automobile and other industries have used FRPmaterials for the last
four decades. However, the biggest drawback, which has been noticed, is its low
resistance to delamination. The delamination in laminates not only leads to complete

Table 3.5 Burn test data of FRP components made of glass fiber and epoxy resin, standard
deviation 0.1 in all cases [1–4]

Process name Part name

Volume percent (%)

Fiber Void

RPM using silicone rubber Cylindrical 45.2 2.6

Conical 44.8 2.4

Flat 45.5 2.5

RPM using natural rubber Cylindrical 45.4 3.0

Conical 44.6 2.7

Flat 45.3 2.9

RPM using polybutadiene rubber Cylindrical 45.7 2.9

Conical 45.3 2.6

Flat 47.1 2.7

RPM using butyl rubber Cylindrical 46.3 2.8

Conical 44.9 2.5

Flat 45.3 2.6

Conventional Method Cylindrical 38.3 3.9

Conical 42.9 4.5

Flat 43.1 2.7

Fig. 3.20 SEM micrographs of FRP component made by (a) RPM and (b) conventional tech-
niques [1–4]
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fracture but also decreases its stiffness, which is a very important design parameter for
the designers. In the present scenario, it is a challenge for the researchers to reduce this
delaminating behavior of composites in order to increase its life and load-bearing
capacity. The parameter “energy release rate, GIC” suits for studying the crack due to
the delamination in composites, because the crack plane is well defined and the
material remains elastic in the vicinity of the crack tip except in the very thin layer
of the interface. In the load–displacement curve, a hysteresis loop is found in each
cycle. The first cycle is excluded for the calculation of GIC. The first loading cycle in
all experiments is observed to be nonlinear because of some disturbances like mylar
films placed (to create crack) in the midplane of the specimen stick to both cantilevers
or, during the cutting of specimen to the specified size, some filler materials stick to the
precrack surface. When the machine is switched off after the crack propagation, one
can observe the drop of load with time, which indicates that the crack still grows after
stopping the machine till self-arrest. When the specimen is unloaded to zero load, a
small permanent deflection is observed. However, the permanent deflection at zero
load is much smaller than the displacement in the loaded condition, and its effect is
neglected in this analysis. The results of ILFT are tabulated in Table 3.6.

The average value of ILFT for the specimen made by the RPM using silicone and
butyl rubber is greater than that for conventional method, whereas corresponding
values of ILFT for natural and polybutadiene rubbers are marginally lower (within
20 %) than those for conventional method. But the variation of results is within the
experimental error band. The lower ILFTof FRP components made by the RPMmay
be due to the higher volume percent of fibers, which decreases the adhesion between
fiber and matrix material. It is worth to mention that the standard deviation of ILFT
for FRP component made by RPM is very small compared to conventional technique
as seen from Table 3.6. This suggests that the newly proposed RPM is a better
technique to apply a uniform pressure on the curved surface of FRP component,
which is not possible in the conventional technique.

Table 3.6 Mechanical properties of FRP components [1–4]

Method of
preparation

Interlaminar
fracture
toughness GIC

(J/m2)

Interlaminar
shear
strength
(MPa)

Tensile
strength
(MPa)

Modulus
of
elasticity
(GPa)

Elongation
(%)

RPM using
silicone rubber

214 � 3 57 � 2.0 353 � 10 21.0 � 0.6 2.2 � 0.1

RPM using
natural rubber

166 � 16 25 � 5.0 309 � 28 20.0 � 0.2 2.0 � 0.1

RPM using
polybutadiene
rubber

178 � 3 45 � 5.0 338 � 6 20.0 � 0.8 2.1 � 0.1

RPM using
butyl rubber

218 � 7 60 � 2.5 353 � 10 21.0 � 0.6 2.2 � 0.1

Conventional
method

210 � 19 57 � 8.0 312 � 35 19.0 � 1.0 2.0 � 0.1
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ILSS is also another important material property for the design of laminated
composite structures subjected to the transverse loads. The delamination in FRP
products can be caused because of the shear stress, as the laminated composites are
made of several plies and bonded by the polymeric materials. To find out the
suitability of this RPM, the ILSS is carried out on the specimen with 00 fiber
orientation (warp direction) made by (i) conventional method and (ii) RPM using
various rubber punches. The results are included in Table 3.6. From this table it is
noticed that the ILSS of the specimen made by the conventional method (fiber
volume 54 %) is 57 � 8.0 MPa and in the RPM using silicone rubber (fiber volume
51 %) and butyl rubber (fiber volume 52 %) is 57 � 2.0 MPa and 60 � 2.5 MPa,
respectively. It is clear from the above values that specimens prepared by both
techniques have same ILSS. In case of RPM using natural rubber (fiber volume
48 %), the value of ILSS is 25 � 5.0 MPa which is substantially lower (~55 %) than
that for the conventional method. Similarly, RPM using polybutadiene rubber gives
lower ILSS value by 21 % than that for the specimens prepared by the conventional
method. The decrease of ILSS may be due to the decrease of stiffness of FRP
components made by RPM. The decrease of stiffness is attributed to the presence
of lower volume percent of fibers, i.e., 48 % for natural rubber and 50 % for
polybutadiene rubber, compared to the 54 % in conventional process. Though
same processing pressure of 0.65 MPa is used here, why is higher volume
percent of fibers observed in conventional technique? This is basically due to the
lower thickness of FRP specimen used in ILSS, which is 2 mm, whereas
the thickness in ILFT and tensile test is 4 and 2.5 mm, respectively. In addition
to this the FRP component is made by hand lay-up technique. The volume
percent of fibers depends on the quantity of resin used to make this component.
The standard deviation of ILSS in RPM using various rubbers is less (2–5 %)
compared to the conventional technique (8 %). This again proves that the pressure
is uniformly distributed throughout the curved surface of FRP component in case
of RPM.

Tension test is also conducted on the FRP laminates to evaluate the mechanical
properties like tensile strength, elastic modulus percentage of elongation, etc. These
properties are very useful for the design and analysis of structure made by composite
materials. The results of mechanical properties using both techniques are also
included in Table 3.6. The specimens are found to fail at the central portion, and
the fracture line makes 450 to the line of loading. It is linear at the low load
but nonlinear at higher load due to breaking of fibers. It is observed from the
measurement of tensile test that the tensile strength, elastic modulus, and
elongation of FRP specimens made by the RPM method using various rubbers are
equal to or slightly better (~10–13 %) than those of the specimens prepared by
conventional method. The variations of percentages of elongation of the specimens
made by the RPM and conventional method are negligible, and average values are
within the experimental error bands. This again proves that the pressure is uniformly
distributed throughout the curved surface of FRP component and possible only
in RPM.
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Performance of RPM to Fabricate FRP Components Based
on Glass Fiber and Polyester Resin

The previous section concludes that the newly proposed RPM to fabricate complex-
shaped FRP components is a new development in manufacturing area of composite
materials. The technique uses a matching die set, where the die is made of hard metal
like steel and punch from flexible rubber like material. Butyl rubber shows best
performance compared to natural rubber and polybutadiene rubber
(Section “Performance of RPM to Fabricate FRP Components Based on Glass
Fiber and Epoxy Resin”). In ILFT, the FRP specimens of glass fiber and epoxy
resin prepared by RPM using butyl rubber have equal ILFT and marginally higher
(5 %) ILSS compared to the FRP specimens prepared by the conventional method.
In tension test, the specimens made by the RPM using butyl rubber have slightly
higher value (~10–13 %) of tensile strength, modulus of elasticity, and strain%
compared to the specimens prepared by the conventional method. The standard
deviation of ILFT, ILSS and tensile strength for FRP component made by RPM is
very small within (6 %), whereas in conventional process, it is 35 %. This suggests
that the pressure is uniformly distributed throughout the curved surface.

It is well known that the polyester resin is one of the least expensive resins
available to the FRP products when compared with other thermoset resins, i.e.,
vinylesters and epoxies. Again this polyester resin is best suited for applications
insensitive to weight and which do not require high adhesion or fracture toughness.
For instance, a simple inexpensive solid fiberglass part is to be fabricated in open
tooling in one operation and requires no secondary bonding. If shape accuracy is not
critical, resistance to water is of no concern, and ventilation of the workspace is
excellent, and then polyester is a great candidate. In spite of these advantages, it
historically exhibited poor performance in the areas of adhesion and elongation,
rendering the finished part prone to microcracking and secondary bond failures.
Keeping this in mind, a study has been conducted to evaluate the performance of
RPM to fabricate FRP components from glass fiber and polyester resin. As butyl
rubber shows good result compared to natural rubber and polybutadiene rubber, it is
used in the newly proposed RPM. The FRP components are also made by conven-
tional technique to evaluate its performance in the general applications. Six FRP
components are made from each technique (RPM and conventional processes).

Burn test and microstructure studies are performed to check the qualities of
products like volume percent of fiber/matrix, void content, presence of delamination,
interaction between fiber and matrix, etc. It is observed from the burn test that the
void content in all parts of FRP component made by the RPM is within the range of
3.0 %. The differences (i.e., standard deviation) of volume percent of fiber/matrix
and void content within the component are also very small. Uniformity is maintained
in all parts as the vol% of fiber is in agreement with the product.

The vol% of fiber and void content in the FRP component made by the RPM are
summarized in Table 3.7. To evaluate its performance, this FRP component having
two geometry elements is also made by the conventional method, where both parts of
the mold are made of mild steel. A comparison is made between the products made
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by the RPM and conventional methods. The fiber, matrix, and void percents of the
FRP components are measured and included in Table 3.7.

It shows that fiber volume percent in all these two parts varies from 38 to
43 (~5 % deviation, conical to flat) and void percent within 2.7–3.9, whereas in
the RPM the deviation from conical to flat portion is within 0.7 %. The higher
volume percent of fiber in the FRP components made by RPM is due to the
hydrostatic pressure developed by the rubber mold during fabrication of products.
The small deviation of both fiber volume percent and void content in the RPM
compared to the conventional process is attributed to the uniform pressure distribu-
tion on the FRP component during fabrication. Electron microscopic studies for all
portions of FRP product show good interaction between the fiber and matrix in the
RPM (Fig. 3.21a) compared to conventional method (Fig. 3.21b). It also demon-
strates that the void percent of FRP component is more in the case of conventional
process. This information is also observed in the burn test (Table 3.7) discussed in
the earlier section. Thus, the FRP products prepared by the RPM using butyl rubber
punch give better uniformity throughout the surface.

The average value of ILFT for the specimenmade by the RPM using butyl rubber is
477 � 21 J/m2. The fiber volume percent of the specimen made by the RPM using
butyl rubber punch is 50 %, whereas the average value of ILFT for the specimenmade
by the conventional method with volume percent of fiber 45 % is 436 � 48 J/m2.
Specimens prepared by the RPM using butyl rubber have slightly higher (10 %) ILFT

Table 3.7 Burn test data
of FRP components made
of glass fiber and polyester
resin, standard deviation
0.1 in all cases [14]

Process name Part name

Volume percent (%)

Fiber Void

RPM using butyl rubber Conical 46.3 2.8

Flat 45.3 2.6

Conventional Conical 38.3 3.9

Flat 43.1 2.7

Fig. 3.21 SEM micrographs of FRP component made by (a) RPM and (b) conventional method
[1–4]
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compared to that for specimens prepared by the conventional method as shown in
Fig. 3.22. It is worth to mention that the standard deviation of ILFT for FRP
component made by RPM is small within�21 %, whereas for conventional technique
it is �48 %. This suggests that RPM is a best technique to apply uniform pressure on
the curved surface of FRP component, which is not possible in the conventional
technique.

Composite laminates are made of several plies, which are bonded together by the
matrix. Since there is no reinforcement between the two plies, delamination failure is
likely to occur under shear stress. Therefore, there is considerable interest to
determine ILSS through shear mode. To find out the suitability of the RPM, the
ILSS is carried out on the specimen with 00 fiber orientation (warp direction) made
by (i) conventional and (ii) RPM using butyl rubber punch. The failure mode of
composite is shown in Fig. 3.23a. It is a brittle failure rather than delamination
(Fig. 3.23b).

Tension test is conducted on the composite laminates to evaluate the material
properties like elastic constants, strength, and Poisson’s ratio that can be used for
design and analysis of structures.

The specimens are found to fail at the central portion and the fracture line makes
450 to the line of loading. It is linear at the low load but nonlinear at the higher load
due to the breaking of fibers. The tensile strength of the FRP specimens with 45 %
fiber volume prepared by the RPM using butyl rubber is 380 � 35 MPa, whereas the
tensile strength of the FRP specimens with 40 % fiber volume made by the conven-
tional method is 299 � 52 MPa. But the tensile elastic modulus of the specimen
made by the conventional method is 17.5 � 2.3 GPa, whereas the elastic modulus of
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the specimen prepared by the RPM using butyl rubber is 20 � 1.0 GPa. Similarly
the percentage elongations of the specimens made by the conventional method and
RPM are 1.8 � 0.1 % and 2.0 � 0.5 %, respectively. The average Poisson’s ratio of
the specimens made by conventional method is 0.19 � 0.009 and that of specimens
prepared by RPM is 0.19 � 0.005. The tensile strength, tensile elastic modulus and
percentage of elongation/strain of FRP components made by both techniques are
also shown in the same Fig. 3.22. It is observed from the measurement of tensile test
that the tensile strength, elastic modulus and elongation of FRP specimens made by
the RPM method using butyl rubber are better (~27 %, 14 %, and 11 %, respec-
tively) than those of the specimens prepared by the conventional method. This again
proves that the pressure is uniformly distributed throughout the curved surface of
FRP component and possible only in RPM.

Effect of Rubber Hardness on the Properties of FRP Composites
Made by RPM

The FRP specimens of glass fiber and epoxy resin prepared by RPM using silicone
rubber with 45 phr loading of carbon black (N 330) have equal ILFT, same or
marginally higher (5 %) ILSS, and slightly higher value (~10–13 %) of tensile
strength, modulus of elasticity, and strain% compared to the FRP specimen prepared
by conventional method (Section “Performance of RPM to Fabricate FRP Compo-
nents Based on Glass Fiber and Epoxy Resin”). When silicone rubber is replaced by
natural rubber and polybutadiene rubber, ILFT and ILSS of FRP laminates decrease
compared to the FRP specimen prepared by conventional method without any
change of tensile strength, whereas the FRP specimens prepared by RPM using
butyl rubber have equal ILFT and ILSS compared to the specimens prepared by
conventional method. In tension test, the FRP specimens have slightly higher value
(~10–13 %) of tensile strength, modulus of elasticity, and strain%. In another
experiment, epoxy resin is replaced by polyester resin to see the performance of
FRP laminates made by RPM. The results are better than conventional process with
respect to the ILFT, Young’s modulus, tensile strength, etc.

Fig. 3.23 (a) Brittle and (b) delamination failures of FRP composites [14]
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Since the hardness of rubber changes with the percentage of filler used in the
rubber, it is important to know the effect of rubber hardness on the properties of the
FRP composites made by RPM. This will be helpful to understand the optimum
range of rubber composition to produce good quality FRP products by RPM. In the
present study, the amount of filler material (i.e., carbon black, N 330) in the raw
natural rubber is varied from 0 to 75 phr (Table 3.2) with an increment of 15 phr.
These natural rubber molds of varying hardness are used to produce FRP compos-
ites. Though the ILFT and ILSS of FRP components made by the RPM using natural
rubber are not good compared to the conventional compression molding process, an
attempt is made here to improve the mechanical properties of FRP components by
changing the hardness of rubber mold. In addition to this, epoxy resin is replaced by
polyester resin, as it is mostly used in general-purpose applications. Now the
question arises for performance of composites made by RPM using various loading
of carbon black through mechanical properties. To find out an answer, this investi-
gation is carried out for natural rubber over a range of filler loading, i.e., 0 to 75 phr.
Characterizations of composite laminates are carried out by burn test, tensile test,
ILSS/crushed strength, and ILFT tests. The results are compared with the
corresponding values for the composites made by conventional method to evaluate
the performance of RPM.

It is observed from the burn test that the void content in FRP component made by
the RPM is within the range of 2.0 %. The differences (i.e., standard deviation) of
volume percent of fiber/matrix and void content within the component are also very
small. Uniformity is maintained in the composites. The volume percent of fiber and
void content in FRP component made by the RPM are summarized in Tables 3.8,
3.9, and 3.10. It shows that fiber volume percent varies from 52 % to 55 % (~2 %
deviation) and void percent within 1.6–1.7 %, when the rubber mold is loaded with
0 phr carbon black. To evaluate its performance, this FRP component is also made by

Table 3.8 Mechanical properties of FRP laminate made by conventional method and by RPM
using natural rubber with variation in carbon black content [19]

Manufacturing
method

Carbon
black
loading
in
natural
rubber
(phr)

Hardness
(shore A)

Average
tensile
strength
(MPa)

Average
tensile
modulus
of
elasticity
(GPa)

Average
fiber
volume
percent
Vf (%)

Average
void
content
(%)

Conventional
method

NA – 300 � 34.0 14.2 � 0.5 49 2.7

RPM 0 50 294 � 18.0 15.3 � 1.0 52 1.7

RPM 15 61 336 � 14.0 16.5 � 0.3 54 1.8

RPM 30 69 352 � 9.0 16.0 � 1.0 55 1.6

RPM 45 72 348 � 10.0 16.5 � 0.8 55 1.7

RPM 60 79 350 � 15.0 16.8 � 1.1 56 1.8

RPM 75 85 353 � 14.0 18.1 � 0.8 57 1.6
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the conventional method, where both parts of the mold are made of mild steel. A
comparison is made between the products made by RPM and conventional methods
and shown in Tables 3.8, 3.9, and 3.10. It shows that fiber volume percent varies
from 49 % to 51 % (~3 % deviation) and void percent within 2.7–2.8 % in conven-
tional technique. The higher volume percent of fiber in FRP components made by
the RPM is due to the hydrostatic pressure developed by the rubber mold during
fabrication of products. The small deviation of both fiber volume percent and void
content in the RPM compared to the conventional process is attributed to the uniform
pressure distribution on the FRP component. To understand the effect of RPM on the
volume percent of fibers and voids in FRP components and to get its best perfor-
mance, composites are fabricated using different loading of carbon black in the
rubber mold. The loading of carbon black varies from 0 to 75 phr with an increment
of 15 phr. Volume percent of fibers and void content are measured for FRP compo-
nents made by the RPM using rubber mold of various compositions, i.e., A0, A15,
A30, A45, A60, and A75 (given in Table 3.2). The values are included in Tables 3.8,
3.9, and 3.10. It shows that the fiber volume percent increases (from 52 % to 59 %)
with an increase in hardness of rubber mold. When the loading of carbon black
increases in rubber mold, the hardness increases from 50 shore A for A0 vulcanizate
to 85 shore A for A75 vulcanizate (Table 3.8). The change in hardness with carbon
black loading in rubber vulcanizates can be explained as follows: Medalia [15] and
Kraus [16] suggested that the occluded rubber, bound rubber, and immobilized
rubber shell around the carbon black surface overlap each other and form a compli-
cated interlinked three-dimensional network structure. This adsorbed hard
immobilized rubber percent increases with carbon black loading. Since adsorbed
rubber perturbs the relaxation process of a matrix, an increase in hardness value
(which increases with carbon black loading) is observed [17, 18]. The increased
hardness may also be attributed to the superposition of different relaxation processes,
hydrodynamic effect of the carbon black particles imbedded in the elastomer con-
tinuum, stronger rubber–carbon black interaction and tightening of the network
associated with a shell of hindered rubber at the carbon black surface which
increases hardness of the elastomer [17, 18]. Though hardness increases from
50 to 85 shore A, it maintains its elasticity to generate hydrostatic pressure during
compression. That is not possible in the case of conventional steel mold.

The tension test is performed on FRP specimens prepared by the RPM using
natural rubber containing carbon black as a filler material in the range of 0–75 phr
with an increment of 15 phr (formulation no: A0, A15, A30, A45, A60, A75, given in
Table 3.2). The results of tension test are shown in Table 3.8. The average value of
tensile strength of the FRP specimens prepared by the RPM using natural rubber is
294, 336, 352, 348, 350, and 353 MPa for 0, 15, 30, 45, 60, and 75 phr carbon black
loading (formulation no A0, A15, A30, A45, A60, A75, given in Table 3.2),
respectively.

The variation of tensile strength with hardness of natural rubber mold is shown in
Fig. 3.24. Tensile strength increases with loading of carbon black in the mold, i.e.,
hardness of rubber mold in the initial stage and then reaches an almost constant value
of 350 MPa. It is noticed from this data that the increment in the average value of
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tensile strength due to varying carbon black content in the rubber mold is within a
range of 53 MPa and the optimum loading of carbon black in the rubber mold to get
FRP composites with improved tensile strength should be greater than 30 phr. To
evaluate the performance of RPM, the tensile strength of FRP component made by
the conventional process is also measured. The tensile strength of FRP component is
300 MPa. The higher tensile strength of FRP component in RPM is attributed to the
higher volume percent of fiber (Table 3.8) and less voids in the component.

Table 3.10 Crushed strength of composite materials made by conventional (Vf = 0.51) and RPM
using natural rubber [19]

Manufacturing
method

Carbon black loading
in natural rubber
(phr)

Average
crushed
strength (MPa)

Average fiber
volume percent
Vf (%)

Average
void
content (%)

Conventional
method

NA 256 � 20.0 51 2.7

RPM 0 149 � 5.3 55 1.0

RPM 15 150 � 5.7 56 1.2

RPM 30 230 � 5.5 58 1.4

RPM 45 242 � 5.4 58 1.5

RPM 60 235 � 5.9 59 1.3

RPM 75 182 � 5.5 59 1.6
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Fig. 3.24 Variation of tensile strength of FRP composites with hardness of rubber mold used in
RPM [19]
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Similarly, the average value of tensile elastic modulus of FRP specimens made by
conventional method is 14.2 GPa, whereas the average value of tensile elastic
modulus of FRP specimens prepared by RPM using natural rubber with different
carbon black content is 15.3, 16.5, 16.0, 16.5, 16.8, and 18.1 GPa for 0, 15, 30, 45,
60, and 75 phr carbon black loading, respectively. It is noticed from Table 3.8 and
Fig. 3.25 that the elastic tensile modulus of specimens prepared by RPM using
natural rubber also gives marginally higher value than that of the specimens prepared
by conventional method. Similarly the higher tensile modulus of FRP component in
RPM is due to the higher volume percent of fiber (Table 3.8) and less voids in the
component.

ILFT is an important design parameter, which should be considered when char-
acterizing a composite laminate. The laminated composites are prone to delamina-
tion when subjected to impact loading. The delamination occurs due to low ILFT.
Also, the defects like microcracks, inclusions, voids, etc. tend to grow in an
interlaminar mode [20]. The average value of GIC (ILFT) for the specimen made
by conventional method with volume percent of fiber 49 % is 1090 J/m2. The
average value of GIC (ILFT) for the specimen made by RPM using natural rubber
with different carbon black content is 1132, 1187, 1293, 1289, 1325, and 1060 J/m2

for carbon black content of 0, 15, 30, 45, 60, and 75 phr, respectively (Table 3.9).
A graph showing the variation of ILFT of composite laminate made by RPM with

an increase of hardness of rubber mold is shown in Fig. 3.26. It increases with
increasing carbon black loading of 30 phr (69 shore A hardness) and then attains an
almost constant value of 1293 to 1325 J/m2 in the loading of 30–60 phr (69–79 shore
A hardness). After that it again decreases to 1060 J/m2 for the vulcanizate of 75 phr
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Fig. 3.25 Variation of tensile elastic modulus of FRP composites with hardness of rubber mold
used in RPM [19]
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loading (85 shore A). ILFT also confirms that the optimum level of carbon
black loading in the rubber mold should be within the range of 30–60 phr (69–79,
i.e., 70–80 shore A hardness), and the FRP component made by RPM is better than
that made by the conventional process.

ILSS is an important material property for the design of laminated composite
structures subjected to transverse loading, which are likely to fail by delamination
under shear stress conditions [21]. The failure mode of composite is shown in
Fig. 3.23a. It is a brittle failure rather than delamination (Fig. 3.23b). Similarly the
failure strength is denoted by crushed strength and the value is given in Table 3.10.
Again the author would like to mention that this does not represent the crushing strength
of the material in its true sense, but is used here to get an idea of the material strength in
the particular mode of failure (i.e., crushing) in the short beam test specimen. The
variation of crushed strength of composites made by RPM with hardness of rubber
mold used in RPM is also shown in Fig. 3.27. A similar trend as observed in ILFT is
also observed here, i.e., it increases with increasing hardness of rubber mold, i.e.,
carbon black loading in the rubber mold and attains a plateau value in the range of
30–60 phr (69–79 shore A hardness) and after that decreases with loading of filler or
hardness of rubber mold. Crushed strength also suggests the optimum loading of carbon
black for the rubber mold in the range of 30–60 phr (or hardness of rubber mold in
between 70 and 80 shore A). FRP components made by RPM using 30–60 phr loading
of carbon black show good tensile strength, tensile elastic modulus, ILFT, and volume
percent of fiber and with less void and standard deviation. However, it shows lower
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crushed strength. This may be due to the higher volume percent of fiber, which is
responsible for higher shear stress concentration in the FRP laminates.

Successive Laminate Preparation from the Same Rubber Mold

In RPM, the same set of rubber mold and hard mold is to be used to prepare many
components. It is of interest to study the variation of surface roughness if the same
rubber mold is used successively. The roughness of the rubber mold surface and FRP
laminates is determined after each laminate preparation. The variation of Ra values
of rubber molds after making successive laminates is plotted in Fig. 3.28a for 0, 15,
30, 45, and 60 phr carbon black loading rubber molds, respectively (formulation no.:
A0, A15, A30, A45, A60). Figure 3.28b shows the variation of Ra values of rubber
molds after making successive laminates for 75, 90, 105, and 120 phr carbon black
loading (formulation no.: A75, A90, A105, and A120).

Hundred specimens are made in each case to see the effect of multiple laminate
preparations from the same rubber mold. The virgin rubber surface is having a small
value of Ra and varies from 0.45 to 0.64 μm, but after 3–4 laminate preparations, the
values are stabilized. However, the roughness values are so small and the variation of
roughness is confined mostly in the range 0.45 and 1.17 μm.

It is thus concluded that surface roughness of rubber mold does not deteriorate
when multiple laminates are prepared from a single rubber mold. This is true for all
combinations of carbon black and natural rubber, which are used in this
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experimentation. Even after making of 100 FRP laminates, the change of surface
roughness of rubber mold is less than 25 % with respect to the virgin rubber mold.

Figure 3.29 shows the variation of surface roughness of FRP laminate from the
same rubber mold. The study is carried out for various loading of carbon black.
Representative plots for formulation no.: A0, A30, A45, A60, A90, and A120 are
shown in Fig. 3.29. It is clear that there is not much variation in the surface roughness
of laminates when these are prepared from the same rubber mold. Values are stabilized
after 3rd to 4th laminate. The surface roughness of both rubber mold and the laminates
did not deteriorate when multiple laminates are prepared from a single rubber mold.
The results are encouraging for repeated use of the rubber mold in the RPM.

Concluding Remarks

The newly developed FRP manufacturing method known as rubber pressure molding
(RPM) is evaluated based on physical and mechanical characterization of FRP com-
ponents made by it. Theoretical analysis using ANSYS software indicates that there is
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uniform pressure distribution over the surface of FRP component as compared to
conventional compression molding technique. The burn test and SEM results show
that there is uniform fiber distribution and less voids are present in case of FRP products
made by RPM. Mechanical properties like ILFT, ILSS, Young’s modulus, tensile
strength, and percentage elongation at break also indicate the improvement due to
better pressure transmission and uniform distribution over the area of FRP component.
Four types of rubber (silicone, natural, polybutadiene, and butyl) were tried for making
rubber punch, and two resin systems (epoxy and polyester) were used for manufactur-
ing composites. Hardness of rubber punch also plays an important role on the quality of
FRP, and hence experimentationwas done tofind optimum value for rubber hardness in
case of natural rubber. Rubber hardness was varied by varying the filler content, and it
was found that FRP components made by RPM using 30–60 phr loading of carbon
black show good tensile strength, tensile elastic modulus, interlaminar fracture tough-
ness, volume percent of fiber, and less void content. It was also found that surface
roughness of rubber mold does not deteriorate when multiple laminates are prepared
from a single rubber mold. This proves that newly developed RPM has great potential
for low cost manufacturing of good quality FRP products.

Acknowledgment The authors acknowledge the financial support provided by the Indian Space
Research Organization, India, for carrying out this work.
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Abstract
The new generation demands advanced materials that fulfills today’s commercial
applications. Functionally graded materials (FGMs) are the modern, emerging
materials that meet the current needs of our society. This chapter presents the
classification of FGMs based on various domains. It also highlights the present
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status of various processing methods adopted to fabricate these FGMs and their
characterizations. The possible areas of applications of FGMs are also briefed.

Keywords
Functionally graded material • Processing • Composites • Classification • Char-
acterization • Thin films • Applications

Introduction

Functionally graded materials (FGMs) are the composites wherein the compositions
of two or more components vary continuously or in a stepwise manner to optimize
the performance of material for a specific application. In 1972 only, the importance
of functionally graded composites (FGCs) has been accredited, but the lack of
availability of processing techniques for these FGMs could not turn out into a reality
[1, 2]. It took nearly 30 years for the development of different processing methods
for these materials [3, 4].

Consider an example of metal–ceramic functionally graded material (FGM).
Herein, the toughness, electrical conductivity, and machinability of a metal are
combined with the low density, high strength, high stiffness, and high-temperature
resistance of ceramics. When considered either of metal or ceramic separately, these
contradictory properties cannot be brought into a single material.

But, if the concentration of ceramic is allowed to change in the metal matrix along
one direction, say thickness – composition, microstructure, and hence properties will
vary continuously with position (Fig. 4.1) [4]. The brittleness of ceramic will be
removed and the metal becomes lighter and stiffer. This will make the material
genuinely useful. Now, this material is hard but would not break; it will conduct
electricity but can withstand high temperatures. The demand for such materials comes
from the automotive (lightweight and strong materials would increase fuel efficiency),
electronics, telecommunications, aerospace, and defense industries. FGMs are a cate-
gory of relatively recent and promising materials, where the engineer gradually varies

Ceramic Metal

Strength, 
hardness, 
high 
temperature 
withstanding 
capability 

Fracture 
toughness, 
duc�lity,
thermal and 
electrical  
conduc�vity

Fig. 4.1 Metal–ceramic-
based functionally graded
composite
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thematerial functionality throughout the structure. Compositional gradient brings in the
improvement of properties of the isotropic materials when compared with the same
average composition of the components [5, 6]. FGMs can be either artificial or natural.
Human teeth, animal bones, and bamboo are the natural FGMs. In a typical bone
section, one can observe the reduction in the volume fraction and the size of porosity
from inner to the outer surface (Fig. 4.2) [7]. Similarly, the volume fraction of vascular
bundles of cellulose increases and the size decreases from inner to the outer surface,
respectively (Fig. 4.3). The effective elastic modulus varies continuously in the radial
direction due to the graded distribution of the vascular bundles of cellulose.

The parameters that can be varied are volume fractions, shape and size of the
reinforcing fillers, angle of lamination, diameter, orientation, distribution of coating
or chemical composition of fibers, porosity, etc. (Fig. 4.4). Gradations can be made
in several directions, i.e., in-plane and/or out-of-plane grading of facings of sand-
wich panels [8].

Classification of Functionally Graded Materials

General Classification

Depending on the composition/microstructure that varies either continuously or in a
stepwise manner over a definable geometric orientation, FGMs can be classified into
(a) continuously graded and (b) stepwise-graded materials as shown in Fig. 4.5. In
case of continuously graded structure, the change in composition, microstructure,
and hence in the properties occurs with position. On the other hand, stepwise-graded
materials give rise to a multilayered structure with an interface present between the

Fig. 4.2 Gradation in a cross
section of an animal bone [7]
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adjacent discrete layers. Various processes have been explored that produce these
types of FGMs. These can also be categorized into two domains – thin FGMs and
volume FGMs. In general, thin-sectioned or surface-coated FGMs are developed
using physical vapor deposition (PVD), chemical vapor deposition (CVD), or
plasma spraying technique. The volume FGMs produce three-dimensional-graded
component, and the processing techniques used are powder metallurgy, centrifugal
casting, solid freeform fabrication methods, etc. [11, 12]. The vapor deposition
techniques can process the graded material having composition gradients at the
nanometer level.

Classification Based on Processing Routes

The preparation of FGMs can be divided into two main steps: (a) formation of
gradation (processing of FGMs) and (b) consolidation into a bulk, monolithic
material without disruption of gradation (Fig. 4.6). In metal–ceramic FGMs,
sintering or solidification follows the gradation step, whereas in thermoset polymeric
FGMs, curing of the polymer matrix (thermoset) is done during/after the formation
of gradation. The processing techniques are chosen in such a way that the formed
gradient should not destroy or alter during consolidation. The processing techniques
that make the gradation possible are further classified into three different categories,
namely, constitutive, homogenizing, and segregating processes. Constitutive process

Fig. 4.3 Microstructure of functionally graded bamboo fiber [9]
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Fig. 4.4 Gradation of (a) volume fraction, (b) shape, (c) orientation, and (d) size [10]

a b

Fig. 4.5 (a) Continuously graded and (b) stepwise-graded materials
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forms the stepwise buildup of the graded component, while the other two processes
make the continuous gradation in the structure by material transport. In constitutive
process, the FGM is constructed with “layer-by-layer” technique. These techniques
are also called constructive processes as gradients are literally constructed in space.

In homogenizing and segregation processes, the gradients within a component are
dependent on natural transport phenomena such as the flow of fluid, diffusion of
atomic species, or conduction of heat. Homogenizing process converts the sharp
interface between the phases into a gradient by mass transfer, whereas the segregat-
ing process requires an external field (e.g., electric, magnetic, gravitational, etc.) to
convert the macroscopically homogeneous composite into a graded composite.
Homogenizing and segregating processes produce continuous gradients.

Powder metallurgy, a constitutive process (stepwise variation in composition), is
a well-accomplished route to produce graded materials. Formation of green compo-
nents and sintering with or without pressure, which assist hot consolidation, are the
two important steps in this route. This route adopts the following processing
sequence:

(a) Powder preparation
(b) Weighing and mixing of the powder as per the spatial distribution requirement
(c) Stacking and ramming of the premixed powders
(d) Sintering (pressure-assisted hot consolidation, if possible)

Powder preparation is possible through chemical reactions, electrolytic deposi-
tion, grinding, or pulverization (comminution). These techniques allow the mass

Forma�on 
of

grada�on

Consolida�on

Cons�tu�ve
processes

Homogenizing
processes

Segrega�ng
processes

Func�onally 
graded

component

Controlled
segrega�on

Controlled
blending

Processing route for 
FGMs

Fig. 4.6 A block diagram showing a general route for preparation of FGMs
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production of powder with controlled size [13]. Herein, the gradient of the volume
fraction of phases of a multiphase material can be carried out. A combination of
phases can be metal–metal, metal–ceramic, or ceramic–ceramic. Even the
gradients of pore size can be obtained by employing the variation of particle size
in the compact direction [14]. With powder metallurgy route, the powder
components can be prepared with continuous as well as stepwise changes in the
mixture.

Sintering is a processing technique used, where appreciable diffusion mass
transport is required. It is possible to produce density-controlled materials and
components from metal–ceramic powders by applying thermal energy, usually
executed at elevated temperature of T > 0.5Tm. Successful sintering usually results
in a dense polycrystalline solid. During the sintering process, densification (the
process of removing porosity) and grain growth (the average grain size increases)
are two basic phenomena that occurred at the microstructure level. Sintering states
are classified as:

(a) Solid-state sintering: Powder compact is densified wholly in solid state at
sintering temperature. Herein, material transport mechanism is diffusion.

(b) Liquid state sintering: A liquid phase is present in the powder compact during
sintering. Herein, material transport mechanism is “liquid flow.”

In powder processing step, focus is given on the precision in weighing amounts
and its dispersion. During sintering, the atmospheric condition is maintained appro-
priately as this high-temperature process is more sensitive to its surrounding.
Sintering (consolidation) behavior depends on particle size and shape, composition
of the powder, porosity, etc. Hence, problems must be handled based on the existing
knowledge of the sintering mechanisms. If different temperature regions are required
for densification, then the processing through liquid phase sintering, spark plasma
sintering, and laser assisted sintering are suggested [15–17].

Powder Metallurgy technique gives the stepwise variation in the composition of
the structure [18]. For continuous gradation of the composition, centrifugal methods
(segregating processes) are employed. Through powder metallurgy route, porosity
gradient, gradients of the concentration of one of the phases, and the gradient in the
chemical composition of the single phase material are possible [19]. Porosity gradi-
ents can be made by depositing the powder mixture of different particle shapes. Pore
size gradation can also be made by varying the particle size along the thickness
[20]. Most of the published papers in the literature describe the gradient of volume
phases in the material.

Powder can be deposited in the die, and preparation of graded powder compacts
with stepwise as well as continuous changes in the mixture is possible. The
processing methods making stepwise changes are constitutive processes of die
compaction method, sheet lamination, slurry dipping, and solid freeform fabrication
processes. Continuous gradation can be made (segregating processes) through
centrifugal sedimentation, gravity sedimentation, centrifugal powder forming,
eletrophoretic deposition, slip casting, etc. [21–25].
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Formation of gradation becomes simpler with melt-processing techniques as the
transport of the filler in melt is easy. Consolidation subsequently happens followed
by gradation. The processes like centrifugal casting, sedimentation casting, direc-
tional solidification, and infiltration processing are the popular processing methods
employed in general, where mostly metal is used as one of the constituents in making
the gradation [26–28]. Yi et al. have manufactured calcium hexaluminate (CA6)/
spinel–alumina (MA–A)-graded composites via infiltration technique (Fig. 4.7) [28].

An example of natural transport phenomena is centrifugal method. FGMs are
fabricated under a centrifugal force to produce continuous gradation in the compo-
nent. With the application of centrifugal force, processing methods are classified into
three classes as shown in Fig. 4.8 [29]. These are – centrifugal method (application
of centrifugal casting), centrifugal slurry method (centrifugal sedimentation), and
centrifugal pressurization method [30, 31]. In case of centrifugal method, a centrif-
ugal force is applied to molten metal dispersed with hard ceramic particles, forming
the desired gradation. Difference in the centrifugal force on molten metal and solid
particles due to their density difference forms the gradation in the composition. In
contrast, a centrifugal force is applied on the slurry containing high-velocity particles
and low-velocity particles during the fabrication of FGMs by the centrifugal slurry
method [30]. After complete sedimentation, the liquid part of the slurry will be
removed, and therefore, it will no longer be the part of FGM. Centrifugal force is
only used for simple pressurization in case of centrifugal pressurization method. In
this method, compositional gradation should be formed prior to the application of
centrifugal force [32, 33].

Watanabe et al. have fabricated a nanoparticle distributed FGM (Cu/SiC and
Al/TiO2) employing centrifugal mixed-powder processing technique as shown in
Fig. 4.9. One can see the stepwise procedure followed during processing: a pow-
dered mixture is first inserted into a spinning mold (a), metal matrix ingot melted and

Fig. 4.7 Schematic of infiltration process [28]
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that molten metal is poured with the powder mixture into the spinning mold (b),
molten metal matrix getting penetrated into the space between the particles due to the
centrifugal force (c), and at the same time, the metal matrix powder is getting melted
by the heat from molten matrix poured from the container, and finally an FGM ring
with functional nanoparticle distributed on its surface can be obtained (e).

Gravity sedimentation, electrophoretic deposition, pressure infiltration, etc. are
the few processes that make the continuous changes in the mixture (either homog-
enizing or segregating processes), whereas the processes like die compaction, sheet
lamination, and various computer-controlled solid freeform fabrication processes are
the examples that produce the graded components with discrete/stepwise changes in
the mixture (constitutive processes). In electrophoretic deposition, the colloidal
particles suspended in a liquid migrate under the influence of an electric field and
get deposited onto an electrode (Fig. 4.10). This technique includes nearly all
material classes such as polymers, pigments, ceramics, and metals too.

Fig. 4.8 FGMs with three types of fabrication methods under centrifugal force. (a) Centrifugal
method, (b) centrifugal slurry method, and (c) centrifugal pressurization method [29]
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Fig. 4.9 Al/TiO2 functionally graded material made by centrifugal mixed-powder processing
method [26]
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Based on the Quality of Gradation Produced

Depending on the processing techniques that produce the functionally graded parts
(Fig. 4.11) and the quality of gradation produced, they can also be classified into
controlled segregation and controlled blending techniques.

Controlled Segregation
In controlled segregation, the action of gravity on the density difference of the
powder components is the main driving force for gradation. As the segregation
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Fig. 4.11 Comparison of controlled segregation and controlled blending
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rates strongly depend on the particle size and morphology of the powder, the
processes involved under this category are a bit of time consuming with poor
gradient control. Most of the bulk FGMs employ segregation approach, e.g., sedi-
mentation forming, slip casting, centrifugal casting, and thixotropic casting.

Controlled Blending
In controlled blending, the mixing components are blended either before or during
forming, and the mixing ratio is continuously varied from 100% component A
through to 100 % component B.

This approach avoids the earlier system-dependent issues of powder density and
gravitational settling mechanisms and offers a unique advantage of being able to
produce precisely controllable functionally graded components. Controlled blending
also enables very rapid processing rates. Because of precise control over gradation
and rapid processing rates, controlled blending is widely used in making functionally
graded thin films. The processing techniques that are generally used for producing
functionally graded thin films are thermal spraying (blended powder feed), vapor
deposition (CVD/PVD blended gas feed), electrophoretic deposition (blended slur-
ries), filter pressing (blended slurries), blended spray drying, etc. [34–38].

Classification Based on the Size of Gradation

Based on the size/thickness of gradation, FGMs can be classified into the following
domains.

Functionally Graded Thin Films
Functionally graded coating and developed interface assist in reducing thermal and
residual stresses as well as inhibit crack propagation. The graded coats are used to
connect two different materials with eliminated stress singularity.

Sputter deposition and physical and chemical vapor deposition techniques are
being explored to process functionally graded films [39]. These films have already
captured energy, heavy machinery, and aircraft sectors, which demand for high-
performance materials that can withstand severe conditions [40–42]. These surface
deposition methods are used to deposit functionally graded thin surface coatings
only. They are energy intensive and produce poisonous gases as by-products
[43]. Other methods used in producing the functionally graded thin films include
plasma spraying, electrode deposition, electrophoretic, ion beam-assisted deposi-
tion, etc. Plasma spray processing offers a flexible and economic route for producing
FGMs. In plasma spraying, a deposited layer is formed through the sequential
buildup of splats. The processing employs either a single torch system – utilizing
multiple feeders and blended or multiple torch system – with independent feeding
systems for each component. Plasma spraying is used for many years to apply
layered and graded deposits to enhance the durability of thick ceramic thermal
barrier coatings (TBCs) used in gas turbines/diesel engines [41, 42]. General thermal
barrier coating of ceramic layer on the metal matrix cannot serve the purpose. In
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severe conditions, at the interface of the phases, crack initiates and the outer ceramic
layer chips off (spalling) exposing the metal to high-temperature atmosphere
(Fig. 4.12). High stresses develop at the interface due to mismatch of thermal
expansion coefficients of the metal and ceramic components leading to the failure
of the composite. These functionally graded coatings minimize the mismatch of
coefficients of thermal expansion of the base (metal) and coat (ceramic) material and
prolong the service life of the coat. These graded coatings are also effectively used
on afterburners, combustors, stationary vanes, etc. In the recent years, the concept of
FGM is galloping to other research areas like thermoelectric, photoelectric, and
nuclear energy conversion materials [44–49]. All these aforementioned processes
are not used for producing volume FGMs as they are energy intensive and
uneconomical.

Three-Dimensional Functionally Graded Components
Recent advancements in fabrication processes of metal-/ceramic-based FGMs are
now making it possible to develop new technologies that have been previously
relegated to the province of our imagination. In ceramic- and metal-based FGMs,
lots of processing methods that developed earlier are available with slight modifi-
cations. Few examples include thermal spraying, powder metallurgy, coating pro-
cess, melt processing, etc. with certain advantages and disadvantages of each
technique. One of the major drawbacks associated with experimental studies is the
preparation of FGMs having large-scale gradation.

Presently, there is hardly any reliable and inexpensive processing technique for
producing FGMs that allows bulk production of large parts. Traditional processing
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Fig. 4.12 Stress variation along the cross section of (a) conventional thermal barrier coating and
(b) functionally graded coating material
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routes like powder metallurgy, vapor deposition, solidification processing, etc. are
costly. Of these, gravity and centrifugal casting look more economic and attractive
[45]. In centrifugal casting, the gradation in the material composition is produced
due to the difference in material densities and the spinning of mold [26]. But these
techniques are segregation controlled and hence time consuming with poor gradation
control. Another disadvantage is that it can manufacture axisymmetrical components
only. To overcome these manufacturing problems, researchers started looking for
other manufacturing methods.

Solid freeform fabrication (SFF) is a designation for a group of techniques that
manufactures a three-dimensional layered (functionally graded) component
employing a computer-aided design (CAD) data. These processes come under the
controlled blending category. It has also been referred to as rapid prototyping (RP),
computer-automated manufacturing, or additive manufacturing. A unique character-
istic of solid freeform fabrication is its direct manufacturing capability. It does not
require tooling, fixturing, and other unnecessary peripheral activities that are gener-
ally associated with conventional processes [46]. It offers many advantages like
higher speed of production, maximum material usage, ability to produce intricate-
shaped components, less energy intensive, and design freedom as parts are
manufactured directly from CAD data. The basic operation of any SFF system
consists of slicing a three-dimensional computer model into thin cross sections,
translating the result into two-dimensional position information, and using this data
to control the placement of solid material. Few important processing methods are -
stereolithography, three-dimensional printing, selective laser sintering, selective
laser melting, laminated object manufacturing, fused deposition modeling, etc. [50,
51].

Stereolithography uses an UV laser to build up the successive layer of a three-
dimensional object in a vat of photopolymer. At every buildup of the layers, the
platform lowers down and rewets the surface of the object (Fig. 4.13). This rewetted
surface is cured by the UV laser that moves and cures the portion that is the part of
the object. This process continues till the object is manufactured completely. The
material used for stereolithography is photopolymers. This is one of the disadvan-
tages of this process.

Similarly, direct laser melting (DLM) is a process that manufactures three-
dimensional component layer wise by melting the metal powder with laser scanning
(Fig. 4.14). DLM process mainly consists of a laser beam, powder delivery system,
building platform, and process-control computer system. It adopts the following
procedure:

(i) A layer of metal powder placed on the platform (using a layering bar).
(ii) The powder layer is melted (with the laser beam) to bond it with the previously

solidified part present underneath.
(iii) The platform is lowered by one layer thickness for the next powder layering and

laser melting (in the same way as in stereolithography). Han et al. have
manufactured gear having functionally graded properties using the same
DLM method (Fig. 4.15) [51].
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The processing techniques developed for making three-dimensional products
(solid freeform fabrication techniques) are not yet competent with the traditional
composite materials. Mass production of these components by economic means
veritably requires an expedient alternative. Another concern is a poor surface finish
that makes compulsory to carry out the secondary finishing operation.

Based on the Phases Involved in the Processing

Based on the phases involved in the making of FGMs, they can be classified into:

(i) Metal-based FGMs
(ii) Ceramic-based FGM
(iii) Polymer–metal FGM

As discussed earlier, many processing methods developed earlier are used for
manufacturing of ceramic- and metal-based FGMs with slight modifications (in the
existing method). Most of the methods that produce ceramic and metal FGMs are
discussed in earlier sections. Constructive/constitutive manufacturing processes like
powder metallurgy, lamination, coating, etc. as well as the transport-based
processes like thermal diffusion, melt infiltration, centrifugal separation, etc. are
mostly used to metal and ceramic FGMs. Furthermore, most of the constructive
manufacturing processes mentioned earlier are the batch processes that generally
result in discrete interfaces. These discrete interfaces act as stress concentrators and
are often weaker than the matrix and can lead to the structural failure of the graded
component [47].

Fig. 4.15 Schematic of gear fabrication technique. (a) Layer fabrication, (b) layer-by-layer
fabrication [51]
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Polymer-Based Functionally Graded Materials
Unfortunately, there were hardly any methods available till the late 1990s that were
capable of producing polymer-based FGMs. Polymers are soft with poor wear and
impact resistance and poor stiffness (maximum Young’s modulus ~5 GPa). The
gradations in these polymers are intended to allow enhanced properties of either of
these. In polymer-based FGMs, the cognizance of different processing methods for
producing FGMs is very limited as compared to ceramic- and metal-based systems
[48]. Nonavailability of standard processing techniques is one of the main hurdles to
explore the applicability of polymeric FGMs in diversified areas. Polymers with
porosity gradient in the polyurethane foams show an increased impact strength
[52]. By now, i.e., 2015, the polymers have been graded in the form of graded
interpenetrating polymer networks, graded biodegradable polyesters, graded index
polymer thin films and fibers and micro-lenses, centrifuging prior to polymerization,
graded fiber with lamination technique, etc. [53–59]. There is scarcely any work
sufficed except those related to biomedical and optical fields [49, 60–63]. In the
recent past, researchers have attempted to make the gradation of properties in poly-
mers like wear resistance, toughness, hardness, impact resistance, etc. employing
either lamination or centrifuging techniques [35, 47, 64–67].

Kikutani has taken the concept of structure from natural bamboo to prepare the
liquid crystalline polymeric fibers, the diameter and stacking density of which have
been gradually increased along one direction in a thermoplastic matrix [61]. The
design of the bone that changes from stiff, dense external part to a porous internal
structure shows the adaptation of gradation in the living tissue. Pompe et al. have
presented different routes for producing graded materials for orthopedic implants of
the shoulder and knee joint replacement [49]. Using the concept of metal–ceramic
FGMs, Liu et al. have prepared epoxy–polyurethane FGM for thermal protection
system like hot substance transport pipes that operate in nonuniform temperature
fields [62]. Variation in the molecular weight, i.e., polydispersity index, alters the
properties of the polymers. For multiphase polymers like multiblock copolymers,
blends, etc., morphology can be altered by varying the processing conditions. Xie
et al. have made the gradation in the phase structure of polypropylene/EVA
(ethylene-(vinyl acetate)) blend during annealing process [63]. The effect of grada-
tion of crystalline phase on the semicrystalline polymers has been analyzed by
Akiyama [68]. Butcher et al. have created functionally graded epoxy with a grada-
tion of soda–lime glass microspheres employing a gravity casting technique to study
the failure of the material at the graded interface [69]. Functionally graded polymer
electrolytes have been produced by Ogumi et al. by using plasma polymerization
technique [70]. The microstructure of sintered (liquid crystalline copolyesters)
Vectran fibers has been varied by changing the processing temperature along one
direction to improve the ability to absorb impact energy [71]. Homogeneous,
non-isotropic microstructural end, resulting from the lesser sintering temperature,
has shown much higher absorption of impact energy when put at the impact side.
Parmeswaran and Shukla have developed a continuous FGM using epoxy resin and
cenospheres employing buoyancy-assisted casting process [64]. They have observed
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the enhancement in the quasi-static and dynamic modulus and the drop in the
material density in the direction of increasing cenosphere volume fraction. The
elastic and fracture properties of cenosphere-graded epoxy resin are studied by
Shukla and Jain using dynamic photoelasticity in conjunction with high-speed
photography [65]. The use of thermally sprayed functionally graded coatings of
WC–Co on the polyimide matrix to improve the erosion and oxidation resistance of
polymer matrix composites is studied by Ivosevic [66]. Fukui et al. have carried out a
simulative experiment to see the effects of gradient distribution of the components
on the fracture behavior in a corundum/plaster composite system [67]. The general
fracture behavior of a stepped and continuously graded material under flexural
loading has been investigated by Tilbrook et al. via finite element analysis [72].

Very few methods have been suggested for forming functionally graded polymer
composites (FGPCs). One of the techniques employs stacking of the layers by
lamination technique. Uhlig et al. have modified brittle polyisocyanurate resins by
a rubber modifier and have made them useful in structural applications [73]. Higher
modifier contents improve the toughness, but the high-temperature withstanding
ability and resistance to water absorption decrease. They have graded the modifier
content along with the gradients in the fiber density and orientation by lamination of
a stack glass fiber prepregs, each lamina containing differently modified resin.
Polymers can be reinforced with long fibers and gradation can be made by varying
the orientation as well as by changing the composition of the fibers [74]. Polypro-
pylene composites with continuous gradation of glass–fiber–mat content have been
manufactured by Lee and Jang [75]. They have used lamination technique with each
layer containing different amount of glass fiber in the mat. Higher impact energy and
flexural strength have been reported when the face of the sample with high fiber
content is loaded in comparison to their isotropic composite counterparts. On the
other hand, they also have observed the drop in these properties when low fiber
content side took the load. Ikeda has prepared the functionally graded
styrene–butadiene rubber (SBR) vulcanizates with gradation of network chain
density along the thickness direction by lamination technique and compared them
with homogeneous compounding sheets [76]. To control the bending actuation for
smart structures, the graded distribution of SMA (shape memory alloy) wires in
polyurethanes has been made by Bruck et al. using a lamination technique [77]. The
other technique avails centrifugal force as a fundamental variable parameter in
gradation of one of the phases. In polymer composites, Lee et al. have developed a
continuous gradient of fiber distribution in epoxy–carbon fiber system with the
application of the centrifugal force [78]. It is reported that for a given amount of
fiber, the flexural strength of the functionally graded composite with carbon fiber-
rich surface taking up the load is higher than the conventional isotropic material. The
gradation effect employing SiC particles and glass fibers as the reinforcing materials
has been studied by Klingshirn et al. by centrifuging prior to polymerization
[79]. They have observed that the filler concentration after centrifugation in the
outer portions of the specimen increases up to 27 % for the glass fibers and up to
45 % for SiC particles, for an average filler content of 20 %. By controlling the
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centrifuging parameters, Krumova et al. have successfully varied the hardness value
from 210 to 640 MPa over the sample length by continuous gradation of SiC in
epoxy resin matrix [35]. Ohgaki and Yamashita have successfully reinforced
hydroxyapatite (HAp) by sedimentary HAp distributions on a PMMA matrix
using a centrifuge to achieve both the bending strength and flexibility of PMMA
and biocompatibility of HAp to avert stress convergence at the interface [65]. Tsotra
and Friedrich have used centrifugation technique to make the graded distributions of
short carbon fibers in epoxy resin/polyaniline blends to enhance the electrical
conductivity and mechanical properties [80]. The gradation can be made smooth
by adjusting the speed of rotation and viscosity of the resin.

Several researchers have tried to implement different methods to produce FGPCs
with new ideas. These methods include frontal polymerization, dissolution diffusion,
curing of the polymer matrix with UV irradiation, emulsion blending, coating, etc.
[81–84]. Recently Koide et al. have prepared compositionally graded polymeric
blends of PCL/PEO (poly(є-caprolactone)/polyethylene oxide) system by using
nonequilibrium self-organization processes with a uniaxial thermal gradient
(Bridgman method) (Fig. 4.16) [82]. A gradient in the solidification direction has
maintained, and PCL molecules have diffused from the solidification interface to the
liquid phase (liquid phase has PEO due to its higher crystallization temperature).

Liquid crystal devices with a refractive index distribution property are prepared
by Sato et al. They have cured the crystals with UV irradiation by maintaining a
nonuniform electric field [83].

High 
temperature

Low
temperature

Fig. 4.16 Schematic of compositionally graded polymer blends using uniaxial thermal gradient
(Bridgman method)
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Optical polymer devices such as microlens array and optical waveguides can be
prepared with gradation of refractive index. Lambros et al. have chosen poly(ethyl-
ene-co-(carbon monoxide)) to employ photodegradation technique (this polymer
easily degrades with UV irradiation) and controlled the gradation by varying the
UV irradiation time [84]. Abanto-Bueno and Lambros have manufactured a func-
tionally graded photosensitive polyethylene copolymer using UV irradiation and
studied its crack growth resistance behavior [85].

Various extrusion-based fabrication methods have been demonstrated for the
manufacture of graded extrudates [86, 87]. The principal methods are:

– Extrusion using co-extrusion dies [88–91]
– Hybrid extrusion and spiral winding method [92, 93]
– Hybrid twin-screw extrusion and electrospinning method [94–97]

All three methods are amenable to industrial scale-up and generate scaffolds, which
are reproducible in any geometry and properties. All three methods can be used with and
without solvents (dry versus wet extrusion methods) and used in the area of interface
tissue engineering, targeting regenerative medicine for the bone and cartilage repair
and regeneration. These methods possess the ability to introduce various ingredients of
the formulations in a time-dependent fashion into the extruder for the manufacture of
spatially (radially and axially) graded scaffolds [91, 93, 95, 97]. Leu et al. have
employed triple extruder for fabricating FGM. It involves the computer control of
flows of multiple aqueous pastes as shown in Fig. 4.17, mixing and extrusion of the
(mixed) paste to fabricate a three-dimensional component (layer-by-layer) according to
a CAD model (See Fig. 4.18)

Pojman has invented a new technique to prepare functionally graded polymers by
frontal polymerization [99]. It is a method for converting a monomer into a polymer
via localized reaction zone that propagates through the coupling of the heat released
by the polymerization reaction and thermal diffusion. An example of a material
making with distinct utility is an optical limiter wherein a gradient of nonlinear
optical dye is dissolved in a polymer matrix [100]. An optical limiter is a device that
strongly attenuates intense optical beams but allows high transmittance at low-level

Fig. 4.17 Triple extruder
mechanism design [98]
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light. Such a device would be very useful for protecting human eyes from intense
laser pulses. The process is tardy and can produce gradation not more than about
1 cm.

Additionally, several researchers have done work on graded materials having
interpenetrating polymer networks (IPNs) [73, 101, 102]. Danielsson et al. have
fused different core materials with interpenetrating polymer networks based on PVC
and polyurea in a precursor stage [103]. The cellular structure of foam has been kept
intact. They have shown that the layered foam–core materials improve sandwich
manufacturing process. Most of the work developed by these individuals involves
producing a gradient by diffusing one component into another pregelled component
followed by curing or producing a gradient in the polymer using a gradient of
illumination [104]. The diffusing method can require as much as 280 h for producing
a gradient over 10 μ. Using the absorption of light to produce a gradient is limited to
polymers with a thickness less than 1 mm. Hardly any of these techniques can be
used to produce gradients in polymers which are several centimeters in thickness.

Few techniques process the individual layers to make a graded stack. Solid
freeform fabrication (SFF) or ink-jet deposition (IJD) process has the advantage of
incorporating nano-reinforcements into a low viscosity resin matrix. This process
speedily photo-cures each successive layer to develop FGPCs. Making of graded
refractive index lenses (GRIN) with ceramic nano-phase dispersion is an example to
produce flat lenses instead of the traditional spherical lens geometry [105]. Conven-
tional manufacturing begins with a billet of material and machines away the material
not part of the desired object. Contrarily, the layered manufacturing system starts
with no material and produces only required material within the boundary of the
object. Typically the object is constructed, one planar layer at a time, with each
consecutive layer bonded to the preceding layers, starting from the bottom layer and
proceeding to the top layer. The thickness of each layer is a function of process
capability, the material, and the requirements of the final object. A major advantage
of this type of process is that it breaks down the object into thin layers, each of which
can be processed individually. The changes can be made from layer to layer and even

Fig. 4.18 Extrusion of pink- and green-colored CaCO3 pastes for tests with and without mixing [98]
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within each layer. The compositional and structural gradients can be introduced. SFF
is an ideal technique for meeting the needs of GRIN lens fabrication. The disadvan-
tage with this technique is the requirement of less viscous resin for uniform incor-
poration of the filler and is not applicable to the highly viscous systems like
elastomers.

Most of the processing techniques used to manufacture FGPCs are scarce of
either of the following points:

– Extending the gradation of phase/reinforcing particles to several centimeters.
– Competing with the uniformly dispersed composites when it comes to the mass

production of the graded components.
– Most of the processing techniques require specially designed equipments that

unfortunately raise the cost of fabrication of such graded materials.

A need for developing a simple, inexpensive technique that generally facilitates
polymer composite processing is highly demanded.

When it comes to the gradation of the filler in an elastomer matrix, one more
problem adds to the above listed difficulties, i.e., too high viscosity of the elastomers.
Actually, there are hardly few papers that have reported the gradation effects
employing an elastomer as a matrix medium even though automobiles, trains, and
aircraft rely on this charming material for safety and comfort. One really can find
enormous applications of rubber. Gallant et al. have manufactured the functionally
graded polymers with continuous gradation of reinforcing particles employing twin-
screw extrusion process [47]. They have developed this continuous processing
technique for viscoelastic energy absorption, control applications, sensing
applications, etc.

Characterization of Functionally Graded Composites

This section focuses more on the characterization techniques employed for
(i) metal–ceramic FGMs and (ii) polymer-based FGM.

Characterization of Metal–Ceramic Functionally Graded Materials

Metallic elements or alloy systems are, in general, reinforced with ceramic phase
(incorporated in the form of particles, flakes, or fibers) to enhance the stiffness,
hardness, wear resistance, creep and abrasion resistance, temperature withstanding
ability, and strength to density ratio compared with the base material properties. If
the reinforcements are coherent with the metal matrix, they will develop local strain
fields upon loading, which can impede the movement of dislocations, which in turn
enhance the aforementioned properties.

Microstructural analysis is required to understand the effect of graded dispersion
of ceramic phase into the metallic phase. Variation in the composition and structure
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over volume results in corresponding change in the properties of FGM. The density
of functionally graded component can be carried out using ISO standard 2738. The
porosity of the sintered and unsintered components can be determined by Archime-
des principle. The compacts are first weighed in air and then tied with string and
weighed while hanging in water. It is calculated by Eq. 4.1:

ρs ¼
ma þ ρw
ma þ mw

(4:1)

where ρs is the density of the sintered specimen (kg/m3), ρw is the density of water,
ma is the mass of the sample in air, and mw is the mass of the sample in water,
respectively. The porosity can be determined using Eq. 4.2:

E ¼ 1� ρs
ρt

(4:2)

where E = porosity (%) and ρt is the theoretical density (kg/m3), which is calculated
by measuring mass and volume (accurate dimensions) of the specimen.

Optical micrographs of the functionally graded composites can display the
variation in the dispersion of the ceramic phase. Kumar et al. have varied the SiC
content (from 0 to 40 wt%) in the Al matrix [106]. Figure 4.19a shows uninterrupted
grains with lesser porosity in between the grains as this layer is hardly containing

Fig. 4.19 Optical micrograph of (a) 0–5 % SiC, (b) 5–10 % SiC, (c) 10–20 % SiC, (d) 20–40 %
SiC [106]
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SiC particles. The layer (Fig. 4.19b) having SiC up to 10 wt% shows uniform
distribution of the hard phase SiC particles between the grains of Al. With further
increase in the wt. fraction of SiC to 40 % (Fig. 4.19d), one can see the clustering of
the carbide phase at the grain boundaries that is hindering the interparticle contacts
and densification.

Gandra et al. have prepared Al–SiC-graded composite coating [107]. Stacking
depositions with increasing SiC particle concentration is produced along the thick-
ness as shown in Fig. 4.20a. They have used image processing technique to analyze
the percentage of SiC fraction area along the coating thickness (Fig. 4.20b). It is
evidenced in the increase in the hardness profile (increasing from 70 HV for
depositions without particles to 110 HV at the coating surface) along the same
direction. Wear tests have revealed that SiC particles strengthen the coating resis-
tance to wear by impeding the dislocation movement within the plastic deformation
region of the Al alloy matrix.

Based on the frictional force and coefficient of friction, they are able to distin-
guish two wear stages. The stage of run-in period (lower friction forces) represents
abrasive wear and the other, steady-state wear stage (higher friction forces), repre-
sents adhesive wear mode. SEM micrographs show homogeneous wear track of a
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coating produced without hard phase (Fig. 4.21a, b with some signs of delamina-
tion). Figure 4.21c, d represents wear track. The use of SiC reinforcement results in
improved wear resistance.

Tian et al. have fabricated Ni–Ti multilayer thin films (representing unique
properties of shape memory effect and superplasticity) using Denton
d.c. magnetron sputtering system [108]. Transmission electron microscopy is used
to study the microstructure of the cross section of the film. Figure 4.22 shows the
bright field image consisting of seven distinct layers along thickness. They have
studied the SAD (selective area diffraction) patterns displaying the grains of BCC
lattice. The compositional analysis is carried out by electron energy loss spectros-
copy (EELS).

Tuskamoto has carried out nano- and micro-indentation studies of graded ZrO2/Ti
that can be applicable for biomedical applications [109]. The compositional varia-
tion is studied employing XRD pattern as shown in Fig. 4.23. Figure 4.23 a and b
shows the XRD patterns for the ZrO2 surface layer and Ti layer in the FGM parts,
respectively. XRD pattern for ZrO2 surface layer shows peaks for tetragonal crystal
structure and for Ti layer; most peaks for hexagonal Ti can be seen without any peak
for TiO2. It is observed that for ZrO2(0 mol% Y2O3)/Ti FGMs, most of the zirconia is

Fig. 4.21 Scanning electron microscopy of a coating wear track. (a) Friction Surfacing (FS)
coating (without SiC reinforcement), (b) evidence of delamination on the FS coating wear track
(without SiC reinforcement), (c) SiC-reinforced coating wear track, (d) detail of SiC-reinforced
coating with evidence of three-body abrasive wear [107]
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Fig. 4.22 Bright field image of a typical cross section of the film, the layer numbering starts from
the substrate (left side) [108]

Fig. 4.23 X-ray diffraction
pattern for ZrO2 surface and
Ti layer in FGM part. (a) ZrO2

surface, (b) Ti layer in the
FGM part [109]
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getting transformed during cooling process. Figure 4.24a displays the XRD pattern
showing tetragonal zirconia transforms to its monoclinic crystal structure. With
incorporation of yttria, zirconia gets stabilized and does not transform to its mono-
clinic structure as shown in Fig. 4.24b.

Characterization of Polymer-Based Functionally Graded Materials

Yuan et al. have prepared PMMA-graded microporous foams and used SEM to
characterize the morphology of the foam sample (Fig. 4.25) [110]. The foamed
specimens are freeze fractured in liquid nitrogen and the fracture surface is sputter
coated with gold.

Krumova et al. have carried out SEM and microhardness studies on SiC-graded
epoxy composites [6]. The gradient of SiC particles is obtained by centrifuging at
300 rpm for 10 min. The SEM images of the sample (parallel to the centrifugal force
direction, Fig. 4.26) help to reveal the particle volume content.

Fig. 4.24 X-ray diffraction
pattern for ZrO2 surface in the
ZrO2 (0 and 8 mol% Y2O3)/Ti
FGMs. (a) ZrO2(0 mol%
Y2O3)/Ti FGMs, (b)
ZrO2(8 mol% Y2O3)/Ti FGMs
[109]
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They have measured the microhardness at every 0.5–2 mm over the length of the
sample with a Vickers square-based diamond pyramid indenter. After the removal of
the test load, the Vickers microhardness HV, which shows the irreversible plastic
deformation only, is derived from the projected area of indentation as (Eq. 4.3):

HV ¼ 1:854 P
d2MPa

�
(4:3)

where P is the maximum load applied (N) and d (m) is the length of the impression
diagonal. The corresponding variation of Vickers hardness over the length of the
sample x is shown in Fig. 4.27.

Fig. 4.26 SEM micrograph
showing the gradation of SiC
particles in epoxy matrix [6]

Fig. 4.25 Morphology of graded microporous foams after saturating at 28 MPa and 50�C for 1 h
[110]

4 Functionally Graded Composites: Processing and Applications 145



The slope of the unloading curves during universal hardness measurements is
used as a measure of the elastic properties of the material. The load–displacement
curve of the microhardness test is conducted on an area with 23 vol.% SiC particles
(Fig. 4.28). The elastic modulus is derived using Eq. 4.4:

E ¼ Π

A

� �1=2

:
S

2
1� ν2
� �

(4:4)
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Fig. 4.27 Variation of Vickers hardness and SiC volume content along the centrifugal direction
(ω = 300 rpm) [6]

Fig. 4.28 Load displacement
curve registered during the
universal hardness
measurements on epoxy resin/
SiC FGM [6]
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where S = δP/δh is the initial unloading stiffness, A = 24.5 h2 is the projected area
of contact between indenter and sample, and ν is the Poisson’s ratio of the material.

Koide et al. have fabricated functionally graded polymer blends by uniaxial
thermal gradient (Bridgman) method [82]. One of the two different kinds of poly-
meric compositionally graded materials (PCL/TDP) system, the concentration of
TDP (4,40-thiodiphenol), decreases with solidification direction. From variable tem-
perature FT-IR measurements, it is observed that the hydrogen bonding between the
PCL (polycaprolactone) and TDP increases with decreasing temperature. The %
crystallinity of PCL (using differential scanning calorimetry, DSC) in the Bridgman
sample increases in the solidification direction.

Bafekrpour et al. have fabricated another functionally graded graphite/phenolic
nanocomposites using combined powder stacking and compression molding tech-
niques [111]. It is analyzed that the electrical and thermal properties of such
nanocomposites can be manipulated by changing the gradient patterns. They have
prepared four different graded patterns as shown in Fig. 4.29 and compared them
with nongraded nanocomposites. The graded nanocomposite with highest synthetic
graphite at the outermost layers and the lowest at the center displayed 97% improve-
ment in thermomechanical properties and the best creep recovery of 34.7% among
all graded patterns (Fig. 4.30).

The creep response of the graded nanocomposites is divided into four regions:
(i) sudden increase in the strain related to the elastic response of the samples,
(ii) nonlinear increase in the strain value in the transition region, (iii) linear increase
in the strain due to viscous flow, and (iv) recovery region. The neat phenolic
material, FGN-2, shows highest creep and the FGN-1 shows the lowest value of
creep.

The variation of CTE (coefficient of thermal expansion) across the thickness is
shown for all four graded patterns using measured CTE of individual layers
(Fig. 4.31). The variation in CTE values over the thickness induces thermal stresses

Fig. 4.29 Schematic illustration of the samples – (a) FGN-1, (b) FGN-2, (c) FGN-3, (d) FGN-4,
(e) NGN, and (f) phenolic [111]
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during cooling. In case of FGN-1 (Fig. 4.31a), CTE values increase as we go to the
core part of the component that results in developing thermal residual compressive
stresses. This prevents the delamination of the inner layers during tensile stresses and
increases the load-bearing capacity of the structure.

Ahankari et al. have prepared various stacks of carbon black (CB)-reinforced
natural rubber (NR) functionally graded polymer nanocomposites (FGPNCs) by
construction layer method [112]. Figure 4.32 shows SEM fractograph of 0-20-40-
60-80-100-graded structure (the numbers stand for phr (parts per hundred) values of
the CB and the sequence shows the stacking order of the layers). One can see, at
every layer interface, the fracture plane has changed. Stretching of the ligament ends
at the interface of 40 and 60 layers as shown in Fig. 4.32b. Stacking of the layers
might be leaving small tiny air pores, which are formed at the interface, are stretched,
and can be easily seen in Fig. 4.32b. Figure 4.32c shows the SEMmicrograph of side
surface after 100 % elongation of the sample. One can observe the formation of
corrugations/serrations (very large at the 100 phr end, and close/zero completely at
0 phr side).

The tensile stress–elongation curves corresponding to UDPNC and various
FGPNCs, employing an average 50 phr CB, are shown in Fig. 4.33 [112]. It reveals
that the roughness in the variation of CB (in 0-20-40-60-80-100-graded structure, the
step variation is of 20, and in 100-50-0-0-50-100, the step variation is of 50) in the
adjacent layers of the FGPNCs increases the modulus. Depending on the strength,
modulus, and surface properties required, design can be optimized and layers can be
stacked accordingly.

The enhancement of modulus in all FGPNCs is credited to the spatial variation of
filler in the matrix. It is shown that for any possible combination of stacking
sequences that govern the spatial or stepwise variation of filler demonstrates an
enhancement in the modulus. At 100 % elongation, modulus increment in FGPNCs

Fig. 4.32 SEM micrograph showing (a) fractured surface of 0-20-40-60-80-100 carbon black-
graded NR FGPNC, (b) micrograph at the interface of 40–60 layer, and (c) side surface of the
specimen elongated to 100 % of 0-20-40-60-80-100 carbon black-graded NR FGPNC [112]
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employing average 30 %, 40 %, and 50 phr is 35 %, 57 %, and 52 %, respectively
(Fig. 4.34).

Ahankari et al. also have made carbon black-reinforced natural rubber FGPNCs
(Fig. 4.35) [113]. Dynamic mechanical characterization has revealed that FGPNCs
show much higher storage modulus than the corresponding UDPNCs for any given
combination of stacking sequence (see Fig. 4.36). Loss tangent of FGPNCs is also
observed to be lesser when compared to UDPNCs leading to less hysteretic losses
followed by lesser heat buildup in the composite (not shown here). Hysteresis mea-
surements are also accorded with the results of dynamic mechanical characterization.

Ahankari et al. have varied the concentrations of sulfur and accelerator in the
nanocomposites of carbon black (CB)-filled SBR matrix to introduce the gradation
of the cross-link density [114]. These curatives are varied from 1 to 11 phr (per
hundred rubber) along the span of 3 mm thick sheet using the construction-based
layering method. Variation in the cross-link density is calculated using Flory–Rehner
equation (Eq. 4.5):

�ln 1� Vrð Þ � Vr � χV2
r ¼ 2Vsηswell V

1=3
r � 2Vr

f

� �
(4:5)

where Vr is the volume fraction of rubber in swollen gel, Vs is the molar volume
fraction of toluene, χ is the rubber–solvent interaction parameter (0.413), ηswell is the
cross-link density of rubber, and f is the functionality of the cross-links, respectively.
With increasing cross-link density along thickness (Fig. 4.37), hardness and modulus
increase, while the ultimate properties like tensile strength and elongation at break
decrease (not shown here).
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The dynamic mechanical analysis of CB-graded SBR nanocomposites (FGPNCs)
has shown the increment in the storage modulus than the UDPNCs employing the
same average amount of curatives (not shown here). The peak position of tan δmax

remains at the same temperature while the value mitigates in FGPNCs (Fig. 4.38). In
FGPNCs, tan δ peak displays the broadness in the transition region.
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Fig. 4.35 (a) Stacking of the layers containing increasing amounts of CB in NR. (b) Comparison
of FGPCs and UDPCs at a given thickness and filler loading [113]
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Gradation of the material property “glass transition temperature” is also brought in
the carbon black-reinforced SBR nanocomposite by varying the concentration of
process oil [115]. Glass transition temperature (Tg) of FGMs is varied from �56 �C
to �80 �C along the span of 3 mm thick sheet. Thermogravimetric analysis is carried
out to check decomposition of different ingredients in the vulcanizates. Differential
thermogravimetric (DTG) curves (Fig. 4.39) for the vulcanizates clearly reveal that
there are two different degradation zones. The first mass loss corresponds to the oil and
antioxidant decomposition with an onset at 155 �C. The second mass loss corresponds
to the decomposition of SBR. The onset of degradation of SBR employing higher
amounts of oil has shifted to higher temperature from 401 �C to 416 �C.

As the Tg is sensitive to the molecular interactions, measurement of the
transition temperature is used to determine the structural changes occurring in
the layers of FGMs. Carbon black hardly affects the Tg. DSC scans have shown
the shift in the Tg for different layers of FGMs employing various oil content. With
increasing oil concentration, the Tg decreases. With the variation of oil from 0 to
100 phr in the span of 3 mm thickness, the Tg decreases from �56 �C to �8 �C
(Fig. 4.40).
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Applications

The importance of FGMs was first realized in thermal applications. The
ceramic–metal-graded composites, in the 1980s, were considered in Japan, for
thermal barrier coatings protecting the space plane from high surface temperature
and withstanding high-temperature gradient. The FGMs have attracted
all-encompassing interest since then in diverse areas of mechanical and structural
engineering, dentistry, orthopedics, electronics, bioengineering, etc. The applica-
tions of FGMs have encompassed the following areas.

Biomedical Living tissues like bones and teeth are characterized as FGMs from
nature. To replace these tissues, a compatible material is needed that will serve the
purpose of the original bio-tissue. The ideal candidate for this application is func-
tionally graded material/composite. FGM has a wide range of applications in dental
and orthopedic implants for teeth and bone replacement [116]. FGMs are the trump
for the replacement of bones and joints. They not only provide biological compat-
ibility but also strength and corrosion resistance. For the manufacturing of scaffolds
for tissue engineering, the concept of gradation plays a primary role. Hydroxyapatite
and collagen are the principal components for such scaffolds [117]. At Center for
Nanoscale Materials and Biointegration lab, at the University of Alabama, Birming-
ham, Vohra and his team have successfully synthesized functionally graded scaffold
as shown in Fig. 4.41 [117].

Another application of FGMs is in biological prosthesis owing to the minimized
material mismatch, and when graded porosity is created, the bone can grow into it
and become an integral part of the prosthesis [118]. The functionally gradient nano-
hydroxyapatite-reinforced polyvinyl alcohol (nanoHA/PVA) gel biocomposites have
been a promising and excellent artificial articular cartilage repair material
[119]. Fibrocartilage is a significant complex hierarchical soft tissue that supports

Fig. 4.41 Functionally graded electrospun vascular graft scaffold [117]
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and constrains musculoskeletal joints. Sporting injuries, trauma, and degenerative
pathologies contribute to loss in fibrocartilage integrity. Functional gradients in
modulus and collagen are observed in this type of tissue and should ideally be
considered in scaffold design. Graded porous implants can be employed for
repairing bone–cartilage tissue (Fig. 4.42) [14].

The attachment of dissimilar materials is often a major engineering challenge
because of high levels of localized stresses develop at such interfaces. An example of
a biological system, where the properties abruptly change over a short distance, is a
tendon-to-bone insertion site. These two materials with huge mismatch in stiffness
(modulus of the bone is approximately 20 GPa and that of orthotropic tendon is
450 and 45 MPa, respectively) are connected through a short insertion of 1 mm
(in humans). The load is transferred through the insertion by collagen fibers with
mineral inclusions whose concentration varies from the mineral bone to tendon
where mineral is absent. The transfer of stress without stress concentration is
possible with two gradations, i.e., variation of mineral content from the bone to
tendon and a variable collagen fiber orientation. ZrO2/Ti functionally graded mate-
rial is appealing in both medical and aerospace industries. Having good biocompat-
ibility and non-toxicity, Ti can be of great interest in the medical field. ZrO2-
dispersed Ti matrix can be used for surgical implants [120].

Aerospace Actually, the concept of FGM has come up from aerospace industries.
The contradictory properties like thermal conductivity and thermal barrier property in
a component can be met with the concept of FGM. It enables the production of
lightweight, strong, and durable materials. In the recent past, functionally graded
coating is tried on the C–C composites to increase the oxidation resistance of these
materials at much higher temperatures [121]. Even the manufacturing of functionally
graded carbon–carbon is also attempted [122]. This material finds various applications
in aerospace industries such as for rocket nozzles, space shuttles, exit cones, nose-tip
of reentry vehicles, etc. [123]. Silicon carbide–carbon (SiC–C) and carbon–carbon

Fig. 4.42 Illustration
showing a graded porous
implant [14]
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(C–C) composites are widely used as protective shields on the outside of space reentry
vehicles and also in the combustion chamber components. It has been shown that
applying a graded SiC–C interlayer between a C–C component and a SiC coating
improves the lifetime of a space vehicle nose cone exposed to 1900 �C in an oxygen
atmosphere. Other examples include heat exchange panels, spacecraft truss structure,
reflectors, solar panels, camera housing, turbine wheels (operating above 40,000 rpm),
nose caps, and leading edge of missiles and space shuttle [124, 128]. Thermally
sprayed-graded coatings can enhance the properties of the coated parts, such as
thermal and wear resistance. Yttria-stabilized zirconia sprayed on the top of
NiCoCrAlY bond coat employed at various parts of aircraft engines [125]. Similarly,
WC–Co wear-resistant cermet-graded coat used on airplane landing gear parts.

Defense One of the most important characteristics of functionally graded material is
the ability to inhibit crack propagation. This property makes it useful in defense
application, as penetration-resistant materials used for armor plates and bulletproof
vests [126]. FGMs have been known to increase the level of ballistic protection, up to
20-folds, at a reduced weight. This can be achieved because the FGMs are made up of
an extremely hard surface layer (to absorb the energy of impact), a multilayered-
graded interface, and a tough metal backing that accommodates deformation after
ballistic impact [127]. Exhaust wash structure that separates exhaust gas from aircraft
structure for vehicles, which have internally exhausted engines, i.e., stealth aircraft and
UAVs with engines that do not exhaust directly to atmosphere. Hot, high-speed engine
exhaust gas flows over the top surface of exhaust wash structures which, in turn,
causes large deflections. An FGM patch applied to the underside of the exhaust wash
structure can be designed such that thermally induced deflection of the FGM patch is
in a direction opposite to the exhaust wash structure deflection. Ceramic–metal FGMs
are particularly suited for thermal barriers in space vehicles. FGMs have the added
advantage that the metal side can be bolted onto the airframe rather than bonded as are
the ceramic tiles used in the orbiter. Other possible uses include combustion chamber
insulation in ramjet or scramjet engines [128]. Metal–ceramic FGMs are also
employed in armor applications, where the hard ceramic frontal surface blunts the
projectile, whereas the metallic back surface precludes penetration [114].

Energy Thermoelectric power generator effectively utilizes garbage as an energy
source. Instead of single material to be operated at too high as well as at low
temperature, the concept of gradation is utilized. Energy materials are aimed at the
efficient conversion of energy. This is applied to any other energy conversion
materials like sun energy–laser conversion. They also provide thermal barrier and
are used as protective coating on turbine blades in gas turbine engine. Other
examples are functionally graded dielectric films for capacitors, functionally graded
composite electrodes for solid oxide fuel cells, graded thermoelectric materials for
thermogenerators, graded thermal sensors, etc. [129–131].

Yin et al. designed a roofing system such that solar energy can be harvested
through photovoltaics, and the heat in the PV module can be utilized for warming
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water that is flowing through the tubes [120]. Thus module temperature can also be
controlled and PV efficiency can also be optimized (Fig. 4.43).

Automobile (SiC–SiC) combustion chambers, (AI–SiC) engine cylinder liners,
(SiCw/AI alloy) diesel engine pistons, (E-glass/epoxy) leaf springs, (AI–C) drive
shafts, (AI–SiC) flywheels, racing car brakes, and (SiCp/AI alloy) shock absorbers
are few examples [133].

Optoelectronics Another application area of FGMs is optoelectronics. It has
become possible to fabricate the photonic devices that could operate in a wide
spectral range. FGMs can be used in the devices such as fibers, GRIN (graded
index) lenses, GRINSCH (graded index of refraction separate confinement
heterostructure) lasers, peltier junctions, etc. [134]. FGM also finds its application
in optoelectronics as graded refractive index materials and in audio–video disks and
magnetic storage media [135]. Metal–ceramic-graded composites are considered the
best choices for the management of heat transfer and thermal response problems and
in electronic packaging [136, 137].

Commercial and Industrial Pressure vessels, fuel tanks, cutting tool inserts,
laptop cases, wind turbine blades, firefighting air bottles, MRI scanner cryogenic
tubes, eyeglass frames, musical instruments, drilling motor shaft, X-ray tables, and
helmets are few examples [121, 138]. Cho et al. have formed a functionally graded
layer between the Cr–Mo shank and the ceramic tip and observed the improved
thermal strength (Fig. 4.44) [139].

Others FGMs offer great promise, where the conditions are severe, e.g., heat
exchanger tubes, rocket heat shields, wear-resistant linings for handling abrasive
ore particles, etc. [140]. Carbide tools requiring superior wear resistance and

Microstructure

Water tubes Sun light

Protective layer

PV layer

FGM layer

Structural substrate

Fig. 4.43 Hybrid solar roofing panel with a functionally graded layer [132]
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toughness avail the FGM concept. Graded WC–Co cutting tools have been used
extensively, and it has been shown that resistance to wear may be achieved by
appropriately grading the composition of the tool [141]. Chromium nitride films
(of varying stoichiometry) produced by cathodic arc deposition are being evaluated
for coatings on metal working dies. Functional gradient tool (FGT) is an important
developing direction of modern precision mold; it can effectively improve the
performance and reduce the cost of die mold [142].

Wear-resistant coatings based on FGMs applied on industrial machinery components
(diesel engines, paper and pulp, oil industries) can reduce weight, increase adhesion
strength, decrease internal stresses, and improve the resistance against propagation of
surface defects. These coatings are usually deposited through high-velocity oxy-fuel or
plasma spray processes that are based on cermet compositions such as WC–Co,
Cr3C2–Mo (W, Ti)-Ni, and Mo2C–Mo and perform well in abrasive and sliding wear.
Mo-based alloy coatings offer excellent scuff resistance in dry unlubricated sliding
contact; however, they are prone to brittle breakout of the coating and spallation. The
use of WC–Co/SS FGMs for weight reduction and adhesion improvement due to
increased material compatibility improves life [143]. The trilayer deposition of 50 nm
Cr, 0.4 μmCrN-rich layer, and 3.6 μmCr2N-rich layer onto a tool steel substrate can give
a combination of adhesion, wear resistance, and intrinsic residual stress. A graded
interlayer can be used for joining two dissimilar materials so that the effect of the
material mismatch is diffused over a greater distance. In addition, a graded layer may
provide additional plastic deformation when metals are bonded to brittle materials.

FGM technology can be used in cellular phones for minimization of size and
effective transmission. Other examples include titanium watches, baseball cleats,
razor blades, fire retardant doors, etc.

Sensors for measuring the properties of molten glass require protective sensor
sheaths in order to shield them from the extremely corrosive molten glass environ-
ment. MoSi2 has shown to possess excellent corrosion resistance in molten glass,
making it a candidate material for advanced sensor sheath applications [144]. MoSi2-
based compositionally graded coatings are used for protecting components against
corrosion in molten glass environments [145].

Carbon nanotube-reinforced FGMs find are used in a variety of other applications
like piezoelectric actuators, as furnace liners and thermal shielding elements in
microelectronics, tools and dies for better thermal management, better wear
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a b

(Crack occurance at tip-shank
interface)

(Relaxation of stress
concentration)

Tip
(Ceramic)

Shank
(Metal)

Tip
(Ceramic)

Graded
Region

Fig. 4.44 Lathe metal cutting bites: (a) Conventional bimaterial type, (b) FGM design [139]
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resistance, reduce scrap, and improved process productivity. They can also be used
as gas adsorbents, templates, actuators, catalyst supports, probes, chemical sensors,
nanopipes, nano-reactors, etc. [146, 147].

Incorporation of FGM with SMA to form a new class of advanced composites
called functionally graded shape memory alloy (FG–SMA) composites, which can
withstand higher temperatures and possess better mechanical properties. These
composites have great potential to be used in new sensor technology, information
technology, and the emerging field of smart material systems [148–151]. These
composites have higher corrosion resistance and different shape memory and
pseudo-elastic behavior compared to homogenous SMAs [152].

The traditional solid-state welding process employed for joining aluminum and
steel at the electric transition joints (ETJs) face the problems of cracking and
separation at the interface. These problems are caused by the stress singularities
due to mismatch of thermal and mechanical properties. The concept of FGMs
overcomes the drawback of the bimetallic plate, such as ETJs due to gradual
variation of composition (and hence thermal and mechanical properties) with
100 % of one material to the 100 % of the other material at the other end [153, 154].

Other areas of application of FGM are:

– Functionally graded layer between the shank and tip of a cutting tool enhancing
thermal strength.

– Sandwich panels with graded facing–core interfaces.
– Graded fibers or graded particulate medium around the opening reducing stress

concentration. Graded fibers/particles (variable geometry, volume fractions, or
orientations) in the vicinity of the hole or an opening reduce the stresses [155,
156].

– Functionally graded prosthesis joints.
– Functionally graded piezoelectric actuators [157, 158]. Functionally graded

polyester–calcium phosphate materials for bone replacement with a controlled
in vitro polyester degradation rate.

– Functionally graded TBCs for combustion chambers.
– FGM metal–ceramic armor.
– Functionally graded heated floor systems.
– Solid oxide fuel cells. FGMs with graded porosity can be used for applications as

electrodes of solid oxide fuel cells, etc. It is observed that the maximum power
density increased when compared with the conventional design [159].

– Functionally graded dental implants.
– Functionally graded blades.

Concluding Remarks

This chapter presents an overview of the processing techniques that mark the
emergence of advanced materials as FGMs, which will revolutionize the materials
world. FGMs offer a relative variation of the properties of materials over distance
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(generally thickness) and direction. But there are many problems that need to be
tackled to make this product. The biggest hurdle, the cost of manufacturing, must be
made comparable to the traditional manufacturing methods. Solid freeform fabrica-
tion seems to be promising manufacturing method, but there are still lots of issues
that need to be resolved including the cost of manufacturing, surface finish, etc.

To overcome the shortcomings of the traditional composites, researchers are
highlighting on functionally graded materials (and nanoscale composite microstruc-
tures also). Such materials enhance the properties of the component in extreme
environments. The major hurdle with constructing these structures is controlling
microstructural changes and producing the composition gradients within the
structure.

The following are the challenges that functionally graded materials need to
overcome [111]:

– Development of low cost and high degree of automation for making the gradation
– Development of large size, complex-shaped functionally graded components
– Development of more uniform and accurate control of composition gradient in

the structure
– Development of a process for a mass production

The list of applications is endless, and it will increase as the processing technol-
ogy, cost of production, and properties of FGM improve [160]. The development of
FGM needs an integration of multidisciplinary domains to work together in design-
ing, manufacturing, and exploring more areas of applications.
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Abstract
Electrodeposition – one of the most commercially successful and inexpensive
deposition methods – allows the fabrication of composite materials with feature
sizes ranging from nanometers to micrometers. This method continues to attract a
great deal of attention for the preparation of composites for structural and
functional applications. This chapter presents an overview on the electrodeposi-
tion of composites. The fundamentals of electrodeposition are first presented. A
concise account on the developments in the processing, properties, and applica-
tions of electrodeposited nano- and microcomposites is then given.
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Introduction

The fact that metal can be deposited from an electrolyte containing its ions by
applying a cathodic potential to a substrate in an electrochemical cell is known to
us from school days when Faraday’s laws of electrolysis are taught. The process of
electrodeposition is also known as electroplating, electrochemical deposition, elec-
trochemical synthesis, etc. Electrodeposition is one of the most successful industrial
processes for the deposition of mainly metallic coatings. However, the versatility of
the technique also allows the deposition of composites with features at the microm-
eter and nanometer levels.

Electrodeposition has a history that dates back to antiquity. Artifact recovered
from Loma Negra on the north coast of Peru suggests [1] that a variation of this
technique was used as early as 200 CE to produce a thin gold layer on miniature
copper mask. Based on recovered artifact that resembles battery in archaeological
sites near the village of Khuyut Rabbou’a (near Baghdad, Iraq), a suggestion has
been made that electrodeposition was used in what is today Iraq in circa 200 BC.
However, the modern scientific efforts on electrodeposition date back to the days of
Alessandro Volta (1745–1827) who discovered the electrochemical effect. It was
Luigi Brugnatelli who first reported the electrodeposition of gold in 1805. While
British and Russian scientists independently discovered the metal deposition process
in 1883, the first patent of electrodeposition was actually issued to George Elkington
and Henry Elkington in 1840 in Birmingham. An artist’s depiction of an early
electrodeposition shop and a modern electrodeposition facility in a clean room in a
semiconductor industry is shown in Fig. 5.1

Since then, the process of electrodeposition has been used in wide range of
industries including the automotive and aviation industries for the deposition of
coatings for decorative, corrosion-resistant, and wear-resistant applications.
Recently this process has established itself as an essential step in the semiconductor
manufacturing process for copper metallization, where structural features down to
nanometer level are routinely deposited.

Electrodeposition is a versatile technique. It can be used for the deposition of a
wide range of materials. Particularly, it has been used to deposit composite materials
for decades. This method is suitable for the deposition of different types of com-
posites including laminated and particulate composites. One particular advantage
this method can offer is that the structural dimensions of composites can be tailored
from nanometer to millimeter levels. Although most suitable for metal matrix
composites, recent study revealed the potential of this technique in allowing the
deposition of ceramic- and polymer-based composites as well.
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In this chapter, electrodeposition of composite materials will be discussed. In
section “Electrodeposition: An Overview,” an overview of the fundamentals of
electrodeposition is given. Two main types of composites, namely, particulate
composites and laminated composites, will then be presented in sections “Particulate
Composites by Electrodeposition” and “Layered Nanocomposites,” respectively.

Electrodeposition: An Overview

Fundamentals of Electrodeposition

The principle of electrodeposition is quite straightforward. When two electrodes are
immersed in an electrolyte containing a metal ion, the following reaction occurs at
the cathode:

Fig. 5.1 (a) Artist’s depiction of an early electrodeposition shop involved in nickel electrodepo-
sition by dynamo-electricity and (b) a modern electrodeposition facility in a clean room in a
semiconductor industry
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Mþn þ ne� ¼ M (5:1)

Metal ions contained in the electrolyte are discharged at the cathode and metal
deposits on the cathode surface in the form of a thin film or powder/dendrite
depending upon the deposition conditions. On the anode, a reverse reaction, i.e.,
metal dissolution, can take place as follows:

M ¼ Mþn þ ne� (5:2)

Other anodic reaction that consumes electron can also occur at the anode. Figure 5.2
presents a schematic of electrodeposition of silver on a spoon. The thickness of the
deposited metal, h, can be described by Faraday’s law:

h ¼ t:A:I

n:F:ρ
(5:3)

where t is the deposition time, A is the atomic weight, I is the deposition current
density, n is the number of electron transferred per atom, F is Faraday’s constant, and
ρ is the density of the deposited metal.

The above assumes that all the current goes into the metal deposition reaction.
However, under some conditions, side reaction(s) can occur at the cathode. For
instance, hydrogen evolution which robs away some current can take place at the
cathode. In such a case, the thickness given by Faraday’s law needs to be multiplied
by a factor (less than 1) which is known as current efficiency.

Battery

Ag

Spoon

AgNO3(aq)

Ag+

Ag+

e–

Fig. 5.2 Schematic of
electrodeposition of silver
spoon
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The thermodynamics of electrodeposition is best described by the Nernst
equation:

Eeq ¼ E0 þ RT=nFð Þln areac=aprod
� �

(5:4)

where Eeq is the equilibrium potential, E0 is the standard potential, R is the universal
gas constant, and areac and aprod represent the activities of the reactant and product,
respectively.

In order to cause electrodeposition to happen at a perceptible rate, the
applied potential should be greater than the equilibrium potential. The
difference between the applied and equilibrium potential as given below is called
overpotential:

η ¼ Eappl � Eeq (5:5)

Butler-Volmer equation is usually used to describe the kinetics of the electrodepo-
sition reaction

i ¼ i0 exp
1� αð ÞnFη

RT

� �
� exp

�αnFη

RT

� �� �
(5:6)

where i is the deposition current density, i0 is the exchange current density, α is the
transfer coefficient, and η is the overpotential.

For large negative overpotential, the above equation can be simplified to

i � �i0exp
�αnFη

RT

� �
(5:7)

This equation shows that as the overpotential, η, increases, the deposition current
density and therefore deposition rate increase. However, under some conditions,
mass transfer at electrodes may be limited. This will lead to a case where an increase
in potential no longer results in an increase in current and a limiting current density is
achieved. Deposition under such mass transfer-limited condition can lead to course
powdery or dendritic deposits.

The following are the key electrodeposition parameters that influence the char-
acteristics of electrodeposits:

– Overpotential/current density
– Bath chemistry: metal ion, complexing agent, surfactant, supporting electrolyte,

and other additives
– Temperature
– pH
– Hydrodynamic condition of the bath
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Nucleation and Growth

Nucleation and growth of a metal film in electrodeposition are by and large similar to
that during vapor deposition except that ions rather than neutral atoms are involved
at the initial steps. Ions from the electrolyte are first adsorbed on the substrate
surface. The adsorbed ions also known as adions then diffuse on the surface to
find a low-energy site. It is then incorporated into the lattice of the existing substrate
or can form a nucleus by combining with requisite number of other wandering
adions. Compared with vapor deposition, electrodeposition has got some additional
complications which include: the presence of a very high electric field at the
electrolyte substrate; ions are involved at the initial stage of deposition rather than
atoms and the discharge of ions is an additional step; and the presence of other ions
and species such as specifically adsorbed anion, solvated cations, water molecules,
impurities, reaction products, etc. at the interface. The way these factors influence
the nucleation and kinetics of growth is far from being clearly understood.

Overpotential is one of the most important factors that influences the rate and size
of nucleation. It has been shown that the critical nucleus size, Nc, in electrodeposi-
tion is related to overpotential, η, according to the following:

Nc1 1

η2
(5:8)

The above equation implies that smaller grain size can be achieved at higher
overpotential or in other words higher deposition current density. However, other
factors, such as mobility of adions and the presence of other ions (which can be
present originally or form simultaneously during electrodeposition) at the interface,
can have overriding influence in determining crystal size or structure as they can
affect local equilibrium.

Electrodeposition as a Deposition Process

One of the main characteristics of electrodeposition is that it is basically an atomistic
deposition process. Thus it allows nanometric control of deposition leading to the
creation of structural features a few nanometer in dimension. One the other hand, this
process can also be speeded up to produce features in the range of micrometers even
millimeters. It can be scaled up or down over a very wide range. Electrodeposition
invariably occurs under nonequilibrium conditions and can lead to a wide range of
structures. It has been demonstrated that this process can routinely produce amor-
phous structure, nanocrystalline materials, and metastable phases. It is a room
temperature or near-room temperature technology. It is also a low-energy process
and is therefore suited to dealing with soft matter like biological structure like DNA.
Therefore the latter can be employed as templates to create novel nanostructures.
One of the main advantages of electrodeposition is that it is an inexpensive process
compared with other rival processes such as vacuum deposition.
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In the next section (“Particulate Composites by Electrodeposition”), develop-
ments in the area of electrodeposited composites with particle reinforcements will be
discussed.

Particulate Composites by Electrodeposition

Preparation of metal matrix composites by electrodeposition has been a topic of
research since the late 1930s of the last century (Fink 1928). The early work of Fink
and Prince [2] involved copper matrix composites containing graphite particles. The
intension was to develop self-lubricating materials for automotive applications.
Research on the electrodeposition of composites progressed slowly in the 1950s
and 1960s [3]. Interest in electrodeposited MMC became more intense in the 1970s
and 1980s. These early efforts were mainly directed toward the development of
materials for wear-resistant applications. As a result, commercial MMC coatings
have been developed which are currently being used in industries such as aerospace,
automotive, manufacturing, chemical processing, and hydraulics (Yeh et al. 1994).

In earlier studies, metal was used exclusively as the matrix for the
electrodeposited composites. A typical metal matrix composite prepared by electro-
deposition is shown in Fig. 5.3. But in recent years, techniques are being developed
to produce polymer matrix composites for novel applications. Ceramic matrix
composites are also being developed, although mainly by a slightly different mech-
anism known as electrophoresis [5]. While most of the earlier studies involved
reinforcing particles of micrometer dimensions, nanoparticles are nowadays increas-
ingly being used as reinforcement. While research on the development of improved
electrodeposition technique and new composites for wear- and corrosion-resistant
applications continues, there is now a new trend toward the development of
electrodeposited composites for functional applications like electrocatalysis,
photocatalysis, actuators, etc. (see a review by [6]).

In what follows is an overview of the electrodeposited particular composites.

Matrix and Reinforcement Materials

Table 5.1 summarizes the matrix and reinforcement materials used in particulate
composites deposited by electrodeposition. As has been mentioned earlier, the
majority of the studies used metals as the matrix. This is because metals are the
easiest to electrodeposit. Among the metals, nickel is the most widely used matrix as
the technology of nickel electrodeposition is well established and it has a fairly good
combination of properties like strength, hardness, toughness, corrosion resistance,
etc. Other metal matrices investigated include Cu, Co, Au, Cr, Ag, Zn, and
Al. Different alloys such as Ni-P, Cu-Zn, Ni-W, Zn-Ni, and Ni-Co have also been
employed as matrix in the electrodeposited MMC. Recently polymers have been
used as the matrix in a growing number of studies. Conductive polymers such as
polypyrrole and polypropylene have been used as the matrix for polymer matrix
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composites by different researchers. A few studies have also used ceramics, e.g.,
hydroxyapatite as the matrix in electrodeposited/electrophoretically deposited
composites.

As for the reinforcement materials, ceramic particles of micrometer dimensions
have been the most popular. Ceramic particles such as SiC, SiO2, and Al2O3 have
been widely used. Others include TiO2, Si3N4, ZrO2, WC, ZrO2, ZrC, CeO, Fe3O4,
and diamond. In a number of studies, metal particles like Al, Ti, and Cr have been
used together with a Ni matrix. The main aim has been to improve oxidation
resistance of the composite coatings at high temperature. Polymer particles like
polyethylene, polystyrene, and PTFE have been incorporated into metal matrix,
most commonly Ni in different studies. Studies have also been conducted on an
interesting group of particles which are in the form of microcapsules containing
different types of liquid such as oil, paraffin, etc. for novel self-lubricating
applications.

Fig. 5.3 SEM cross section
of AuCu/B4C
electrodeposited from cyano-
alkaline bath [4]

Table 5.1 Summary of materials used in particulate composites by electrodeposition

Components Material type Specific materials

Matrix Metals Ni, Cu, Co, Au, Cr, Ag, Zn, Al

Alloys Ni-P, Cu-Zn, Ni-W, Zn-Ni, Ni-Co

Polymers Polypyrrole, polypropylene

Ceramics Hydroxyapatite

Reinforcement Microparticles Ceramics SiC, SiO2, Al2O3, TiO2, Si3N4, ZrO2, ZrC,
WC, CeO, Fe3O4, SnO2, NiO, silicate,
diamond

Metals Al, Ti, Cr

Polymer Polyethylene, polystyrene, PTFE

Microcapsule/
liquid

Oil, paraffin

Nanoparticles Ceramics SiC, Al2O3, Zr2O, Si3N4, TiO2, SiO2,
CNT, diamond

Polymer PTFE
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Incorporation of nanoparticles into electrodeposited composites has been a recent
phenomenon. Increasing number of studies have been using nanoparticles as the
reinforcement (see a review by [7]). Nanoparticles used in the electrodeposited
MMC mainly include ceramics, carbon nanotube, PTFE, etc.

Mechanism of Codeposition of Particles in Electrodeposition

Codeposition of particles into electrodeposits is a complex process, the exact nature of
which is not well understood. The main steps involved in the codeposition of particles
into metal deposit during electrodeposition are described in the literature [7–9]. It is
generally held that codeposition of particles involves the following main steps:

1. Ionic cloud formation on the suspended particles in the bath: this involves
adsorption of ions on the particles. The adsorbed ions impart charges onto the
particle surface.

2. Convective transfer of the particles toward the cathode.
3. Diffusion through a hydrodynamic boundary layer.
4. Diffusion through a concentration boundary layer.
5. Adsorption of particles at the cathode and their incorporation into the metal

deposit.

The salient features of the mechanism of codeposition are given in Fig. 5.4
[8]. Stage 5 is a critical step in the codeposition of particles and involves complex
interactions between the particle and electrode. At the initial stage, the particle is
loosely adsorbed through a reversible electrostatic contact. The extent of adsorption
depends on the balance between various forces. At a later stage, the particle that
manages to stick to the electrode will be trapped into the depositing metal matrix.
The exact nature of the particle-electrode is not well understood. It has been
suggested [10, 11] that the interaction depends upon the force balance on a particle
at the electrode surface (Fig. 5.5). Forces (Fr) that tend to remove the particle from
the electrode are counteracted by friction force (Ff). The friction force, in turn,
mainly results from forces that encourage particle adhesion (Fa). The removal forces
(Fr) are hydrodynamic in nature. The adhesion force (Fa) can be contributed by a
number of factors such as London-van der Waals force, electroosmotic force,
electrophoretic force, and hydration force. Forces acting on the particles, like gravity,
buoyancy, and hydrodynamic forces, may also contribute to adhesion depending
upon electrode geometry.

The earliest model for the codeposition is due to Guglielmi [12]. The model of
Guglielmi aims at correlating the particle concentration in the deposit (α) to that in
the electrodeposition solution (C) and to find a relationship between particle incor-
poration as a function of current density. It was found experimentally in many
systems that α increases with C initially reaching a saturation value – a trend that
apparently followed Langmuir adsorption isotherm. Based on this, Guglielmi
suggested his model as follows:
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C

α
¼ M:J0

n:F:d:V0

exp η: A� Bð Þf g: 1

k
þ C

� �

where

Fig. 5.4 Schematic showing
the mechanism of particle
codeposition into
electrodeposit. The features
are formation of ionic clouds
around the particles (bulk
electrolyte, typical
dimension � cm), convective
movement toward the cathode
(convection layer, typical
thickness <1 mm), diffusion
through a concentration
boundary layer (diffusion
layer, typical
thickness � hundreds of μm),
and electrical double layer
(typical thickness � nm)
followed by adsorption and
entrapment of particles [8]

Fig. 5.5 Force balance on a
particle adsorbed on an
electrode, Ff = friction force,
Fa = adhesion force, and
Fr = force [10, 11]
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α: volume % of particles in suspension in the deposit (vol%)
η: overpotential (V)
A: constant in Tafel equation for metal deposition (V�1)
B: constant in Tafel equation for particle deposition (V�1)
C: volume % of particles in suspension in the bath (g l�1 or vol%)
d: density of the electrodeposited metal (g dm�3)
F: Faraday’s constant (F = 96,500 C) (C mol�1)
J0: exchange current density (A dm�2)
k: coefficient of adsorption (l g�1 or vol%�1)
M: molecular weight of the electrodeposited metal (g mol�1)
n: valence of the electrodeposited metal
V0: constant for particle deposition (dm s�1)

One of the main drawbacks of Guglielmi’s model is that it does not take into
account hydrodynamic effects in the bath and particle characteristics. Hwang
et al. [104] and later Bercot et al. [13] put forward some modifications of the
Guglielmi’s model. Bercot suggested a corrective factor to be incorporated into
Guglielmi’s model to take into account the effects of adsorption and hydrodynamics
for their experimental system which consists of 500 nm PTFE nanoparticles in
nickel. Other models adopted statistical approach [14] and trajectory approach for
non-Brownian particles [10].

Concentration of particles in the bath is a decisive parameter that influences the
amount of codeposited particle in the composite. In general, the amount incorporated
into the deposit increases with the amount of particles in the bath. However, the amount
in the deposit usually reaches a saturation, beyond a certain concentration in the bath.

The type and magnitude of electric current employed also have a great influ-
ence on the incorporation. As indicated above, electrodeposition of metals is
carried out on the cathode (negative electrode) and involves reduction. On the
other hand, electrodeposition of conducing polymer is an oxidation process, and
deposition in such a case happens on the anode (positive electrode). Deposition
can be controlled by potential or current, the latter being more common in
industrial practice. The most commonly used current type is dc. However, pulsed
current has been found to offer a number of advantages in composite deposition.
These include higher incorporation, finer structure, better dispersion, etc. Pulsed
current can take various forms such as positive pulse, pulse reverse, square/
rectangular pulse, sinusoidal pulse, etc. The density of deposition current has
been found to have great influence on the incorporation of particles. Generally
incorporation of particle increases with the increase of current density. However
the incorporation can reach a saturation value and then decrease with further
increase in current density. For instance, in the case of CTN, a different effect
was observed. Although the incorporation increases initially, it decreases after a
peak incorporation is achieved. This has been attributed to the fact that CNT,
being highly conductive, can coat itself with the electrodeposited metal while still
in solution near the electrode. Such coated CTN agglomerates settle down,
thereby decreasing effectively the amount of CNT in the bath.
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Particulate Composites for Engineering Applications

Wear and Friction
The main application of electrodeposited composites has been in the form of wear-
resistant coating. Control of the tribological properties such as wear and friction has
traditionally been one of the main driving forces behind the development of com-
posite coating by electrodeposition. Incorporation of ceramic particles has been
found to improve the wear resistance of MMC substantially. Mostly carbide particles
such as SiC have been used for wear-resistant applications. Studies show that there
exists an optimum concentration of particulate which gives the best tribological
performance. Lower friction coefficient was reported for Ni- TiO2 nanocomposites
compared with pure Ni [15]. Su et al. [16] observed a decrease in both wear rate and
friction coefficient in C-W/MWCNT nanocomposite coatings (Fig. 5.6). An eight-
fold increase in diamond tool life was reported in glass machining applications when
electrodeposited Ni-CNT was used as coating [17].

Wear studies have also been done on composites containing polymer particles.
Ni-PTFE system is among the most widely studied electrodeposited composites.
PTFE particles have been used either singly [18] or in combination [19] with hard
particles to control friction characteristics. Incorporation of polyethylene particulates
has also been found to improve the wear resistance of nickel [20].

The size of particles has been found to influence the tribological performance of
electrodeposited composites. Nanosized SiC particles were reported to impart better
wear resistance to nickel matrix composites as compared with micrometer-sized
particles [21].

Benea et al. [22] reported improved tribo-corrosion resistance as well in Ni-SiC
composites (Fig. 5.7).

There has been a search for self-lubricating composites possessing low friction
coefficient. Graphite has been the first reinforcement used in electrodeposited Ni to
reduce friction as mentioned earlier (Fink 1928). Graphite has also been added to
copper to develop high-performance wear-resistant, low friction materials for elec-
trical connector.

A novel approach to develop self-lubricating coating has been to incorporate
microcapsules containing lubricating oil into metal matrix. Such composites are
discussed further in section “Microcapsule-Containing Composites.”

Corrosion Resistance
Studies revealed that the corrosion resistance can be improved by incorporating
reinforcing particles into metal matrix. Both ceramic and polymer particles can
improve the corrosion resistance of nickel deposit. Garcia et al. [23] have found in
electrochemical corrosion tests that the corrosion rate as indicated by corrosion
current is much lower in Ni-SiC composites as compared with Ni. The composites
also have improved pitting corrosion resistance. Both nano- and micro-sized parti-
cles showed improved corrosion resistance.

Corrosion resistance was also found to improve with the concentration of titania
(both anatase and rutile) in nickel matrix (Fig. 5.8).
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Improved corrosion resistance of SiC nanoparticle reinforced Ni was also
reported by others [22, 25]. Corrosion of Ni-Al2O3 was found to improve in
NaSO4 solution as a result of Al2O3 incorporation [26, 27]. Corrosion resistance
of Zn improved as a result of incorporation of CNT [28]. Improvement in corrosion

Fig. 5.6 A comparison of friction coefficients and wear rates of Co–W and Co–W/MWCNT
composite coatings deposited under different conditions (coating I: Co-11.6% W; coating II:
Co-11.5% W-11.5% MWCNT; coating III: Co-10.7% W-8.6% MWCNT; coating IV: Co-10.5%
W-16.1% CNT; coating V: Co-12.3% W-10.4% MWCNT) [16]

Fig. 5.7 Tribo-corrosion rate
of nickel and nickel – nano-
SiC composite in 0.5 M
Na2SO4 solution at different
sliding loads [22]
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resistance was reported for a number of other electrodeposited systems as well, e.g.,
Ni/Fe2O3 [29], Ni-W/silicate [30], Zn-Al/SnO2 [31], and Ni-W/SiO2 [32].

One possible explanation for improved corrosion resistance has been a reduction
in area of exposed metals as a result of the presence of ceramic particle in the
sample [23].

Although majority of the studies reported improved corrosion resistance in
electrodeposited composites, decreased corrosion resistance was also observed by
a few researchers [26, 33]. The presence of titania as well as alumina nanoparticles
was found to cause increased corrosion both in salt spray and electrochemical tests.
Medeliene [26] also observed a decreased corrosion resistance for Ni-B4C. This was
attributed to higher conductivity of the latter.

More studies are necessary to understand the corrosion mechanisms in
electrodeposited composites with different constituents.

High-Temperature Oxidation-Resistant Composite Coatings
The aim of achieving high-temperature oxidation resistance has led to many inves-
tigations into electrodeposited composite coatings. Electrodeposition can provide
super alloy-type coatings at a lower cost. The main idea has been to codeposit
particles of beneficial oxide-forming elements like Al [34, 35], Cr, Ti [36, 37], etc.
into a suitable metal matrix. Mostly nickel has been utilized as the matrix, although
other matrices such as Cu and Co have also been studied [36, 38]. Earlier studies
used micrometer-sized metal particles.

It has been observed that the addition of Al particles into Ni matrix can substan-
tially improve the oxidation resistance (Fig. 5.9) as evidenced by lower mass gain.

When aluminum-containing nickel coating is exposed to high temperature, a pro-
tective, adherent alumina scale forms which reduces the occurrence of further oxida-
tion. Likewise, chromium particles are protected through the formation of a chromia

Fig. 5.8 Corrosion rate as a
function of the amount of
TiO2 particles in the deposit.
■ anatase (average
diameter = 12 nm) and ~

rutile (average
diameter = 1 μm).
Electrolyte: 250 g l�1

NiSO4 � 6H2O, 25 g l�1

H3BO3, 5 g l�1 saccharin,
pH 3, and 30 �C. Current
density: 66.7 mA cm�2 [24]
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scale. The size of the particles has been found to have a profound effect on the oxidation
resistance. Nanometer-sized aluminum or chromium particles have been found to form
the continuous protective layer at a much lower concentration as compared with
micrometer-sized particles [35, 39, 40]. It has been found [38, 41, 42] that the addition
of rare earth oxide can also substantially improve the oxidation resistance.

Novel Functional Composites

Microcapsule-Containing Composites
Microcapsule provides a novel way to incorporate liquid into composite (Fig. 5.10).
Electrodeposition, being a low-temperature deposition process, has a unique capability
to incorporate these liquid-containing microcapsules into the deposit. The process
involves, as the first step, the preparation of microcapsules containing the desired
liquid. The prepared microcapsules are then dispersed in the electrodeposition solu-
tion. The microcapsules then codeposit with metal matrix during electrodeposition.

The microcapsules can contain variety of liquids that can impart unique properties
to the composites. The microcapsules can contain lubricant which gives the composite
self-lubricating property. Microcapsules containing corrosion inhibitor give self-
healing corrosion-resistant properties at damaged areas, those containing flux impart
self-fluxing property to solder, and those containing phase-change material provide
enhanced heat removal capability useful in electronic packaging. [44].

Metal matrix composites with oil-containing microcapsules have been one of the
earliest development in this area [45]. Lubricating oil-containing
polyterephthalamide microcapsules were prepared using the interfacial polymeriza-
tion of an oil-soluble monomer (terephthaloyl dichloride) and a mixture of two
water-soluble monomers (diethylenetriamine and 1,6-hexamethylenediamine).
These were then incorporated into nickel electrodeposits. Liqun et al. [44]

Fig. 5.9 Variation of mass
change with time for various
samples oxidized at 1050 �C
for 20 h. [39]
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incorporated microcapsules containing liquid organosilica into a copper matrix.
Stappers et al. [46] developed copper matrix composite containing a phase-change
material (PCM) such as paraffin. This composite is unique in that it combines the
high heat conductivity of copper with the high heat capacity of the PCM. It can
therefore act as a high-efficiency heat sink. Since paraffin expands by 10–15 % upon
melting, the Cu-PCM composite can also be employed as mechanical sensor
(Fig. 5.9) [43].

Itagaki et al. [47] developed an electrodeposition method for the production of
self-fluxing electronic solder. They synthesized microcapsules containing abietic
acid, which is the main ingredient of the flux, and incorporated them into tin during
electrodeposition.

Polymer-Based Functional Composites
Electrodeposition provides a unique way to fabricate conducting polymer-based
composites. During such fabrication, electro-polymerization, being an oxidation
process, takes place at the anode (rather than at the cathode where metal deposition
occurs). Suitable suspended reinforcement particles also codeposit with the polymer
under proper deposition conditions. Common conducting polymers that have been
used as the matrix include polypyrrole [48–50] and polyaniline ([51]; Gurunathan
et al. 2000). The second-phase particles incorporated in conducting polymers have
been CNT, carbon black, nano-TiO2, etc. Jurewicz et al. [49] showed that an
electrodeposited polypyrrole matrix composite containing multiwalled carbon nano-
tube can store a large amount of charge and acts as a supercapacitor. Polyaniline
matrix composite containing nanometer-sized carbon black particle acts as a support

Fig. 5.10 SEM surface morphology of Cu-microcapsule composite containing 40 vol% micro-
capsules [43]
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for Pt and Pt-Ru particles and exhibits excellent electrocatalytic activity for methanol
oxidation [51]. Polyaniline-TiO composites are suggested for sensors and
electrochromic device applications [104]. Nakayama et al. [50] reported on the
development of polypyrrole-mesoporous silica composite that shows enhanced
performance as a functional electrode in electrochemical sensing/reaction. Electro-
deposition allows the synthesis of polymer matrix composites with better dispersion
of different types of particles compared with other synthesis processes.

Biocompatible Hydroxyapatite Composites
Hydroxyapatite (HA), Ca10(PO4)6(OH)2, is a very important bioceramic whose
composition is similar to that of bone tissue and is ideally suited for biomedical
applications. It has been demonstrated that electrodeposition or one of its variation,
electrophoretic deposition, can be used to deposit HA. In order to improve its
mechanical properties, chitosan – a polymer – has been codeposited together with
HA to form composites (Pang and Zhitomirsky 2008; [52]). Chitosan is a natural
cationic polysaccharide having properties valuable in biomedical applications such
as antimicrobial activity, corrosion resistance, biocompatibility, and good mechan-
ical properties. In order to improve the antimicrobial properties, silver particles have
also been incorporated into electrodeposited HA-chitosan composite (Pang and
Zhitomirsky 2008). Thus, electrodeposition has opened up unique possibility of
development of biocompatible antimicrobial coatings with controlled Ag+ release
rate. Electrodeposition also allows the synthesis of novel HA-alumina composites
with improved strength [53]

Composites in Catalyst and Energy Applications
Novel composite coatings with special catalytic, electrocatalytic, and photochem-
ical activity have been deposited by electrodeposition. Composites with such
properties are usually based on metal-semiconductor or conducting polymer-
semiconductor systems. A review on this topic is available in the literature
[6]. Diaz et al. [54] fabricated a nanocrystalline Pt/CeO2 composite electrode by
electrodeposition. They observed that the composite is very effective in oxidizing
alcohol. Such material has good potential in direct alcohol fuel cells.
Electrodeposited Ni with a small loading of catalytic compounds like LaNiO3

[55, 107], RuO2 [56, 107] TiO2 [57], and FeS [58] has been found to be able to
catalyze various commercially useful reactions.

Electrodeposited composites are being investigated as electrode materials in
energy applications, e.g., fuel cell, supercapacitors, etc. Copper/nickel oxide
composites exhibited long life cycle and high retention of specific capacitance
(97 % retained after 500 cycles) in supercapacitor [108]. Uysal et al. [59] reported
on the application of Sn-Ni/MWCNT nanocomposite as negative electrodes in
Li-ion batteries. Harthøj et al. [60] found that Co/CeO2 composite exhibited
improved high-temperature oxidation resistance when used in fuel cell
interconnects.
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Layered Nanocomposites

In the last section (“Particulate Composites by Electrodeposition”), composites with
particle reinforcement were discussed. This section will deal with layered or lami-
nated composites. The history of electrodeposition of laminated composites dates
back to 1921 [61] when Dr. W. Blum at the US National Bureau of Standards first
deposited Cu/Ni laminated structure from two separate electrodeposition solutions
each containing copper ions and nickel ions, respectively. A micrograph of the
earliest Cu/Ni laminated composite is reproduced from Blum’s work in Fig. 5.11.
The dark-etched thicker bands are copper layers and the thinner brighter ones are
nickel layers. The scale on the micrograph is worth noting. Nickel layers on the
photograph have a thickness of 10 μm. In fact, the thinnest sublayer deposited in that
study was about 5 μm in thickness. In contrast, layer thickness<5 nm can nowadays
routinely be produced by electrodeposition, thanks to the extensive research work
that has been done in the past couple of decades to produce nanometer-thick films by
this technique.

Since electrodeposition can easily provide nanometric layers, recently there has
been a growing interest in the electrodeposition of laminated composites having
nanometer-thick sublayers. These composites are known as laminated
nanocomposites, multilayers, compositionally modulated multilayers, etc. These
are usually deposited in the form of thin films consisting of a stack of two different
materials, A and B, arranged alternately.

Laminated nanocomposites, as a result of layering at the nanometer scale, can
exhibit improvement in the conventional properties or possess some new properties
not found in normal metallurgical alloys. The following effects can contribute to the
unique behavior of multilayer systems [62]:

1. Thin-film effect: this arises from the limited thickness of one or both types of
layers.

2. Interface effect: due to the interaction between neighboring layers.
3. Coupling effect: which acts between layers of the same type, acting through the

intervening layers.
4. Periodicity effect: as a result of the overall periodicity of the multilayer.

While physical properties are influenced by all the above factors to a variable
extent, mechanical properties are likely to be affected more by the first two factors.
Properties of laminated nanocomposites that have been widely studied are mainly
strength, hardness, corrosion resistance, wear resistance, optical, magnetic, elec-
tronic transport and superconducting, elastic properties, etc.

In this review on electrodeposited laminated nanocomposites, first the common
electrodeposition techniques used for these materials will be presented. This will be
followed by a discussion on their structure. Finally, properties of laminated
nanocomposites will be presented.
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Electrodeposition Techniques for Laminated Nanocomposites

There are two main ways to deposit laminated nanocomposites: single-bath tech-
nique (SBT) and dual-bath technique (DBT). In the single-bath technique, the
deposition of two different constituent layers is carried out in the same electrodepo-
sition solution or bath by alternately changing parameters such as current/voltage,
sometimes in combination with mass transport. In the dual-bath technique, constit-
uent layers of the composite are deposited alternately in two separate baths.

The single-bath technique has been used by most researchers. This process can be
used when the constituent elements of the composite are capable of being
electrodeposited from a single electrolyte. Moreover, the deposition potential of
the two constituents should be far enough apart to allow the separated deposition
of each element. The single-bath technique is in fact a pulsed-plating process in
which at higher overpotential or current pulses the less noble constituent and at lower
overpotential or current pulses the more noble constituent are deposited. A scheme
for the deposition of multilayers from a single bath [63] is shown in Fig. 5.11. “A”
represents the more noble and “B” the less noble constituent. In order to avoid the
alloying of A layer by B and vice versa, some measures have to be taken during
deposition. For instance, the bath should have a very low concentration of the more
noble metal ion (A). The limiting current density, iLA, of the more noble metal will be
very small in such a case (Fig. 5.12). Under such a condition, the less noble metal
will deposit in a relatively pure state at higher overpotentials. Although the more

Fig. 5.11 The first Cu/Ni
layered structure produced by
dual-bath electrodeposition
[61, 104]
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noble metal also deposits at higher overpotentials, its presence in the deposit will be
negligible as a consequence of its very low concentration. At low overpotential, on
the other hand, layers containing only the more noble metal will be deposited. The
concentration of the more noble metal ion in the bath was recommended to be only
1 % of the less noble metal ion concentration.

The DBT is conceptually very simple and merely involves deposition of two
constituents from two separate solutions in an alternate manner. However, there are
some electrochemical requirements that need to be met. Each of the constituents
should be chemically and electrochemically compatible in the solution of the other.

Otherwise, dissolution or other surface chemical/electrochemical reaction can
occur before deposition which can adversely affect the quality of the interface
between the constituent layers. Therefore optimization of the deposition bath may
be necessary for some systems. For instance, in Zn-Ni system, direct deposition of
Ni on Zn is possible if alkaline electrolytes are used [64, 65]. Moreover, electrolytes
containing nickel-complexing agents help eliminate the possibility of the unwanted
displacement reaction for zinc. Between the two deposition steps, the substrate
should also be cleaned to avoid cross contamination.
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Fig. 5.12 A scheme for the
electrode position of
multilayers from a single bath.
(a) Cathodic polarization
curve, (b) potentiostatic
deposition, and (c)
galvanostatic deposition [63]
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Structure of Electrodeposited Nanolaminated Composites

The structure of nanolayered composites has additional features compared with that
of normal metallurgical alloys. The presence of a large number of interfaces, their
possible intermixing, coherency, or otherwise, makes the structure of layered
nanocomposites more complicated. As such, it is difficult to make a complete
structural characterization of laminated nanocomposites. Electron microscopic tech-
niques like scanning electron microscopy and transmission electron microscopy
have been employed to characterize the layered structure, the latter being more
suitable for thinner layers. Auger depth profiling has also been used for such
composites [66].

Using high-resolution transmission electron microscopy, Haseeb et al. [67] dem-
onstrated that dual-bath electrodeposition can give rise to Cu/Ni nanolayered com-
posite with individual layer thickness <4 nm and having crystallographic continuity
across the interface. Yahalom et al. [68] also revealed the evidence of epitaxial
stacking at the Cu/Ni interface by high-resolution TEM. However, the interface was
suggested to be not atomically sharp. Undulation was also observed in the layered
structure obtained by Yahalom et al.

X-ray diffraction can be used to characterize the nanolayered composites when the
constituent layer thickness is a few nanometer. However the diffraction data coming
from layering at the nanometer scale are very sensitive to uniformity of layer
thickness, interface quality, coherency at the interface, etc. Using low-angle X-ray
diffraction, the layer thickness or periodicity (combined thickness of two consecutive
layers, A + B) of the laminated nanocomposite can be determined. Valizadeh
et al. [69] characterized their Au/Co nanolaminates using the peaks that appear as a
result of nanolamination in the low-angle X-ray diffraction pattern (Fig. 5.13). The
position of the peaks can provide the thickness, while the intensity can provide
information about the uniformity or quality of the nanolaminates. Because of the
presence of nonuniformity at the interface, the peak intensity may decrease or in the
worst case the peaks may disappear altogether. By comparing with theoretical models,
the thickness of the laminates and the nonuniformity at the interface can be estimated.

When the layer thickness goes down to a few atomic diameters and coherency is
preserved at the interface, a one-dimensional superlattice, in effect, is formed. This
can give rise to additional satellite peaks surrounding a Bragg peak in the X-ray
diffraction pattern in the high-angle region. The position and intensity of the satellite
peaks can provide information on the thickness and quality of the composites. An
XRD pattern showing the satellite peaks in Cu/Ni system is presented in
Fig. 5.14 [70].

While electron microscopy provides information on very small scale (μm/nm),
information provided by XRD is that averaged over a larger length scale (mm/cm).
Thus the presence of additional peaks due to the periodicity in the electrodeposited
nanolaminates in a number of work indicates that this process is capable of produc-
ing nanolaminates with good quality over a large area.

The versatility of electrodeposition allows it to be used to deposit composite
nanowires. Nanolaminated composite nanowire of different types such as CoNi/Cu

5 Nano-/Microcomposites by Electrodeposition 189



[71], Au/Co [72], and Pb/Cu [73] has been deposited by template-assisted deposi-
tion. Nanowire composites are electrodeposited within template containing slender
pores of a few nanometer diameter. Such nanowire composite can provide interest-
ing magnetic, superconducting properties. Figure 5.15 shows SEM and TEM images
of an example of such nanowires obtained by Guan and Podlaha [72].

Properties of Electrodeposited Nanolaminated Composites

Strength
A great improvement in strength has been observed in laminated nanocomposites.
Tench and White [74–76], Menezes and Anderson [77], and Simunovich et al. [78]
reported a several hundred percent increase in strength depending upon the sublayer
thickness. In general, as the sublayer thickness decreases, the strength of laminated
nanocomposites increases. A number of studies [78] also revealed that there exists a
threshold thickness, about 1 nm or so, up to which the strength continues to increase
as the sublayer thickness decreases. However, as the thickness goes below the
threshold value, the strength decreases.

It has been suggested that two factors may lead to strengthening in the laminated
nanocomposites:

Fig. 5.13 Low-angle XRD
pattern for Au/Co
nanolaminates (5 nm
sublayer) with characteristic
peaks from a periodic
chemical modulation. Also are
shown the simulations of a
5.5 nm sublayer with different
interface roughness of 1.0,
1.5, and 2.0 nm [69]
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(a) Strengthening resulting from decreased feature size which is given by the
relationship, σ/da, where σ = yield strength and d = thickness of the individ-
ual layer. The exponent a can assume different values: a = �0.5 (Hall-Petch
strengthening), a 6¼ 0.5 (modified Hall-Petch strengthening), and a = �1
(Orowan-type strengthening) depending upon the sublayer thickness, in-plane
grain size of the composite, and the nature of the dislocation pileup [79].

Fig. 5.15 (a) SEM micrograph of Au/Co multilayer nanowires, and (b) TEM bright-field image of
a multilayer nanowire [72]

Fig. 5.14 X-ray diffraction pattern from Cu/Ni nanolaminates showing the presence of satellite
peaks flanking the main (200) peak [70]

5 Nano-/Microcomposites by Electrodeposition 191



(b) Koehler-type strengthening which results from difficulties in moving disloca-
tions from the layer with low modulus constant to the one with high modulus
constant due to image force [80].

The decrease in strength at very small sublayer thickness could be due to the
increase in the coherency of the interface [81] which allows easy passage of
dislocations through the interface. This could also be due to intermixing at the
interface and the consequent loss of distinct nature of each sublayer (Tench
et al. 1991; Ebrahimi et al. 1991).

Wear Resistance
A number of studies appeared in the literature on the wear and frictional properties of
laminated nanocomposites. Tribological properties of Cu/Ni laminated
nanocomposites have received most attention. These studies covered dry and lubri-
cated conditions, as well as sliding wear and fretting wear conditions. Ruff
et al. [82–84] reported on the wear properties of Cu/Ni composites with constituent
layer thicknesses of 3.8, 10 and 100 nm under sliding wear conditions. In the
unlubricated tests, the wear rate of composites was much lower than that of either
copper or nickel (Fig. 5.16). Wear rate of composites was found to be dependent
strongly upon the sublayer thickness. Decrease in wear rate was observed with a
decrease in sublayer thickness. All the laminated composites showed a critical load
above which wear rate increased rapidly. The critical load increased as the sublayer
thickness was decreased. Lubricated tests also revealed improved wear resistance in
composites.

Zhang [85] also found improved wear resistance and frictional properties in
Cu/Ni laminated nanocomposites under sliding wear conditions. Under fretting

Fig. 5.16 Wear rate as a function of load for copper, nickel, and Cu/Ni nanolaminates [82]
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wear conditions, Cu/Ni showed [86] better wear performance as compared with
either of the constituents, Cu or Ni. Nanocomposites with thinner sublayers, 5 nm,
exhibited better wear resistance compared with that with 10 nm sublayer thickness.
Zhang et al. [87] reported that fretting wear resistance of Cu/Ni composites
improved dramatically when sublayer thickness was <60 nm.

Georgiou et al. [88] reported that nanostructured gradient Co-Sn layered com-
posites possessed significantly higher wear resistance when compared to pure Sn
coatings. Layered nanocomposites containing composition modulated Ni-W multi-
layer exhibited enhanced hardness without an increase in the internal stress and
surface crack formation tendency [89].

Corrosion Resistance
There has been a growing interest in the corrosion properties of laminated
nanocomposites. Repeated barriers that such laminated structure provides are believed
to lead to improved corrosion resistance. A number of nanolayered systems have been
studied for their corrosion resistance such as Zn-Co [90–92], Zn-Ni [93–95], and
Cu/Ni [96]. Thangaraj et al. [92] made a comparative study on the corrosion resistance
of monolithic Zn-Co alloy and Zn-Co laminated nanocomposite. They used the same
total thickness for all coating (15 μm). The nanocomposites contain sublayers down to
25 nm thickness. Thangaraj et al. found a substantial improvement in corrosion
resistance in laminated nanocomposites (Fig. 5.17).

A laminated composites containing 600 sublayer (each 25 nm thick) showed
about six times better corrosion resistance than Zn-Co alloy deposit. Co-rich outer
layer was found to provide enhanced corrosion resistance. Zn-Ni composite was
found to have better corrosion resistance than Zn-Co. Based on Mott-Schottky plots

Fig. 5.17 Comparison between the corrosion rates of three laminated composites, pure Zn and
Zn-Co alloy [92]

5 Nano-/Microcomposites by Electrodeposition 193



obtained in electrochemical impedance spectroscopy, it was suggested that the
increased corrosion resistance of the nanolaminated composites was related to
their inherent barrier properties of n-type semiconductor films at the interface
between the laminates.

Better corrosion resistance of Zn-Co nanolaminated composites was also reported
by others. [90] Fei and Wilcox [94] and Chawa et al. [93] reported that the corrosion
resistance of Zn-Ni laminated composite coating was much better than that of a single-
layer zinc or nickel deposit. A dependence of corrosion resistance on the sequence of
the layers was observed [94]. Zn-Ni coatings having a Ni sublayer adjacent to
substrate and Zn sublayer as the top layer exhibited the best protective performance.

Troyon and Wang [96] observed that by adding organic additive in the deposition
bath, the structure of Cu/Ni nanolaminates can be improved which resulted in
improved corrosion resistance.

Magnetic Properties
Giant magnetoresistance (GMR) is one of the properties of laminated
nanocomposites that is of great technological importance and has attracted great
interest in recent years. Laminated nanocomposites studied for GMR have been
mostly produced by single-bath technique. GMR is characterized by a large increase
as the resistance of nanolayered system when the magnetic field is changed. This is a
property of great technological importance and can be used in high-density magnetic
recording, sensors, etc. A number of researchers [97–99] have reported the attain-
ment of GMR in electrodeposited Co/Cu nanocomposites. Kashiwabara [98]
obtained a magnetoresistance value as high as 18 % in their nanolaminates opti-
mized for sublayer thickness (Fig. 5.18).
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GMR has also been exhibited by Ni-Co-Cu/Cu layer nanocomposites. [99]
GMR is observed in nanocomposite system consisting of alternate stacks magnetic

and nonmagnetic sublayer with only a couple of nanometer sublayer thickness. This is
a property which is very sensitive to quality of the nanocomposites with respect to
sublayer thickness uniformity, interface quality, crystallinity, etc. Thus, the attainment
of GMR in electrodeposited nanocomposites is a testimony to the precise deposition
control at the nanometer level that is currently possible in electrodeposition.

Other attractive magnetic properties have been found other than nanolayered com-
posites such as hard magnetic properties in Fe/Pt [100] and high permeability [101].

Recently, Schelhas et al. [102] reported electrodeposition to be a reproducible and
tunable deposition process for the fabrication of multilayered Au-Ni composite in
the form of a nanowire. This process allowed the authors to create a multistate
system with both in-plane and out-of-plane easy axes. This was achieved by
balancing magnetic shape anisotropy with dipole coupling between the two layers.

Conclusions

Electrodeposition has a fairly long history with regard to composite preparation. As
far as published literature goes, electrodeposited laminated and particulate compos-
ites go back to 1921 [61] and 1928 (Fink 1928), respectively. Composites prepared
by electrodeposition are already in use in different industry including engineering,
automotive, and mining. Electrodeposition, being an atomistic deposition process,
has the capability of producing composites, particularly laminated nanocomposites
with structural features down to nm. Current availability of nanoparticle has made it
possible to produce particulate nanocomposites routinely. This process can also be
speeded up to produce mm-scale features. Electrodeposition is particularly suited to
deposit composite coatings on large objects with complex shapes.

Although this process is most suitable for metal matrix composites, recent
research has proven the versatility of this technique in producing ceramic- and
polymer-based composites. Initial interest in electrodeposited composites has been
because of their novel engineering properties like wear resistance, corrosion resis-
tance, etc. While these properties continue to attract interest, recent studies have
demonstrated that electrodeposited composites can give rise to novel properties like
magnetoresistance, catalytic properties, and sensing/actuating properties suitable for
advanced devices. Future research and development is expected to take electrode-
position to a new height as a process for the synthesis advanced composites.
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Abstract
Factors affecting the performance of short fiber-reinforced polymer (SFRP)
composites are reviewed with an emphasis on the factors such as fiber orientation
and volume fraction, fiber length, and matrix–fiber interfacial properties. The
review is followed by a case study on short carbon fiber-reinforced polycarbonate
(PC) composites of varying volume fraction (1 %, 3 %, 5 %, 7 %, 10 %, and
15 %). Tensile and three bending tests reveal an increase in the modulus and yield
strength of the composites with increasing fiber content. To evaluate the effect of
interface in each matrix and fiber system with changing matrix mobility dynamic
mechanical analysis is performed, which reveal an increase in the storage mod-
ulus of the composites and a shift in the glass transition temperature caused by the
introduction of CFs. The surface morphology of the fractured specimens revealed
homogenous dispersion of CF in the polymer matrix.

Keywords
Bisphenol • A polycarbonate • CFRP composite • Melt mixing • Impact fracture
and mechanical strength

Introduction

Fiber-reinforced polymer (FRP) composites have diverse areas of application includ-
ing space exploration, civil aviation, military, marine, civil infrastructure, automo-
biles, medical, and sports. Combination of properties such as low density, high
specific strength and stiffness, and excellent corrosion resistance makes FRP com-
posites an appropriate substitute of conventional metals for load-bearing applica-
tions. The principal advantage of these composites over metals is their high specific
strength/stiffness, which makes them suitable for various applications ranging from
space to daily life [1–4]. Lower density of polymer matrix reduces the product
weight considerably while high strength fibers carry the load. Apart from this, the
FRP composites exhibit a combination of desired properties not otherwise shown by
either of the constituent materials. A large variation in properties is possible by
changing the polymer matrix, processing conditions, and the reinforcing fiber type,
volume fraction (Vf), length, and alignment. This leads to the attainment of desired
properties by a suitable choice of the specific matrix, fiber, and other parameters
depending on their suitability for specific end-user applications [5]. Based on the
length of the reinforcing fiber, the FRP composites are classified as short FRP
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(SFRP) and continuous FRP composites. Continuous fibers, being easy to orient and
disperse, exhibit high dimensional stability, low shrinkage, and high impact strength.
However, for complex shapes, their processing becomes more difficult with
increased product cost. On the other hand, the short fiber-reinforced polymer
(SFRP) composites, due to their comparatively easy and rapid production, lower
fabrication cost, and suitability to form intricate shapes, offer considerable technical
advantages over the formers [6]. The SFRP composites fill the mechanical property
gap between the continuous fiber laminates used as primary structures by the aircraft
and aerospace industries and the unreinforced polymers used in non-load-bearing
applications [7].

Commercially used reinforcing fibers for FRP composite fabrication include glass
fiber, carbon fiber, and aramid fiber. Among these, the carbon fiber (CF), due to its
superior tensile strength as high as 230 GPa and being lightweight, finds vast applica-
tions in aerospace and military industries [8, 9]. Studies on both polyacrylonitrile (PAN)
and pitch-based CF-reinforced composites exhibit superior properties preferred for the
structural applications [10]. Despite being expensive, the CF holds considerable impor-
tance in FRP composites as well as carbon–carbon (CC) composites.

Considerable research has been carried out to study the effect of various parameters
on the performance of carbon fiber-reinforced polymer composites. This chapter aims
to summarize the literature results concerning the effect of these parameters on SFRP
composite performance along with a case study of short carbon fiber-reinforced
polycarbonate composites. The case study deals with the effect of fiber Vf on the
viscoelastic, mechanical, and fracture response of the composites. Short CF-reinforced
bisphenol A polycarbonate composites with varying CF content (Vf = 0.01–0.15)
were synthesized by the melt mixing followed by injection molding. The polycarbon-
ate (PC), owing to its unique combination of properties such as high toughness,
excellent compatibility with several polymers, large heat distortion resistance, and
lower cost, proves to be a suitable matrix for the structural applications [11].

Factors Affecting SFRP Composite Performance

Effect of Fiber Orientation and Volume Fraction

Factors such as relative orientation, Vf, and dispersion of the fibers have a significant
influence on the mechanical strength and other properties of FRP composites
[6]. With respect to the orientation, two extremes are possible: (1) parallel alignment
of the fibers and (2) random alignment. Alignment of short fibers is more difficult
compared to the continuous ones. The aligned FRP composites show anisotropic
behavior, while in the second case, it turns out to be isotropic [12]. Preferred
alignment of fibers along the loading direction increases the fracture load
[13]. Another important factor affecting the composite properties is the dispersion
of fiber in the matrix. Inhomogeneous dispersion produces local fiber-deficient
regions prone to the matrix failure. Better overall properties are realized when the
fiber is uniformly dispersed [14]. High fiber content is required to achieve a high-
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performance SFRP composite. Therefore, the effect of fiber content on their mechan-
ical properties is of particular interest and significance. Increase in the Vf leads to the
increase in the strength and modulus [15, 16]. This follows the rule of mixture for
composites [1]. Again, for a matrix with lower toughness, increased Vf improves the
toughness of the composite [17]. However, very high fiber loading may affect the
fiber wetting efficiency and fiber dispersion adversely.

A study on the penetration energy for CF-reinforced plastics under low-velocity
impact conditions by Caprino and Lopresto has shown that for a given fiber type, the
penetration energy is substantially influenced by the total fiber volume and diameter
[18]. Other secondary parameters affecting the penetration energy include resin type
and content, fiber architecture, stacking sequence, and orientations. The work on the
fiber-reinforced PC composites by Friedrich reveals that the fracture toughness of the
composite, Kcc, is affected by Vf, orientation, and distribution of short carbon fibers
across the plaque thickness and by the quality of their interfacial bonding to the matrix
[17]. An increase in composite toughness is observed with increasing the extent of
reinforcement if the matrix is brittle and the fibers are well bonded as well as oriented
perpendicular to the crack front. An opposite behavior has been observed for the
matrices, which behave in a highly ductile manner even in the presence of fibers.

Effect of Fiber Length

The mechanical properties of the fiber-reinforced composites depend on the degree
to which the load transfer between the matrix and fiber takes place. The important
factor of this load transfer mechanism is the magnitude of the interfacial adhesion
between the fiber and matrix [19]. Under an applied stress, this fiber–matrix bond
ceases at the fiber ends, yielding a matrix deformation pattern. In other words, there
is no load transfer from the matrix to the fiber at each fiber extremity. Some critical
fiber length is necessary for the effective strengthening and stiffening of the com-
posite material [20]. Critical fiber length (lc) depends on the fiber diameter and its
ultimate strength by the relation (Eq. 6.1):

lc ¼ rf σcu
2τi

(6:1)

where, τi, rf, and σcu are the interfacial shear stress between matrix and fiber, radius of
fiber, and ultimate strength of composite, respectively. A mathematical study relating
the effect of fiber length and orientation distributions on the tensile properties of the
SFRP composites by Fu et al. shows that the composite strength increases rapidly with
increasing the fiber length for smaller mean lengths (<lc) and saturates for larger mean
lengths (>5lc) [21]. Moreover, the smaller value of lc leads to the higher strength of the
composites. In addition, the thermal stability and dynamic mechanical response of the
SFRP composites show significant dependence on fiber length. Rezaei et al. have
studied the thermal degradation behavior and dynamic mechanical response of
CF-reinforced PP composites with varying fiber length from 0.1 to 10 mm. For a
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constant fiber content (Vf = 0.1), the thermal degradation temperature of the com-
posite increases (~10 �C) with increasing fiber length in the above range. On the other
hand, contrary to the longer fibers (10 mm), the storage and loss moduli of these
composites show no significant change for the smaller fibers (<2 mm) [22].

In SFRP composites, various parameters such as fiber concentration and shear
applied during the extrusion change the fiber length and length distribution. With
increasing Vf, due to the increased fiber–fiber interaction and fiber-extruder wall
contact, the shear stress applied to the fibers during the mixing/extrusion increases,
which, in turn, breaks the fibers to reduce the fiber length [23, 24]. Again, this
reduction in fiber length lowers the composite strength [25]. This is at least partially
the reason why the addition of very short fibers to a polymer matrix does not lead to a
significant increase in composite strength [26, 27], modulus [28], and toughness [19].

Matrix–Fiber Interfacial Properties

The performance of fiber-reinforced polymer (FRP) composites depends largely on the
quality of the fiber–matrix interface, which determines the way by which the load
transfer takes place from polymer to the fiber [29]. The interfacial properties become
more important in case of SFRP composites where the interfacial shear strength deter-
mines the critical length. Both chemical bonding as well as mechanical locking between
rough fiber surface and polymer chains may form the interface. The nature and the
strength of bonding at the fiber–matrix interface depend on the fiber surface activity,
roughness, the presence of functional groups, compatibilitywith the polymermatrix, and
the thermal properties of the matrix [30]. Various surface modifications are employed to
improve the surface activity and roughness. Surface oxidation, grafting of polar groups
(–COH, –CO, and –COOH) by chemical/plasma treatment, and the use of sizing
agents are some of the ways to improve surface activity for better interfacial strength
[31, 32, 33]. The oxygen-containing groups on theCF surface influence the cross-linking
reaction of epoxy resin in the composite, which leads to higher degree of cross-linking at
the interface [34]. Apart from this, presence of a secondary nanosized material such as
carbon nanotubes (CNTs) on the fiber surface improves the interfacial strength by local
stiffening of the matrix near the interface [35–37]. Studies by Sager et al. have exhibited
a 71 % increase in the interfacial shear strength for randomly oriented multi-walled
CNT-coated CF [38]. More enhancements in the interfacial strength can be attained
by using coiled CNT coating on the fibers [39]. Recently, coating of graphene oxide on
fiber surface has been reported to enhance the mechanical properties of SFRP [40, 41].

Processing of SFRP Composites

Reinforcement of a polymer matrix requires homogeneous dispersion of the
reinforcing phase. Dry powder impregnation, solution impregnation, and melt
mixing are the generally employed techniques to achieve good dispersion of the
short fibers in the thermoplastic polymer matrix [42].
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In dry powder impregnation, developed by Price in 1973 [43], strands of reinforce-
ment are pulled continuously through a bed of powdered resin allowing polymer
particles to be incorporated into spaces between fibers. In this process the wet-out is
obtained by melting the polymer powder in the tow and applying pressure to cause the
melt to flow in a direction parallel to the fibers. The uniform dispersion of powders
during the dry powder impregnation minimizes the flow length during wet-out [44, 45].

Another technique of impregnation is to dissolve the polymer in a suitable solvent
and use that low viscosity medium to wet the fibers. This impregnation operates at
low temperatures (~50 �C) followed by drying at ~90 �C to eliminate the unwanted
solvent [46–48]. The impregnated fibers are then hot-pressed to prepare the com-
posite. It is relatively easy to operate, provided the availability of a suitable solvent
for the polymer matrix. Smith et al. have fabricated repair patches of the CF/PC
composite material using the solution impregnation technique. Observations show
that PC granules in dichloromethane offer a relatively fast-dissolving solution
providing a better impregnation [49]. Homogeneous wetting of long fibers can be
achieved using this technique. However, the short fibers may tend to agglomerate in
the solution.

For the short fiber reinforcements, melt mixing provides a homogeneous disper-
sion of the fibers. It is the most frequently used technique to disperse short fibers,
particles, and nanoscale reinforcements in the thermoplastic polymer matrix
[50, 51]. The procedure involves the uniform dispersion of the reinforcing parti-
cles/fibers into the molten polymer using a single or double screw extruder followed
by the injection molding to shape a final product. In an extruder, several factors such
as mass flow rate, pressure, mixing time, shear rate, zone temperature, and rheolog-
ical properties control the product quality [52, 53]. For a particular matrix-
reinforcement system, optimizations of these parameters are essential to ensure
uniform dispersion.

Experimental

The main goal of the present chapter is to analyze the effects of short carbon fiber
content on the dynamic mechanical, mechanical, and impact fracture behavior of
bisphenol A polycarbonate composite.

Materials

Polycarbonates are polymers having functional groups linked together by carbonate
groups (-O-(C=O)-O-) in a long molecular chain (Fig. 6.1). Polycarbonate of
bisphenol A, the most common form of polycarbonates, is generally synthesized
by a polymerization formed by the reaction of bisphenol A and phosgene. Applica-
tions of polycarbonates take advantage of their high impact strength, transparency to
visible light, low flammability, and high heat distortion stability.
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Bisphenol A polycarbonate (Lexan 143R grade) was obtained from M/S SABIC
Innovative (General Electric Co.) Plastics India Limited. It is an amorphous solid
having high transparency. Its melt flow rate and density as provided by the manu-
facturer are 11.0 g/10 min and 1.2 g/cm3, respectively.

PAN-based unidirectional carbon fiber supplied by M/S Fothergill Private Lim-
ited (UK) having a density of 1.8 g/cm3 was used. The diameter of a single filament
of CF is 8–10 μm as determined by the scanning electron microscope.

Preparation of Composite and Sampling

Carbon fiber-reinforced polycarbonate composites were prepared by the single-
screw extruder (Haake Rheocord – 9000). The PC/CF composites, ranged from
1 % to 15 % of fiber volume, were prepared by diluting the PC/CF master batch
with polycarbonate to obtain the required concentration of CF. The temperature of
the extruder was set from 270 �C to 300 �C in all four zones. Then samples were
molded by injection molding. The set temperatures of all three zones in injection
molding were 290 �C, 300 �C, and 315 �C.

Characterization of PC/CF Composites

Various characterization techniques are employed to study the mechanical, thermal,
and rheological properties of PC/CF composites. Tensile and impact strength,
interfacial shear strength, glass transition temperature, and viscoelastic properties
are the most important parameters to characterize PC/CF composites.

Tensile Strength

The tensile and flexural tests were performed on the universal testing machine (UTM
Instron 1195) with the maximum load capacity of 100 KN according to the ASTM
D-638 at 25 �C. In addition, the flexural tests were carried out on the same UTM
machine according to the ASTM D-790.

Fracture and Impact Strength

Impact test was performed by a CEAST impact tester using the ASTM D
256, whereas the abrasive resistance of the composites was measured by a taber
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Fig. 6.1 Repeating unit of
polycarbonate made of
bisphenol A
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abraser using 1000 g load and CS-17 abrasive wheel for 1000 cycles as per ASTM
D1044. ASTM D2240 is used for hardness measurements.

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) provides valuable insight into the structure,
morphology, and viscoelastic behavior of polymeric materials. It proves an important
tool to study the effects of temperature/frequency on the viscoelastic/rheological
properties of the polymeric composites under various modes of operation, namely,
tensile, bending, and shear. Viscoelastic/rheological properties of FRP composites are
influenced significantly by the fiber–matrix mechanical properties, geometric charac-
teristics, fiber length, Vf, and interfacial bonding [16, 54]. Thus, DMA becomes an
important tool to probe into the fiber–matrix interaction and interfacial bonding in a
particular FRP composite system. In DMA, the response of the material to a dynamic
load is monitored. The measured parameters include storage modulus (E0), loss
modulus (E00), damping factor (tan δ), dynamic viscosity, etc. E0 relates to the amount
of energy stored in the composite as elastic energy whereas E00 measures the energy
loss during a loading cycle. In the present study, dynamic mechanical analysis over a
temperature range of 25–200 �C was performed with Pyris Diamond DMA (Perkin
Elmer USA) by using sinusoidal loading of frequency 1Hz in bending mode.

Thermal Analysis (TG/DTA)

The thermal analysis was performed by using a Pyris Diamond Thermogravimetric/
Differential Thermal Analyzer (TG/DTA) to study the thermal stability of composites
with increasing fiber content. Thermogravimetric analysis (TGA) is used in this study to
determine the thermal decomposition and stability of composites with different types of
fiber reinforcement. On the other hand, the differential thermal analysis (DTA) provides
information about the energy evolution due to various chemical and/or physical changes
encountered by the specimen during a thermal cycle. In the present study, the analysis
temperature range for the composite as well as the pure PC samples was 35–650 �C. All
the samples were analyzed in air atmosphere at a heating rate of 10 �C/min.

Microstructural Analysis

Microstructural analysis of the FRP composites reveals the orientation and disper-
sion of the reinforcing fibers and the presence of various defects. In addition, study
of the microstructure of fractured surface (fractography) reveals the causes and
mechanism of failure. For SFRP composites, optical microscopy, and scanning
electron microscopy (SEM) are the mostly used techniques to study microstructure.
In the present study, SEM (Zeiss EVO MA-15) was used to study the fractured
surfaces of Izod and Charpy specimens.
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Results and Discussion

Mechanical Analysis

Tensile/Flexural Properties: The tensile curves for composites with varying fiber
concentration are shown in Fig. 6.2. With increasing the fiber content, the tensile
strength increases consistently. For the composite with 15 vol% CF, the tensile
strength shows an enhancement of ~54 % as compared to the pure PC (Fig. 6.3a).
Similarly, as the CF concentration increases from 0 to 15 vol%, the tensile modulus
of CF-reinforced composites increases significantly (~177 %) as compared to the
pure PC. The increase in the tensile modulus follows almost a linear trend as shown
in Fig. 6.3a. Additionally, the percentage elongation of the composite shows a
substantial decrease for increased fiber concentration, reaching as low as 0.8 % for
15 % CF loading as compared to 7.5 % for pure PC (Fig. 6.3b). This suggests ductile
to brittle transition with increasing CF content. Stiff fibers restrict the motion of
polymer chains, which, in turn, increases the strength as well as stiffness of the
composite.

As shown in Fig. 6.4, the flexural tests of the composites exhibit large improve-
ments in the flexural modulus as well as strength with increasing the fiber content.
As compared to the pure PC, the strength and modulus of 15 % CF-reinforced
composite show an increment of 50 % and 250 %, respectively. This can be
attributed to the presence of randomly oriented fibers, which affect the movement
of polymer chains when the composite material is flexed. Both tensile as well as
flexural tests show similar improvements in the strength whereas the modulus
exhibits larger improvement for flexural test (250 % compared to 177 %). This
may be attributed to the presence of both tensile and compressive stresses during
the flexural test.
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Fig. 6.2 Stress–strain curve under tension loading with varying carbon fiber concentration
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Few factors affect the mechanical performance of FRP composites. These include
the moduli and strengths of the fiber and matrix; aspect ratio, length distribution, Vf,
and uniformity and orientation of the fibers; integrity of the fiber–matrix interface;
interfacial bond strength; etc. In addition, the presence of foreign objects such as
voids and inherent defects affects the fiber–matrix interface, which, in turn, alters the
mechanical performance [55–57]. The work by Caldeira et al. on vapor-grown
carbon fiber (VGCF)-reinforced PC composites also reveals that the good
fiber–matrix adhesion is essential for effective improvement in the tensile modulus
and strength [58]. Because of their higher intrinsic rigidity, PAN-based carbon fibers
give rise to composites with better mechanical properties than the VGCF. Present as
well as the previous studies show improvements in tensile strength and toughness of
SFRP composites with increasing fiber content.

Impact Strength: Impact tests show that the impact strength of the composite
exhibits a drop with increasing the fiber concentration. As shown in Fig. 6.5, the Izod
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impact strength for the notched samples decreases from 825 J/m for pure PC to
307 J/m for 5 vol% CF-reinforced PC. However, above the threshold of 5 % CF,
there is a marginal increase in the impact strength for both the unnotched as well as
the notched specimen. Similarly, the Charpy impact strength decreases from 197 J/m
for pure PC to 83 J/m for 5 % CF-reinforced PC, whereas beyond the threshold of
5 % CF content, the impact strength shows a marginal increase. This marginal
increase in the impact strength of the composite can be attributed to the phenomenon
of fiber pullout where a portion of energy is spent to pull out the fiber from the
matrix.

The observed decrease in the impact strength may be a consequence of several
factors. Primarily, these factors include the weak fiber–matrix bonding and insuffi-
cient fiber concentration, which remains insufficient to provide proper load transfer
from the polymer matrix to the fibers. Poor fiber–matrix interface requires very small
amount of energy for crack propagation, which, consequently, reduces the impact
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strength. As observed in tensile testing the ductility decreases with increasing CF
content in the composites, which reduces the effective crack length and hence lowers
the impact energy. Other than this, fiber reinforcement in the polymer matrix creates
free volume by breaking the polymer chains, which causes a reduction in the impact
strength of the composite.

Durometer Hardness: The hardness of the prepared composites shows an increas-
ing trend with fiber concentration. As shown in Fig. 6.6a, the hardness of 15 %
CF-reinforced composite increases by 70 % as compared to pure PC. The increase in
the hardness of the composite may be attributed to the presence of CF, which acts as
a barrier or obstacle hindering the growth and propagation of the microcracks from
the surface to the interior of the material.

Abrasion Resistance: The abrasion resistance results for various compositions of
CF in the PC matrix reveal that with an increase of the fiber concentration, the weight
loss increases from 18.0 mg for pure PC to 50.0 mg for 15 % reinforced PC
(Fig. 6.6b). This clearly shows that the abrasive resistance of the composite material
decreases with increase in fiber concentration. This result is in agreement with the
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other studies on FRP composites [59, 60]. Abrasive wear of FRP composites
depends on the nature of polymer matrix, fiber content, and their orientation relative
to the abraser surface and the sliding direction. Fibers normal to the abraser surface
show highest wear resistance [61]. Again, the abrasive wear resistance exhibits
significant improvement when particulate fillers like PTFE are used along with the
reinforcing fiber [60].

Scanning Electron Microscopy

SEM analysis of the impact-fractured surfaces of PC/CF composite has been carried
out to investigate the fracture mechanism (fractography), the dispersion of the CF,
and the microstructural changes evolved with the incorporation of the reinforcement
into the polymer matrix.
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The average diameter and length of CF, as observed by SEM, lie in between
8–10 μm and 3–4 mm, respectively. The SEM micrographs of the CF-reinforced
composites confirm a uniform dispersion of CF in the polymer matrix without
any sign of fiber agglomeration for all compositions (Figs. 6.7 and 6.8). From
Fig. 6.7a, b, it appears that the fracture is ductile in nature. There is smoothness in
the fractured surface with very little ruggedness. At low fiber concentrations, i.e., for
1 vol%, 3 vol%, and 5 vol% CF, a fine terrain like topography in the fractured surface
is observed. The smoothness of the fractured surface goes on decreasing with
increase in the fiber concentration suggesting a ductile to brittle transformation in
the composite material (Fig. 6.8b, c, and d). With increasing the fiber content, there is
a remarkable difference in the surface morphology of the fractured surface. The
micrographs also reveal the fiber pullout, which is found to be more dominant at
higher fiber concentration, i.e., beyond 5 % loading. This can be attributed to poor
interfacial bonding between the polymer and CF.

Dynamic Mechanical Analysis

DMA of the composites exhibits significant improvement in the E0 with decreased
damping (tan δ). However, the E00 also found to increase with increasing fiber
concentration, which indicates poor interfacial bonding. This section includes
detailed discussion on DMA results.

Fig. 6.7 SEMs of PC/CF composite fractured surfaces (a, b) pure PC (c) PC + 1 % CF (d)
PC + 3 % CF
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Storage Modulus (E0): The E0 curve, Fig. 6.9, shows an increase in modulus in
the glassy state region with the increase in fiber content. Inclusion of elastic fibers
in the viscoelastic polymer matrix increases the E0 significantly. Below Tg, the E0

increases from ~6.5 GPa for pure PC to ~17.5 GPa for CF/PC composite with
15 vol% CF. Further, the E0 in the rubbery state (above Tg) for 15 vol% CF/PC

Fig. 6.8 SEMs of PC/CF composite fractured surfaces (a) PC + 5 % CF, (b) PC + 7 % CF, (c)
PC + 10 % CF and (d) PC + 15 % CF
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composites is an order of magnitude higher than pure PC and remains constantly
well above then that of pure PC at all temperatures. The decrease in modulus at
higher temperature is due to the decrease in intermolecular force of attraction and
softening of polymer matrix. In addition to this, the decrease in the modulus can
also be attributed to the decrease in the coefficient of friction between polymer
chains at higher temperatures.

Loss Modulus (E00): The E00 curves, as shown in Fig. 6.10, also exhibit an increase
in the E00 with increasing the fiber content. The E00 maximum peak value changes
from 1.7 GPa for pure PC to 3.9 GPa for 15 vol% CF/PC composite. This is because
as the fiber content in the polymer matrix increases, the interfacial shear strength
losses due to the dominance of the frictional forces. With further increase in the
temperature beyond the peak temperature, the E00 drops due to the increased mobility
of polymer chains. In addition, the temperature corresponding to the peak value of
E00 also varies slightly with fiber content. Since the E00 peak is a better indicator of Tg
of the polymer composite [62], it may be concluded that the Tg decreases slightly
with increasing fiber content showing a minimum at 5 vol% CF and then increases
with further increase in the CF content. In polymer composites, several factors such
as size, volume fraction, and the aspect ratio of the reinforcement/filler influence the
Tg [63]. Rheological studies on the VGCF/PC and PAN-based CF/PC composites
reveal that VGCF have a higher influence on the rheological behavior of the
composites than the PAN-based CF. In addition, the matrix nature also affects the
rheological properties of the composites as the poor fiber–matrix adhesion results
to the fiber- matrix relative slip [64, 65]. Increasing the fiber content increases
the viscosity, with a larger increment for higher aspect ratio fillers like VGCF and
CNT [64, 66].

Damping (tan δ): Variation of damping (tan δ) for composites having different
fiber contents follows trends similar to those of E00. With increasing the fiber content,
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the peak becomes less prominent and broadened signifying a decrease in the
damping (Fig. 6.11). In addition, the peak shifts toward lower temperature with
increasing fiber content.

Thermal Analysis (TGA/DTA)

Figure 6.12a shows the TGA plots (variation in sample weight with temperature) for
the composites with varying CF vol%. The pure PC as well as the composites exhibit
at least two distinct plateau regions in the TGA plots. This is associated with the
characteristic multistep degradation behavior of PC [67, 68]. Again, the residual
weight above 600 �C increases with increasing CF vol%. This is because the thermal
degradation of CF is negligible at this temperature. The derivative weight loss curve
for pure PC (Fig. 6.12b) also shows two peaks at temperatures 495 �C and 605 �C
corresponding to different degradation steps, which is supported by other studies as
well. These peaks correspond to the maximum weight loss rate. In the first step of
degradation, carbonate and isopropylene groups of the PC chain decompose, while the
second step corresponds to the degradation of aromatic rings [69]. The derivative
weight loss curves exhibit sharper peaks with increasing fiber content, which can be
explained by the fast reaction rate caused by more active sites. Likewise, possible
saturation of reaction rate at higher CF concentrations leads to the overlap of the
TGA/derivative weight loss curves for 10 vol% and 15 vol% CF. The corresponding
heat flow curves (DTA curves) for pure PC and composites are shown in Fig. 6.13.
Incorporation of CF decreases the degradation temperature of CF/PC composites
significantly. Inclusion of only 1 % CF in the polymer matrix decreases the first and
second DTA peak temperatures by 4.4 % and 8.0 %, respectively. The possible reason
behind the large decrease in the degradation temperature is the presence of active sites
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at the polymer chain- fiber interface facilitating low temperature degradation. With
increasing fiber content, the increased number of active sites further decreases the
degradation temperature slightly. Similar studies on short CF-reinforced polypropyl-
ene (SCFR/PP) composites suggest a significant increase in the thermal stability with
increasing fiber length from 2 to 10 mm. In this case, increased number of fiber ends
for smaller length fibers may act as the active sites for thermal degradation [22]. Other
studies on short CF/PC composites also show that the thermal stability of the
composite increases with increasing the CF length. Thus, for a constant fiber length,
increasing fiber Vf increases the number of active sites at the fiber ends and the
degradation temperature decreases. With increasing fiber content, the intensity of the
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second peak of heat flow curve increases, whereas the peak width decreases. This is
due to the increased rate of the highly exothermic degradation reaction.

Fragmentation/Fiber Pullout Tests

The performance of fiber-reinforced composites depends largely on the interfacial shear
strength (τ) which determines the way loads can be transferred from matrix to the fiber
or vice versa. The determination of τ is frequently done by means of single fiber pullout

400 500 600

–160

–120

–80

–40

0a

Pure PC

PC + 1% CF

PC + 3% CF

Temperature (°C)

 H
e

a
t 

F
lo

w
 (

m
W

)
E

n
d

o
 U

P

b

Temperature (°C)

 H
e

a
t 

F
lo

w
 (

m
W

)
E

n
d

o
 U

P

400 500 600

–120

–80

–40

0

PC + 5% CF
PC + 7% CF
PC + 10% CF
PC + 15% CF

Fig. 6.13 Heat flow for (a)
0, 1, and 3 and (b) 5, 7,
10, and 15 vol% fiber

6 Short Carbon Fiber-Reinforced Polycarbonate Composites 217



test and fragmentation test on single filament composites [38, 70]. Interfacial properties
can be significantly enhanced by increasing the “surface activity” of the reinforcement
[71]. The study concerning the effect of plasma treatment on the interfacial properties of
carbon fiber–polycarbonate composites by Moran et al. reveal that the increased surface
activity of the plasma-treated CF increases the interfacial shear strength, which, in turn,
decreases the critical length significantly [72].

Concluding Remarks

Short carbon fiber-reinforced polycarbonate composites with different fiber content are
made to study the effects of fiber concentration on the mechanical, viscoelastic, and
fracture response of the composites. Melt mixing technique provides uniform dispersion
of the fibers in the polycarbonate matrix as confirmed by SEM micrographs. With
increasing the fiber content from pure PC to 15 vol% CF, the stiffness and strength of the
composites improve significantly. As compared to the pure PC, considerable increments
in the tensile modulus (~3 times), flexural modulus (3.5 times), tensile strength, and
flexural strength (~1.5 times) are observed for 15 vol% CF composite. Observed
reduction in percentage elongation of the composite material suggests ductile to brittle
transition upon the incorporation of CF. The surface morphology of the fractured
surfaces of the composites studied by the SEM micrographs confirms this transition.
Charpy and Izod impact strengths decrease sharply with an increase in the CF fraction
up to a threshold concentration of 5 % and then increase marginally. The shore hardness
of the composite shows an increase with fiber loading. At lower temperatures (<Tg), the
storage and loss moduli show large increments. As compared to the pure PC, for 15 vol
% CF/PC composite, the storage and loss moduli increase by factors of 3 and 2, respec-
tively. Above the Tg, the E0 decreases with increasing the temperature. E00 first increases
to reach a peak at the Tg and then decreases with increasing temperature. Broadening
and shifting of the tan δ peak toward lower temperature is observed with increasing CF
content. This suggests a poor fiber–matrix interaction, which must be improved by
surface activation/functionalization. TGA/DTA studies show a decrease in the degrada-
tion temperature with increasing fiber vol%.
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Abstract
Ionic polymer metal composites (IPMCs) are electro-active polymers with excel-
lent electromechanical coupling properties. They are efficient candidates in many
advanced technological applications such as actuators, artificial muscles, biomi-
metic sensors, etc. The manufacturing of electrodes for IPMCs is very critical in
their electromechanical coupling. Force optimization, selection of cations and
particle size distribution within the IPMC structure, etc. are the various factors,
which determines their efficiency. In this chapter, we briefly discuss the structure,
components and working mechanisms of IPMCs. The synthesis and character-
izations of IPMCs are discussed in detail with the help of examples. A brief
outlook on the modeling and potential applications of IPMCs is also included.

Keywords
Actuator • Artificial muscles • Damping • Elastic modulus • Electroding process •
Electromechanical coupling • Ionic polymer metal composites •Microelectrome-
chanical systems • Sensors • Polymer membrane

Introduction

Ionic polymer metal composites (IPMCs) are ‘technologically matured’ electro-
active polymers (EAPs). IPMCs are frequently known as ‘soft actuators-sensors’
or ‘artificial muscles’ because of their electromechanical coupling behavior. The
developments on the polymer/metal composites in the early 1930s have signaled the
rise of IPMCs actively in research. Typically, an IPMC consists of a thin membrane
of an ionic polymer structured between two metal electrodes on both the faces. They
are capable in transducing the strain energy into electrical energy and vice-versa.
Their synthesis and designing play a critical role in the efficiency of IPMCs based
devices. They are found applications in a wide range of areas such as actuators,
bio-mimetic sensors, artificial muscles, and many more. The light weight and
flexibility are their added advantages, but still the huge price is making away from
commercializing such technologies. This chapter briefly reviews the working prin-
ciple of IPMC materials, manufacturing methods, designing, modeling, and charac-
terization of IPMCs based structures, and their potential applications. Even though a
full note on their applications is beyond the scope of this chapter, still a short
description of applications in actuators, bio-mimetic sensors, artificial muscles,
MEMS, fuel cells, energy harvesters, and some biomedical applications are also
briefly discussed.

Significance of Ionic Polymer Metal Composites

The IPMCs represent a special group of EAPs with modified properties. They are
synthetic composite materials, which can be cleverly manipulated for various
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applications. Their stunning properties such as actuation, sensing, etc. has become
very useful in integrating with other advanced technologies for various applications.
They are used in actuators for converting the electrical signals to mechanical bending
of the material. Reversibly, as a smart material, they can produce voltage when a
mechanical force is applied on their surface. The capability in working even in the
fluid environments without sacrificing the respective properties has increased their
importance. They become the functional components of MEMS due to their com-
patibility with such micro-mechanical systems. The journey of IPMCs is started
from the basic application as actuators and has reached advanced applications as a
laparoscopic surgical tool in the medical field. The imagination of their potential
fields of implementation is beyond the limit of their today’s applications, and is
expected to perform in the future research.

Structure of Ionic Polymer Metal Composites

A schematic of a typical IPMC material is shown in Fig. 7.1. An IPMC consists of a
polymer membrane of thickness 200 μm with electroless-deposited metal electrodes
on both the faces. The metal electrode thickness can vary from 5 to 10 μm. The
polymers employed in IPMCs are ionomers, which are the class of polymers, whose
side branch typically has an ionic termination. The charge neutrality in the poly-
electrolyte matrix is sustained by the amount of counter ions with anions, which are
covalently fixed to the membrane.

Polymer Membranes The ionomeric membranes used in the construction of IPMCs
are perfluorinated membranes. The commonly used ionomeric membranes for the
manufacture of IPMCs are flemion from Asahi Glass, and Nafion® from DuPont,
and aciplex from Asahi Chemical. Nafion® and aciplex have sulfonic acid groups as
ionic termination ends, whereas flemion has carboxylic acid groups. Among the
ionomeric membranes, Nafion® has achieved much popularity due to their excep-
tional properties. It is a copolymer of tetrafluoroethylene and sulfonyl fluoride vinyl
ether discovered by Walther Grot in the late 1960s. It has been originally developed

Fig. 7.1 Schematic showing the structure of an IPMC
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for fuel cells as an ion-permeable membrane. Its importance has been hidden until
1992, where its transducing ability is discovered. Its chemical structure is shown in
Fig. 7.2. It consists of a perfluorinated carbon backbone, a sulfonated side chain,
mobile cations and hydrating water. The polytetrafluoroethylene backbone is helping
to give it a three-dimensional structure. The long side chains of perfluorovinyl ether
are regularly spaced and have ionic (sulfonate) terminations. Each of these acidic
groups has an associated cation to neutralize it. Since the membrane combines
hydrophobic (fluorocarbon) and hydrophilic (ionic phase) components, the orienta-
tion of the polymeric chains is strongly dependent on the water content of the
polymer and cations, and its morphology comprises discrete hydrophobic and
hydrophilic regions. The ionic groups, being hydrophilic, are aggregated in tightly
packed interconnected clusters that are readily saturated by water. The membrane
does not allow diffusion of anions through it whereas it is permeable to water and
cations [1].

Metal Electrodes The ionomeric membranes are coated with metals such as Ag,
Au, Pt, Pd, etc. Generally noble metals are selected due to the advantage of
non-oxidizing nature, since the IPMCs are used in the fluid environments. Electro-
less deposition techniques are generally used for coating metals on top of ionic
membranes. A thick overlayer of metal with thickness less than 10 μm is deposited
on the membrane. These metal layers play an important role in the conductivity. As
the thickness of the metal layer increases, the surface conductivity is also increases.
This in turn helps in the membrane charging and subsequently leads to the

Fig. 7.2 Chemical structure of Nafion® membrane
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generation of bending due to actuation. On the other hand, the increased metal
thickness increases the stiffness of the composite, which results in the need of
increased force for the same displacement.

Working Principle of Ionic Polymer Metal Composites

A schematic of probable microstructure of hydrated Nafion® is depicted in Fig. 7.3a.
It can be seen that the morphology comprises of discrete hydrophobic and hydro-
philic regions. The hydrophobic region is composed of the polytetrafluoroethylene
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Fig. 7.3 Schematic of possible microstructure for (a) neutral state of hydrated Nafion®, and (b)
hydrated Nafion® when a voltage is applied [2]
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backbone and the hydrophilic region contains the ionic groups and cations. Note that
while the cations are mobile within the hydrated clusters, the anionic groups are
permanently attached to the fluorocarbon backbone, and hence, immobile. Bennett
and Leo have reported that the actuation (electromechanical coupling) in IPMCs
happens due to the electrically-induced motion of cations (note that the anions are
immobile because they are covalently bound to the polymer backbone) [1]. Hence
the mechanically–induced motion of cations should produce an electrical signal.
Therefore, these ionic polymers are actually transducers, and can serve as both
sensors and actuators. Since the extent of transduction is mainly dependent on the
charge capacity (capacitance) of the transducer, increasing the capacitance increases
the electromechanical coupling of the actuator. This is done by plating the mem-
brane, on both sides, with interpenetrating metallic electrodes, typically Pt, using an
‘impregnation/reduction’ process. When a small step voltage (1–3 V, depending on
the solvent) is applied to an IPMC in the hydrated state, the induced electric field
exerts an electrostatic force on both the fixed anions and mobile cations. The cations
diffuse towards the cathode under the electric field and get re-distributed, resulting in
an imbalance of charges across the membrane. This gives rise to internal stresses in
the polymer backbone and is schematically shown in Fig. 7.3b.

Nasser and Li have studied that formation of clusters leads to stretching of
polymer chains throughout the polymer matrix [2]. When the cations migrate
towards the cathode under the influence of electric field, polymer chains in the
anode boundary layer relaxes and those at the cathode boundary layer continues
further stretching. This leads to bending of the IPMC towards the anode. The cations
are solvated by water molecules and the water molecules get re-distributed along
with the cations. It is often suggested that this re-distribution of water produces
differential swelling, as shown in Fig. 7.4. Consequently, the IPMC exhibits an
initial fast bending towards the anode and a subsequent slow relaxation, generally in
the opposite direction. These responses (magnitude, speed, direction) depend on the
composition of the polymer backbone, the nature of the cations, the microstructure
of the electrodes, and other conditions (e.g., the temporal profile of the applied
voltage). It has been studied that Nafion® based IPMCs containing alkali metals or
alkyl ammonium cations, typically bend first towards the anode, after application of
a step voltage, and then relax towards the cathode even while the voltage is
maintained. The relaxation tends to bend the IPMCs well beyond their starting
positions. The initial bending of the IPMC can be retarded by gradually applying
the voltage across its faces. As discussed earlier, sudden bending of an IPMC will
generate a small voltage (typically of the order of millivolts) across its faces. Hence,
IPMCs can serve as soft actuators and sensors.

Manufacturing of Ionic Polymer Metal Composites

An IPMC is a polymer membrane with metal electrodes plated on their both faces.
The electrodes are either chemically plated or electro-plated. There are partially
penetrated metal particles in the bulk of the polymer that serve to increase the
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conductivity of cations inside the hydrated ionomers. Application of an electric
field applied across these electrodes causes the IPMC to bending in response. The
electroding of the surfaces on both sides of the membrane is done by dipping it in a
metal (typically Pt) salt solution for a considerable amount of time and reducing the
metal salt to metal particles in the few micrometers thickness under the surface of
the membrane. Pt is preferred because of high electrochemical potential and its
high resistance to corrosion. This allows the application of higher voltages for
actuation of IPMCs without damage. The dispersion of these conductive particles
over a finite thickness under the surface, increases the thickness of conducting
layer and hence the fraction of material, which experiences the electric field.
Therefore this greatly affects the extent of transduction in IPMC. There are various
methods adopted for the preparation of IPMCs. Fig. 7.5 shows the possible means
of fabricating IPMCs.

1
a b c
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3

1. Metallic electrodes 2. Polymer membrane
4. Cation poor clusters shrink
6. Cation migration
8. Pressure gradient relaxes

10. Swollen clusters shrink

3. Cation clusters
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9. Shrunken clusters swell

11. Water migration
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Fig. 7.4 Depiction of the process of IPMC actuation (a) neutral state: IPMC is flat, (b) applied
potential causes cations to migrate to cathode: IPMC contracts, and (c) pressure gradient causes
water to flow towards anode: IPMC relaxes

Freeform fabrication by deposition

Fabrication of
IPMCs

Chemical reduction

Physical metal loading

Ion beam assisted deposition

Solution casting

Fig. 7.5 Different fabrication methods for synthesizing IPMCs
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Shahinpoor et al. have reported various techniques and experimental procedures for
manufacturing of IPMCs [3]. The most followed procedure comprises four steps,
namely, surface roughening of the membrane, ion exchanging, initial compositing,
and surface electroding by reduction of the cations. The procedure starts with making
available a strip of Nafion® 117 of the size 5 cm � 5 cm. The first step is to roughen
the membrane so that better adsorption of metal ions takes place. Sandblasting and/or
sandpapering is followed by ultrasonic cleaning and chemical cleaning (by boiling in
dilute HCl) to remove impurities. The ion exchanging process involves dipping the
membrane in a metal complex solution. The tetra amine Pt chloride hydrate is used for
incorporating Pt cations on to the surface of polymer membrane. The strip is kept
immersed for a few hours with occasional stirring of the solution. The third step is the
initial compositing process that involves reduction of the metal (Pt) cations into
metallic state by using a reducing agent such as a 5 % aqueous solution of sodium
or lithium borohydride (LiBH4). Black or shiny metal layers are deposited on both
sides of the strip indicating electroding. Shahinpoor et al. have described in detail the
chemical reactions that take place during the compositing and electroding processes in
the fabrication of IPMCs [4]. Pt is used as the electroding material and LiBH4 as the
reducing agent and found the optimal quantity of the reducing agent needed for
complete reduction of Pt salt. LiBH4 reacts with water as per the following reactions,
generating hydroxyl ions in the process.

LiBH4 þ 4H2O ! 4H2 þ LiOH Liþ þ OH�ð Þ þ B OHð Þ3
LiBH4 þ 8OH� ! BO�

2 þ Liþ þ 6H2Oþ 8e�

The solid form of LiBO2 occasionally precipitates. The Pt complex cation further
reacts to give Pt.

LiBH4 þ 4 Pt NH3ð Þ4
� �2þ þ 8OH� ! 4Pt0 sð Þ þ 16NH3 gð Þ þ LiBO2þ 6H2O lð Þ

The aim of surface electroding process is to reduce the surface resistivity by
depositing noble metals on top of the initial Pt surface. The surface resistivity of
the composite is found to decrease with increased Pt penetration and resulted in
increased blocking force (Fig. 7.6).

The force density of the IPMCs has been optimized by optimizing multiple
process parameters during the fabrication process, including solvent, temperature
and concentrations of the metal containing salt and the reducing agent. Kim and
Shahinpoor is reported an alternative economical method for fabrication of IPMCs
that involves physical metal loading on to the substrate (membrane) followed by
chemical and electro plating [3]. First, the polymer membrane was physically loaded
with a conductive primary Ag powder forming a dispersed layer that functioned as a
major conductive medium near boundaries. Next, these primary particles were
secured within the surface with smaller particles (Pd or Pt) via a chemical plating
process. Furthermore, electroplating was also carried out. Heterogeneous composit-
ing technique has been viewed as a possible method of manufacturing IPMCs. Millet
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and Durand have studied the precipitation of Pt on to Nafion® membranes [5]. It has
been observed that it is possible to limit the depth of precipitation to the membrane
surfaces by optimizing the values for the parameters controlling the reaction. It is
also observed that the metallic and polymeric constituents should interpenetrate
strongly to improve the adherence of the electrodes and to lower electrochemical
over potentials. The rate of incorporation and precipitation of metal particles is found
to be proportional to the concentrations of the salt and the reducing agent in the
solution respectively and depend on the hydrodynamic conditions at the interfaces.
The concentration profiles of Pt across the membrane thickness depend significantly
upon the reducer concentration in the solution and the number of loading-
precipitation cycles. The membrane thickness of ionic polymers ranges from
100 to 300 μm. Although the IPMCs developed from these membranes show large
displacements and force densities, still larger forces are required for their utilization
in practical devices. Doubling the thickness of IPMCs increases the tip force by eight
times. Kim and Shahinpoor have reported a solution recasting technique for
manufacturing 3D IPMCs that can be scaled up or down from a membrane thickness
of a micrometer to centimeter thickness (Fig. 7.7) [6]. The as-received membranes
are dissolved in appropriate solvents and by carefully evaporating solvents out of the
solution; re-casted ion-exchange membranes are obtained. Initially, during the sol-
vent evaporation, the recast Nafion® developed surface cracks. Dimethylformamide
(DMF) is used as an additive to make the mixture an azeotrope (constant boiling
mixture). Following this, multiple layers of liquid Nafion® are successfully dried to
produce 2 mm thick strips. The strips are annealed at a temperature of 70 �C to create
crystallinity and to improve mechanical and chemical stability of the film. IPMCs are
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Fig. 7.6 Plot showing the
variation of surface resistivity
as a function of Pt penetration
(Reprinted with permission
from [3] Copyright (2003),
IOP Publishing)
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fabricated by Pt electroding of these strips with particle penetration depths of up to
20 μm. Samples of size 15 mm � 5 mm � 2 mm are fabricated that exhibited
generative tip forces in excess of 20 g-f and few millimeters of displacement.

Lee et al. have proposed an IPMC actuating system having a bio-mimetic
function [7]. It has been fabricated that single and multi-layered IPMCs up to
800 μm thick with 178 μm thick individual layers to obtain higher actuation force.
The IPMC is prepared by adsorption reduction method. Surface electrode fabrication
is done by the ion beam assisted deposition (IBAD) and noble metals (Pt, Ir, and Au)
are deposited on the surfaces of IPMC by an electric gun, achieving a deposition rate
of 0.1 Å/s. The resulting Pt layer is more homogeneous and smooth than conven-
tional chemical reduction method and its effect is evident in greater electro-
mechanical transduction of the IPMC. The surface electric resistance of chemically
plated IPMC is 2–5 times more than that of the electrode prepared by IBAD. It is also
demonstrated that the IPMC could be efficiently actuated and controlled with
electromyography signals generated from the human muscles. Malone and Lipson
have attempted for making IPMCs through freeform fabrication method
[8]. Freeform fabrication is a method of producing IPMC with varying geometry
and allows the integration of IPMCs with mechanisms, which can yield linear or
more complex motion. It has been suggested that a method of producing IPMCs by
casting stacked layers, where the electrode layers are cast by ionomer dispersion
with suspended metal particles. Initially, 5 wt% H+ Nafion® dispersion in mixed
alcohol and water is used as the ionomer, and silver powder (99.9 %, 1–3 μm
particles) is used as the electrode material. The cast film is annealed to eliminate

Powder
Ion conducting powder
mixed with electro-active
polymer solution

Ion conducting powder
mixed with electro-active
polymer solution

Electro-active
polymer solution

Drying

Electro-active
solution

Thermal
curing

Fig. 7.7 An illustration of the process for making metallic powder coated electrode by solution
recasting method [6]
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solubility of the ionomer without causing it to become brittle. A non-ionic surfactant
is added to the electrode material to decrease the degree of hydrophobia followed by
casting of a new layer on top of the cast electrode layers. To avoid swelling, buckling
and cracking of the cast layer the subsequent layers are deposited atop prior layers
that have not completely dried. It has been also experimented on developing a
method of freeform fabricating a mold into which the IPMC materials can be cast,
and on modifying the formulation of the electrode material to improve dispensabil-
ity. Experiments to improve the service life and to reduce the actuating power
requirements of freeform fabricated IPMCs are carried out by several researchers.
Increasing the thickness of the central ionomer layer overcame the problem of
internal shorting. Loss of solvent during exposure to the ambient, corrosion of the
electrodes, and progressive electrical shorting are found to be the primary limitations
on the durability of the IPMCs. In order to reduce the rate of solvent loss due to
evaporation, impermeable electrode materials are surface coated on to the metal-
dispersed ionomer electrode layers. Hydrin C thermoplastic (poly (epichlorohydrin-
co-ethylene oxide)) and ‘flexible silver ink’ (EP403920-50, SRA Inc.) are mixed
with silver powder for use as the coating material. Uchida and Taya have fabricated
IPMCs using Li and Cu as mobile cations and Pt and Cu as electrodes [9]. IPMCs
with Cu-Pt electrodes exhibit larger deflection compared to those with pure Pt
electrodes (Table 7.1). The larger deflection is attributed to the lower electrochemical
potential of Cu, as compared to that of Pt or Ag, that provide larger flux of mobile
and hydrated Cu2+ ions.

The curvature is calculated using a cantilever configuration of the IPMC, as
shown in Fig. 7.8. The curvature, ρ, (Eq. 7.1) is expressed as

ρ ¼ 1

r
, where r ¼ x2 þ y2

2x
(7:1)

The symbols have their usual meaning. It is observed during the bending of strips
that water on the anode side (bending side) is dried up and squeezed from the other
surface (cathode). This indicated that the bending is primarily due to water transport
and that the deposited electrode layer is porous.

Sheppard et al. have described in detail a procedure using a flow-through cell to
deposit Pt on a Nafion® 117 membrane by diffusion through the membrane [10]. The
effects of chloroplatinic acid concentration, solution agitation and surface roughen-
ing of the membrane on Pt deposition are studied. High acid concentration and
membrane roughness are found to improve the Pt deposition. The flow-through cell

Table 7.1 Maximum bending curvatures of different samples of IPMCs (Reprinted from [9],
Copyright (2001), with permission from Elsevier)

Specimen I II III IV

Imported cation Li+ Cu2+ Li+ Cu2+

Electrode Pt Pt Pt-Cu Pt-Cu

Curvature (mm�1) 0.020 0.043 0.057 0.141
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is preferred over stirring as it provides uniform deposition and high penetration of
metal particles. For the IPMCs to work as actuators or sensors it is required that a
solvent must be present inside the polymer network. When it becomes dried, the
cations within the ionomer membrane are bound to the anionic sulfonate groups and
are not mobile. This reduces the ionic conductivity of the membrane (a measure of
the mobility of the ions within the polymer) to a level where electromechanical
coupling (transduction) cannot occur. Therefore, a solvent must be present within the
polymer network to allow the cations to move about within the polymer network by
solvating both the cations and the anions (ionic sulfonate groups). Water, being
protic (contains dissociable hydrogen ion) and highly polar, has been most popularly
used as the solvent. It effectively solvates both the cations and anions, thus the ionic
conductivity is increased and which leads to transduction can occur. However, water
has several disadvantages as a solvent. First, it is volatile and any amount that is
squeezed out of the membrane quickly evaporates from the surface of the membrane.
This prohibits the use of these devices in air for extended duration without
replenishing the lost water. Water-solvated IPMCs can’t be used in space applica-
tions either. Second, with Pt electrode water undergoes electrolysis at a very low
voltage of 1.23 V and hence application of higher voltages is not effective in such a
system. In order to increase the spectrum of application of IPMCs, ionic liquids are
explored as a new solvent that would not only maintain or improve the performance
of water-based transducers but also allow long-term operation in dry environment.
Ionic liquids are salts that are liquid state at low temperature and are attractive for use
in IPMCs because they have a very low vapor pressure, a high inherent ionic
conductivity and are stable over a large electrochemical potential. This could
potentially allow these transducers to be operated in dry environment for long
periods of time and could also allow application of higher voltages for actuation,
thus increasing the transducer’s energy density. Bennett and Leo have fabricated

Fig. 7.8 Schematic of the
IPMC in bent position (solid
line). Dashed line represents
the initial configuration
(Reprinted from [9],
Copyright (2001), with
permission from Elsevier)
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IPMCs employing ionic liquids [1]. The IPMCs were found to work for more than
250,000 cycles in air. However, since ionic liquids are more viscous compared to
water, the speed of response of the ionic liquid-swollen IPMCs is lesser compared to
that of the water-swollen IPMCs. The response speed upon application of voltage is
found to increase with increased content of ionic liquid. Also, the characteristic
back-relaxation phenomenon is not observed in this case.

Characterizations of Ionic Polymer Metal Composites

Madden et al. have presented the fundamental properties of IPMCs as well as other
actuator technologies [11]. Various characterization parameters like typical stress,
strain, work density, power and efficiency of the IPMC have been listed. Some
definitions are reproduced as follows:

(i) Stress: It is defined as the typical force per unit cross sectional area under
which the actuator materials are tested. Peak stress is the maximum stress
under which the material is able to hold its position (negligible deflection)

(ii) Strain: It is the displacement in the direction of actuation per unit length of the
material

(iii) Strain rate: It is the average change in strain per unit time during an actuator
stroke. Typically the maximum reported rate is quoted. These are observed at
small strains and high frequencies

(iv) Bandwidth: It is the frequency at which the strain drops to half of its low
frequency (maximum) amplitude

(v) Work density: It is the amount of work generated in one actuator cycle
normalized by actuator volume, excluding electrolytes, counter electrodes,
power supplies or packaging. “Specific power or power-to-mass ratio is the
power output per unit mass of actuator material.”

(vi) Efficiency: It is the ratio of work output to the energy input.
(vii) Electromechanical coupling: It is the proportion of input energy that is

transformed into work, including external work done by the actuator and
stored internal mechanical energy generated in the actuator itself

(viii) Cycle life: It is the number of useful strokes that the material is known to be
able to undergo. It is highly strain and stress dependent

(ix) Elastic modulus: It determines the actuator’s passive ability to reject load
changes and disturbances.

Newbury and Leo have conducted various experiments to characterize IPMC
behavior and identify the parameters of their model [12]. Force versus deflection
experiments is performed to quantify the energy density of the IPMC. The maximum
blocked force and energy density are observed to be 1.13 mN and 12.55 mJ/kg,
respectively for a strip of length 22 mm. Shahinpoor et al. have tested the tensile
properties of various samples with different cationic forms [3]. All IPMC samples
(wet) have a Young’s modulus of approximately 50–100 MPa, at a normal strain of
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0.02, similar to that of wet Nafion®, and a tensile strength of 10–13 MPa. The dry
Nafion® (H+ form) is stiffer than all other samples with the modulus lying between
220 and 260 MPa at a normal strain of 0.02. The greater stiffness in IPMC samples is
attributed to the metallic electroded layer that interacts with the polymer matrix. It
has been studied that the effect of nine different cations on the force generation
capabilities of the IPMCs (Fig. 7.9). These IPMCs are compared for the maximum
force generated at zero displacement. Strip length is 2.54 cm and the input voltage is
1.2 V sinusoidal at 0.5Hz. Li+ containing IPMC generates the maximum blocking
force implying that hydration of the cations, in addition to their mobility, play an
important role in actuation of IPMCs. Electroding (concentration, penetration and
size distribution) is found to directly affect the performance of IPMCs. The repetitive
Pt reduction process is found to be effective to produce IPMCs exhibiting larger
force generation. Porous electrodes for the IPMC allow effective transport of water
within the thin electrode region and help to create larger strains. However, they can
also allow water leakage from the surface that prevents the generated strains from
causing larger forces. It is found that during reduction the just reduced Pt particles
coagulate and grow large. Hence to reduce coagulation and enhance the dispersion
of Pt particles within the ionomer, dispersing agents (additives) are added during the
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Fig. 7.9 Force response of IPMCs for different cations, with respect to Na+ (Reprinted with
permission from [3] Copyright (2003), IOP Publishing)
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chemical reduction process. This increases the penetration of Pt particles in the
surface with a well distributed smaller particle size thereby significantly reducing the
water leakage. Pt penetration is expected to improve by stretching the base material
prior to the Pt composition process that results in larger pores (higher permeability)
relative to the starting materials.

The effect of such stretching significantly improves the generated force.
Shahinpoor et al. have reported the sensing capability of IPMCs [4]. The comparison
of the capability of IPMC with both electro-active ceramics and shape memory
alloys is presented in Table 7.2.

The key parameters involving the vibrational characteristics of the IPMCs are
identified. Load characterizations show that the IPMCs possess good force to weight
characteristics under low applied voltages. Tip displacement of an IPMC as a
function of applied voltage and frequency is plotted in Fig. 7.10. Under application
of alternating voltage, the displacement level depends both on the voltage magnitude
and the frequency of alternation. Lower frequencies lead to higher displacement.

Table 7.2 Comparison of the properties of IPMC, SMA and EAC (Reprinted with permission
from [4] Copyright (1998), IOP Publishing)

Property IPMCs Shape memory alloys
Electro-active
ceramics

Actuation
displacement

>10 % <8 % short fatigue life 0.1–0.3 %

Force (MPa) 10–30 About 700 30–40

Reaction speed μs to s s to min μs to s

Density 1–2.5 g/cm3 5–6 g/cm3 6–8 g/cm3

Drive voltage 4–7 V NA 50–800 V

Power consumption Watts Watts Watts

Fracture toughness Resilient, elastic Elastic Fragile

Fig. 7.10 Tip displacement of an IPMC as a function of applied voltage and frequency (Reprinted
with permission from [4] Copyright (1998), IOP Publishing)
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Resonance is observed at about 20 Hz with a tip displacement of 7.5 mm for a strip
of length 40 mm. The performance of the actuator is found to be strongly dependent
on the water content, which gives mobility to the cation and the gradient of solvation
across the film led to a pressure difference. The force generated by the IPMCs is
measured and it is found that they could lift up to 40 times their own weight. The
authors have studied the cryogenic properties and found that the IPMCs are able to
operate at temperatures as low as 140 �C. Unlike other electric conductors, their
resistance increased with decreasing temperature.

Comparative study of IPMCs in different cation forms have been done by Nasser
and Wu [13]. Magnitudes of the initial fast bending displacements upon application
of step voltage and time scales of fast bending and relaxation have been compared in
Fig. 7.11, bending towards the anode is shown as positive. The dry masses of
Nafion® in different cationic forms, the equivalent weights and the metal content
have been reported. The ion-exchange capacity of an ionomer (i.e., bare Nafion®) is
defined as the number of moles of sulfonate groups per unit volume of the ionomer.
This is the same as the number of moles of monovalent cations in the ionomer. Upon
application of a small voltage across the IPMC strip, it exhibits a fast bending
response towards the anode, followed by a slow relaxation in the opposite direction
(towards the cathode) and, for some cations, the back relaxation overshoots the
initial position. Subsequent shorting of the two surfaces of the IPMC after relaxation
causes a fast bending response towards the cathode and a slow relaxation towards the
anode (as shown in Fig. 7.12, where a Nafion®-based IPMC in K+�form is actuated
under 1 V DC voltage). Large alkyl-ammonium cations (e.g. TBA+), produce a
gradual bending towards the anode. Such IPMCs have been reported by Shahinpoor
and Kim has the tip displacement double that of the alkali-metal cation form, but at a
lower speed [3]. The authors report that for TMA+� and Li+�forms, the relaxation
is small compared to the initial fast displacement under a sustained DC voltage,
whereas for Na+�, K+�, Rb+�, Cs+�, and particularly Tl+� form, the relaxation
more than compensates the initial displacement and, in fact, bends the IPMC towards
the cathode. From the study of the IPMC’s initial fast motion, it is evident that the
sample in Na+� form first bends quickly towards the anode, vibrates due to the
initial jerk, and then a slowly relaxes towards the cathode, reversing the initial
displacement. However, a similar IPMC in TBA+� form bends slowly towards
the anode and does not show back relaxation. Fig. 7.12 shows superimposed images
of an IPMC while in bending. 1 V DC voltage is applied across the surfaces of the
strip. It bends quickly from the initial position A to B, and then relaxes back to
C. Note that while relaxing the IPMC has overshot its initial position. When the
surfaces are shorted at C, the IPMC bends moves quickly to D and then relaxes back
to E. In this case, the IPMC has not attained its initial position and it has permanently
deformed.

A comparative study of IPMCs coated with electrodes of different metals like
Pt, Au and Ir are reported by Lee et al. [7]. Amongst Pt, Au and Ir, the displace-
ment of IPMC plated with Pt by Ion Beam Assisted Deposition (IBAD) has
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showed largest displacement. Long time displacements of IPMCs plated with Pt
through chemical reduction and by IBAD under a voltage of 2 V DC have been
observed. IPMCs with chemically plated electrodes show greater relaxation. On
the other hand, the relaxation of the IPMC electroded by IBAD is retarded
significantly apparently due to smoother and more homogeneous surface elec-
trodes. The better performance of the IPMC by IBAD process, in terms of
displacement and force, is linked to better surface electroding. The maximum
force generated by the IPMC by IBAD process is over 1.0 g-f, while that of the

Fig. 7.11 Normalized tip displacement of Nafion®-based IPMCs as a function of time, in various
cation forms (Reprinted with permission from [13] Copyright (2003), AIP Publishing LLC)

Fig. 7.12 Successive photos of bending of a Nafion®-based IPMC in K+ form when a 1 V DC
voltage is applied (Reprinted with permission from [13] Copyright (2003), AIP Publishing LLC)
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chemically plated IPMC is 0.8 g-f. The high actuating force is attributed to the
increased mechanical strength of the IPMC due to more homogeneous surface
electrodes and the surface electrode density. Malone and Lipson have tested the
blocking force in IPMCs manufactured through freeform fabrication [8]. The
maximum blocked force is measured to be 0.678 mN and the RMS power
delivered to the actuator is 9.4 mW.

Modeling of Ionic Polymer Metal Composites

An IPMC undergoes a large bending motion when a voltage is applied across its
electroded faces. Nasser and Li have been successfully developed a
micromechanical model to account for this electrostatically actuated bending of
the IPMCs [2]. In the model, the Nafion® membrane is considered as isotropic,
with permanently attached ionic sulfonate groups uniformly distributed throughout
the bulk of the polymer. First, the fundamental field equations govern the response of
the material are systematically developed and these are reproduced here [2]. The
total stress field (Eq. 7.2) in the polymer, σ*, is divided into an elastic part, σ (carried
by the backbone polymer), and an eigen stress, σ* (reflecting effect of the imbal-
anced charge density).

σT ¼ σþ σ� (7:2)

The eigen stress is due to a combined effect of the electrostatic stress, σe, due to
imbalanced charge density and the osmotic stress, σo. The final equation (Eq. 7.3) of
the linearized model comes out to be

r r:Eð Þ � C�F2

κeRT
1� C�ΔV
� �

E ¼ 0 (7:3)

Here, E is the electric field, C� is the negative charge density (mol/m3), F is the
Faraday’s constant (96,487 C/mol), κe is the effective dielectric constant of the
polymer, R is the gas constant, T is the absolute temperature, and ΔV is the net
molar volume of the charges. The model couples the effects of ionic transportation
across the bulk due to the electric field and elastic deformation of the polymer to
predict the response. The interaction between an imbalanced charge density and the
backbone polymer is represented by an eigen stress field. As a special case of
bending of the IPMC strips, the linearized model (Eq. 7.4) is simplified to

@2Ex

@x2
� a2Ex ¼ 0, where a2 ¼ C�F2

κeRT
1� C�ΔV
� � ¼ C�F2

κeRT
(7:4)

Assuming absence of any external load and ignoring the osmotic stress in compar-
ison to the electrostatic stress, the resulting bending moment (Eq. 7.5) and the
curvature (Eq. 7.5) come out to be

240 S.N. Akhtar et al.



M ¼
ðw=2

�w=2

ðh

�h

xσzzdxdy¼ k0κeϕ0a

sinh ahð Þ hcosh ahð Þ � sinh ahð Þ
a

� �
w ¼ k0κeϕ0ahw

Rc ¼ YI

M
¼ 2Yh2

3k0κeϕ0a

(7:5)

Here, ko is a parameter that depends on the cluster structure inside the membrane,
w is the width of the membrane, h is the half-thickness, Y is the effective Young’s
modulus of the composite, ϕo is the applied potential, a is the constant that depends
on the mobile cation and I is the second moment of area.

The model can predict the relative effects of different cations on the force-
displacement response of an IPMC strip. Several parameters in this model have
been varied and the tip displacement of the IPMC has been studied [2]. The plots that
follow show the effects of those parameters on the response of the IPMC. All plots
are for a strip of dimensions 30 mm � 5 mm. Fig. 7.13 shows the tip displacement
of an IPMC as a function of the applied voltage. The tip displacement increases
linearly with the increase in voltage. The IPMC with Li+ as mobile cations shows
smaller deflection as compared to that with Na+. This can be attributed to larger
number of water molecules surrounding the Li+ cation owing to higher charge
density because of its small size. These water molecules make the effective size of
the mobile species in case of Li+ more than that in case of Na+, thereby causing
greater hindrance to the their movement inside the ionomer. It may be noted that this
is not the only factor affecting the response of an IPMC and other effects may
assume significance for cations with larger sizes. It has been studied that the tip
displacement of an IPMC as a function of the thickness of the strip. The displace-
ment varies inversely with the square of the thickness. It may also be noted that the
blocked tip force of the IPMC varies directly with the cube of the thickness for a
constant tip displacement, as shown by Kim and Shahinpoor [6]. Fig. 7.14 shows the

Fig. 7.13 Tip displacement
of an IPMC strip with varying
voltage. The Young’s
modulus is 0.5 GPa
(Reprinted with permission
from [2] Copyright (2000),
AIP Publishing LLC)
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tip displacement of the IPMC strip versus time, and Fig. 7.15 shows the tip displace-
ment of the strip as a function of the strip length. The modeled results are in good
agreement with the measurements, but a small difference in phase is observed. This
phase difference is mainly due to the inertia, whereas the damping effects are ignored.
This can be used for estimating the effective damping of the IPMC strip.

Applications

Avery important application of IPMCs as distributed “soft” sensors and actuators are
widely accepted. Recent developments on the preparation of IPMCs are made them
capable of large deformations. The IPMCs is used as a transducer since they can act
as integrated conversion and sensor devices, hence they can be efficiently integrate
with MEMS for specific applications. A fast growing application of IPMCs is the

0.4

0.2

0

–0.2

–0.4

–0.6
–1 0

experiment
model

1 2 3
Time (sec)

T
ip

 d
is

p
la

ce
m

en
t 

(c
m

)

4 5 6

Fig. 7.14 Tip displacement
of an IPMC strip as a function
of time under a sinusoidal
voltage. The length of the strip
is 1.57 cm and the Young’s
modulus is 0.65 GPa
(Reprinted with permission
from [2] Copyright (2000),
AIP Publishing LLC)

Fig. 7.15 The maximum tip
displacement of an IPMC strip
as a function of strip length
under the application of a
sinusoidal voltage. The
Young’s modulus of the IPMC
strip is 0.65 GPa (Reprinted
with permission from [2]
Copyright (2000), AIP
Publishing LLC)
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energy harvesting using various IPMC structures from the fluid environments. The
developments of artificial muscles show that the opportunities in the field of
bio-related applications are yet to be explored. In reality, the description of all the
applications of IPMCs is beyond the scope of this chapter. But still, the next section
reviews IPMCs in actuators, sensors, artificial muscles, energy harvesters, fuel cells,
MEMS, and also some of the biomedical applications.

Actuators

The IPMCs are behaved as active actuators since they undergo deformation to a large
extent on the application of low applied voltage. The impedance possessed by them
is also very low. The IPMCs are capable to work in humid as well as in dry
environments, but the best performance can be observed in the humid environment.
The mechanochemical engines developed by Kuhn et al. have found that water-
swollen macromolecules are capable to convert chemical energy into mechanical
energy [14]. The lower efficiency of IPMCs based actuators was the main problem in
the past years. But the actuator efficiency has been improved in the recent years,
which make them comparable with the other actuators. Kim et al. have reported the
economically viable fabrication processes for synthesizing electrodes for spirally
shaped IPMCs for functioning as linear actuators [3]. Various manufacturing tech-
niques have been reported for the IPMCs in order to decrease the cost of actuators.
Addition of conductive powder into the ionic polymer network in the first step of
IPMC fabrication process is very important since this will act as the conductive
medium in the IPMC. Chemical plating is done further in order to incorporate the
smaller particles in to the network. The integration of these particles has been by
selecting the electroplating process. Such a preparation procedure has reduced the
cost of IPMCs up to 1/10th of the typical cost. It is a fact that the transduction process
is highly dependent on the inherited layers of IPMC [15]. By controlling the
properties of each layer, the IPMC transduction process can be enhanced. Varying
parameters such as increasing the polymer content, increasing the thickness of
electrode and intermediate layer, reducing the impedances, etc. will certainly
enhances the transduction process. But the main problem in achieving these param-
eters is due to their inter-dependent nature. The work become extremely tedious,
since varying one property will affect the other in a negative way. A true knowledge
in the coupling of these parameters will decide the transduction process ultimately.
Recent researches have shown that emphasizing on the by modification of electrode
and polymer layers can give rise to the improvement in the transduction process
of the IPMCs.

Sensors

The advancements in the synthesis polymer gels, which are stimulus responsive,
have been used to detect the minor changes in the pH as well as temperature. The
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polymer gels are responding to the stimulus such as applied electric field and detect
changes in the pH as well as in the temperature [16]. The developments in the
manufacturing procedures of IPMCs have led to their application as biomimetic
sensors [3]. The quasi-static or dynamic bending of the IPMC composite strip
produces a voltage across the thickness of the IPMC strip; this can be treated as a
kind of large motion sensing [4, 17]. A standard, calibrated IPMC sensor is capable
of correlating the applied loads with the output potentials. It has been found that a
linear relationship exist between the applied force and the output voltage.
Shahinpoor has reported the dynamic sensing of ionic polymeric gels [18]. The
ionic flexogelectric effect is manipulated for the sensing applications. Ion-exchange
membranes have been used as a pressure sensor/damper, which is kept in a small
chamber in order to make it as a prototype accelerometer. Bonomo et al. have
reported the design and development of IPMC based sensor, which can measure
the stiffness of a material it is in contact with [19]. The sensor is used in various
applications in biomedical sector such as in laparoscopy, surgery, etc. the sensor has
advantages such as low power consumption, light weight, low cost, etc.

Artificial Muscles

The IPMCs are demonstrated as actuators with both resistive and capacitive ele-
ments, capable to behave as artificial muscles. The developments on the IPMCs
show that they are potential candidates for application in bio-related applications.
These include bio-mechanical and bio-mimetic applications. The reports show that
the disadvantage of using them as artificial muscles is that the reduced response time.
The response time should be the same as that of live muscles, which can increase
their practical applicability in the real-time applications. The slower response is due
to the time taken for reconfiguring the ions inside the IPMC. The mechanical
properties of IPMCs are solely determines their response time. Hence, the IPMCs
with a quick responding ability only can make them successful in artificial muscles
application. Researchers have been taken many efforts on the developments of
IPMCs for use them as artificial muscles [20, 21]. The utilization of ionic polymeric
gels in electrically controllable artificial muscles has been extensively studied in
different dynamic environments by Shahinkapoor [22]. The IPMCs are capable to
work under low pressure and low temperature environments as in the case of
cryogenic chambers. Kim et al. have reported that the scaling possibility in the
fabrication of IPMCs for artificial muscles [6]. The scaling can be done two ways-
scale up and scale down. Depending on the scaling, the thickness of artificial muscle
strips based on IPMCs varies from micrometers to centimeters. Various parameters
will affect the actuation of an artificial muscle, such as type of cations, size of counter
ions, etc. The effect of various cations is well studied by taking Na+- containing
IPMC artificial muscle [3]. The various samples containing different cations have
been checked to find out the maximum force generated at a working voltage of
1.2 Vrms. The force generated is nothing but the blocking force generated by the
IPMC at zero displacement. It has been observed that the Li+- containing IPMC has
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superior performance than the other types of cations. The reason for its superior
performance is attributed to the hydration processes by which the Li+ cations played
in the actuation behavior.

Energy Harvesters

The application of IPMCs as energy harvesters has achieved much popularity in the
recent past. This is a fast growing field in which the energy can be harvested from the
fluid environments with the help of IPMCs [23, 24]. The energy harvesting process
can be from various kinds of flows including steady, unsteady, and oscillatory flows
[25]. The capability of IPMCs to convert the strain energy to electrical energy is
utilized in the flow environments. Different kinds of IPMC structures are used-
heavy flapping flag hosting IPMCs, IPMC cantilevers, etc. Aureli et al. have reported
the energy harvesting application of an IPMC strip cantilever, which is submerged in
a fluid environment [26]. The base excitation is considered for the modeling of
IPMC strip immersed in a fluid environment in which it is shunted. Experimental
work also been done by checking the underwater vibration of the IPMC submerged
and the corresponding electric responses are noted for various shunting resistors.
The surface area of the IPMC is 1.5 cm2 with a thickness of 200 μm. It has been
found that the IPMC system is good for marine systems. The maximum power
harvested by the IPMC is 1 nW when the base excitation is in the range of 1 mm.
Panella et al. have developed a model, which is efficient in predicting the capability
of the IPMCs as energy harvesting materials when the working environment is air
[27]. It is required to be used very large IPMC samples for attaining a few micro-
watts. The developments in the designing process of large samples will certainly
help the energy harvesting devices. The IPMCs are known for their biocompatibility
properties; hence they can be used even in the humid environments. It has been
proposed that the potential use of IPMCs for energy recovery from micro-seismic or
ocean waves. Software modeling is mandatory for the effective estimation of the
IPMCs based systems for energy harvesting applications in the future.

Fuel Cells

Typically, IPMCs are known for their potential applications in fuel cells. IPMCs
have been originally developed as fuel cell membranes in 1990s. They are capable to
use when they are fully electroded with embedded electrodes in a fuel cell. The
IPMC materials have been developed as membranes for solid polymer electrolyte
fuel cell [28]. It is reported that the fabrication of IPMCs by molecular metallization
process followed by surface plating for fuel cell applications by Kim et al. [29]. The
molecular metallization process is found to be slow due to the increase in the mass
transfer resistance and slow kinetics associated with it. Yoon et al. have filed a patent
on synthesis of an IPMC for use as an electrolyte for a fuel cell where they used Pt
nanoparticles dispersed Nafion® membrane [30]. As different from the conventional
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use of it alone as a polymer electrolyte, Pt/Nafion® IPMC has been used. This
invention has helped to resolve the problem of cross-over of conventional mem-
branes and hence successfully utilized it in a methanol direct fuel cell and the fuel
cell has shown to have an enhanced open-circuit voltage.

Microelectromechanical Systems

Micro-Electro-Mechanical Systems (MEMS) technology constitutes various ele-
ments such as mechanical and electro-mechanical devices and structures. Microfab-
rication techniques have helped MEMS to achieve a miniature structure. The
schematic of various components of MEMS is shown in Fig. 7.16.

A transducer is a device that converts energy from one form to another. As IPMCs
can convert electrical signals to mechanical (act as an actuator) as well as convert this
mechanical signal to an electrical output (act as a sensor), they can be successfully
utilized in the MEMS. MEMS based applications include micro-sensing devices,
which are capable to sense chemical species, radiation, magnetic fields, etc. The
device should be made with accurate micromachining techniques, which are indeed
to achieve the best results.

Biomedical

A critical application of IPMCs is in the biomedical applications. Their softness and
flexibility has increased their demand on the integrated devices, which are used in
the various biomedical applications. The limit of biomedical applications is beyond
the scope of our imagination. The IPMCs are used as artificial ventricular or cardiac-
assist muscles for the heart patients. IPMCs based heart compression device has been
developed, which is implanted externally to the heart. Since the device is not
interfering with the internal blood circulation, a common problem of ‘thrombosis’
can be avoided, which is impossible with other kinds of heart assist devices or the
artificial heart. Another application of IPMCs is in the intra-cavity endoscopic
surgery and diagnostics. The micro-catheters made by IPMCs can be navigated
through the small internal cavities. The IPMCs are also used in peristaltic pumps.
The pumps are made from the tubular sections of the IPMC membrane and locating

micro sensors

micro electronics micro structures

micro actuators

Fig. 7.16 Schematic of
various components
of MEMS
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the electrodes wherever needed. The volume trapped in the tube is controlled
by changing the input voltage at a particular frequency. The other biomedical
applications of IPMCs are in: artificial smooth muscle actuators, artificial sphincter
and ocular muscles, incontinence assist devices, refractive errors of the human
eyes, etc.

Concluding Remarks

The developments in IPMCs based devices and structures are very promising
candidates for future generation integrated technologies, which can impart more
outputs rather than the existing ones. The various factors determine the efficiency of
an IPMC is: force optimization, dependency on cations for the electrochemical
performance, synthesis of electrode and the particle size distribution, etc. The
electromechanical coupling of IPMCs is enhanced by increasing the charge density,
which is obtained by plating Pt like noble metal on either side of the polymer
membranes. Several methods have been opted for the preparation of IPMCs, such
as freeform fabrication by deposition, ion beam assisted deposition, solution casting
etc. The electroding process during the preparation of IPMCs helps in reducing their
surface resistivity. The various performance parameters of IPMCs are bandwidth,
work density, efficiency, cycle life, etc. Modeling in IPMCs helps to understand the
way they works and also can identify the various parameters that correlates with the
experimental ones. The superior performance of IPMCs have made them important
candidates for various applications such as coupled actuator/sensor devices, artificial
muscles, energy harvesters, etc. The high manufacturing cost and high dependency
on IPMC’s force density generation capability determine their successful commer-
cialization. Further developments are indeed in order to reduce the cost and hence
acceptance of IPMC based devices.
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Abstract
Polymer nanocomposites (PNCs) are the growing field of research having signif-
icant contribution in limitless application areas due to excellent combinations of
tunable properties. Carbon-based PNCs are of recent research interest and cover
numerous fields of applications including structural composites, drug delivery,
shape memory polymers, etc. In this chapter, different allotropes of carbon, viz.,
carbon nanotubes, graphene, graphene oxide, fullerenes, metallofullerenes, car-
bon nanohorn, carbon nanodiamond, etc., are discussed in brief. Different types
of polymeric materials used for the fabrication of PNCs are also introduced.
Several types of carbon-based PNCs and their fabrication methodologies have
been emphasized to represent a broad overview on carbon-based PNCs of
nonconducting polymer matrices.

Keywords
Carbon • Polymer nanocomposite • Nanomaterials • Graphite • Carbon
nanotubes • Nanorods • Graphene • Fullerene • Carbon nanofibers • Carbon
nanohorn

Introduction

In recent era, polymer nanocomposites (PNCs) encompass almost all the growing
fields of current research interest with significant applications in several emerging
areas like structural, medical, energy, optical, etc. PNCs have tremendous commer-
cial importance due to their low density, high specific strength, excellent barrier
properties, and ease of tailoring different functional properties by just incorporating
very small amount of nanofiller in the virgin polymers as per specific application
requirements. Typically, these consist of two dissimilar entities, viz., polymer matrix
and nanofiller. The nanofillers can be of several types such as reinforcing,
non-reinforcing, or functional to meet the final requirements. The enhancement in
properties is solely dependent on the extent of mutual interaction, interfacial bond-
ing, and compatibility between the polymer matrix and nanofillers. Hence dispersion
of nanofillers within the host polymer serves a crucial role in achieving the desired
final properties of the PNCs.

Among various fillers, carbon-based fillers have been of significant importance
owing to the diverse properties of their allotropes. Carbon-based PNCs are of
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significant research interest and cover a diverse field of applications including drug
delivery, shape memory polymers, structural composites, etc. Till date, several
carbon-based PNCs with conducting and nonconducting polymers were developed
and analyzed by researchers of interdisciplinary fields to accomplish different
functional requirements. These are fabricated with different allotropes of carbons,
viz., carbon nanotubes (CNTs), graphene, graphene oxide, fullerene,
metallofullerene, nanodiamond, carbon nanohorn, etc. In this chapter, different
types of carbon materials of commercial importance will be discussed in view of
their structural diversities. The nonconducting polymer-based nanocomposites with
different carbon materials will be reviewed in brief with respect to their diverse
applications to address a broad overview of the present stand of carbon-based PNCs.

Carbon Materials and Their Types

Carbon has been the element of interest since long back in history to the current age
and serves as a valuable contributor in different fields. Elemental carbon plays an
indispensable role in the human life since long back, even when the word “element”
was coined hardly. In the age of 5000 BC, charcoal and soot derived from wood,
allotropes of carbon having amorphous structure, were being utilized in metallurgy
such as iron industries. Graphite, the other well-known form of carbon having a
layered structure of honeycomb lattice, where the name has been derived from the
word graphein, meaning “to write,” is being used since long. Even in the ancient
Egyptian age, graphite soot was used as the ink to make the pictographs. In the
nineteenth century, the importance of elements fascinated the research interest to the
scientists and different elements were discovered. These inventions later enable the
scientists to distinguish between the inorganic and organic matter. More recently,
CNTs, graphene, etc., the other allotropes of nanostructured carbon, have captivated
significant scientific interest owing to their prospective applications in diverse areas.

Carbon, the sixth element of periodic table, is the main constituent element of the
organic matters. It is the most essential element in the chemical world due to its
capability of bonding with both electropositive and electronegative elements. In
1865 F. v. Kekule demonstrated benzene as a cyclic entity. Soon after in 1874, van t’
Hoff and Bel threw light on fourfold coordination of carbon atoms (Fig. 8.1). This
invention brought about revolution in science and opened the path to explain the
chemical activity of the element.

Chemically, carbon bears six electrons with an electronic configuration of 1s2 2s2, 2p2.
Out of the six electrons, two remain closely bound to the nucleus, while the
remaining four act as the valence electrons. It is generally tetravalent (sometimes
bivalent, e.g., carbenes) due to the formation of four equivalent sp3 hybrid orbitals as
per the hybridization model. The four sp3 hybridized orbitals of carbon directs
toward the corners of the tetrahedron, leading to the formation of four sigma
bonds with the other atoms. Depending on the degree of hybridization, carbon
may form linear (sp hybridization), planar structures (sp2 hybridization), or three-
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dimensional tetrahedron network (sp3 hybridization). The atomic and hybridized
orbitals of carbon are depicted in Fig. 8.1.

Carbon stands as an indispensable partner in formation of many compounds with
the other elements and with same importance in the elemental form as well. The
elemental carbon may exist in different forms (Fig. 8.2) such as graphite, diamond,
soot, coke, pyrolytic carbon, glassy carbon, carbon black, CNTs, nanorods,
graphene, fullerene, carbon nanofibers, nanodiamond, carbon nanohorn, activated
carbon, etc. Each form has tremendous importance in the world of materials.

Fig. 8.2 Structures of different types of carbon materials, (a) single-walled CNTs (SWCNTs), (b)
multiwalled CNTs (MWCNTs), (c) capped CNT, (d) fullerene, (e) graphene, and (f) carbon
nanofibers

1s2 2s2 2p2

Atomic orbital

sp3 hybrid orbital

1s2 2s1 2p3

Fig. 8.1 Schematic of tetrahedral disposition of the carbon
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Graphite

Graphite is the most stable form of carbon under normal atmospheric conditions.
Also known as writing stone, graphite is a semimetal mineral available in various
forms, viz., flake graphite, amorphous graphite, and pyrolytic graphite. It has layered
structure, where the carbon atoms are arranged in honeycomb lattice structure
characterized by 0.335 nm distance between the layers [1]. The carbon atoms in
graphite are sp2 hybridized. They form strong sigma bonds with three adjacent atoms
within a layer at a bond angle of 120� and held together by the weak van der Waals
forces of interaction between the individual layers.

Exfoliated Graphite

Exfoliated graphite (EFG) is synthesized by exfoliating the graphite layers up to
several hundred times along the c-axis resulting in highly flexible, heat-resistant
filler material [2–4]. It is obtained by oxidation of the graphite layers followed by
exfoliation via thermal expansion [2] or ultrasonication [3]. In the first stage, during
the fabrication of the exfoliated graphite, intercalated compound is formed by
inclusion of foreign species between the graphite layers. Later, these intercalated
compounds are vaporized by thermal energy and thus the van der Waals forces of
interaction between the graphite layers are overcome to attain the exfoliation of
graphite layers along the c-axis.

Graphene Oxide

Graphene oxide (GO) is another important form of carbon obtained by treating
graphite with strong oxidizing agents chemically composed of hydrogen, carbon,
and oxygen in variable ratio. More recently, GO has fascinated as an intermediate
compound for the synthesis of the graphene. The complete structural description of it
is still not revealed due to the complex and irregular packing between the layers. GO
is composed of oxygen bridges and other functional groups like carbonyl, phenol,
hydroxyl, etc. in general, while the final properties of the material depend on the
degree of oxidation. In GO, layers of graphite are expanded as the functional groups
are added in between the graphite sheets.

Graphene/Reduced Graphene Oxide

Graphene is a one atomic graphite layer. It has grabbed tremendous attention in the
year 2004 when the theoretical envision of the single-layer graphite was achieved
practically [5]. It is transparent crystalline allotrope of carbon, where the carbon
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atoms are sp2 hybridized forming a hexagonal honeycomb lattice structure. The
structure of graphene enables it to function as excellent conductor of heat and
electricity in combination with high strength and low density. Sometimes it is also
known as reduced graphene oxide.

Graphene Nanoplatelets

Graphene nanoplatelets (GNPs) are promising carbon nanomaterial consisting of
several graphene sheets of average thickness of 6–8 nm and diameter of 5–15 μm.
They are characterized by platelet kind of morphology with a wide aspect ratio.
When used as filler, the unique size and morphology of nanoplatelets provide
excellent barrier properties and electrical and thermal conductivities to the compos-
ites. Additionally, they are also effective in improving the mechanical properties
(e.g., stiffness, strength, and hardness) of the composites.

Carbon Nanotubes

Carbon nanotubes (CNTs) are the cylindrical nanostructures of carbon formed by
rolling of a graphene sheet at a particular angle specifically termed as the chiral angle.
Depending on the rolling angle and the radius of rolling, the nanotubes exhibit
different electrical properties and act as a metal or semiconductor material. They are
composed of sp2 hybridized orbitals of carbon atoms similar to the graphite. The
nanotubes can be classified broadly as single-walled or multiwalled CNTs of varying
dimensions. They may be capped or non-capped, i.e., closed or open at the tube ends.
CNTs can be also classified as zigzag, armchair, or chiral nanotubes depending on the
rolling direction and angle employed during the formation of the cylindrical nano-
structure. In addition, they also appear in other forms, viz., torus (CNTs bend into a
doughnut form), nanobud (CNT combined with fullerene), peapod (combination of
fullerene inside a nanotube), doped CNT, helically coiled CNT, branched CNT, etc.

Fullerene and Metallofullerene

Fullerenes are another important class of carbon allotrope structurally similar to
graphite. They are formed by stacking of graphene sheets linked to the hexagonal
rings and sometimes pentagonal and heptagonal rings, which restricts the sheet to
become planar. They act like a radical sponge due to the strong electron affinity.
Fullerenes create many structural organizations in the form of hollow sphere and
ellipsoid. Buckminsterfullerene, C60, is the most common form and the smallest of the
class consisting of truncated icosahedron with a carbon atom at the hexagon’s corner
and bond at the edges. Metallofullerenes are the subclass of fullerenes also known as
endohedral fullerenes, where metal atoms are trapped inside the fullerene structure.
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Nanodiamond

Structurally nanodiamonds (NDs) are the same as the diamond except its small
particle size (< ca. 50 nm). They have excellent combination of properties and high
surface area. The crystal structure of NDs is composed of two closely packed
interpenetrating cubic lattices of fcc types wherein one of the lattice is shifted with
respect to the other by one-quarter of the cube diagonal [6]. They consist of both sp2

and sp3 hybridized carbon atoms that can be interchanged with each other. This
salient feature of interchangeability makes them flexible in nature. They are synthe-
sized commonly by detonation approach, an ecofriendly and commercially viable
method of production [7]. The other synthesis methodologies employed are chemical
vapor deposition, laser ablation, high-energy ball milling, autoclave synthesis, etc.
[8]. The superior properties of NDs make them an attractive filler material for the
fabrication of polymer nanocomposites. They are employed extensively in the
biomedical applications, viz., drug delivery, tissue scaffold, protein mimics,
surgical implants, etc., due to their non-toxicity, biocompatibility, and chemical
stability [9].

Carbon Nanohorn

Carbon nanohorns (CNHs) are another interesting carbon nanomaterial, which have
fascinated the field of nanomaterials recently. They are of horn-shaped closed
graphene sheet aggregates obtained by laser ablation and arc discharge techniques
in the absence of metal catalysts [10]. Dimension wise, a single-walled carbon
nanohorn (SWCNH) is typically 40–50 nm in length and 2–3 nm in diameter with
a conical cap composed of five pentagons [11–13]. The unique combination of
properties such as high surface area, porosity, etc. makes them a promising material
for numerous applications, viz., drug delivery, sensors, gas absorption, catalyst
support for fuel cells, etc.

Carbon Nanoonion

Carbon nanoonions (CNOs) hold the attention in the recent years especially in the
field of energy storage. These are the carbon nanoparticles consisting of closed
carbon shells (viz., nested fullerenes). They represent a link between the multiwalled
CNTs and fullerenes. The graphene shells with defects constitute closed shell
structure in this material. They exhibit small diameter (~10 nm), easy dispersion
ability, and excellent electrical conductivity. They are mainly employed as the
conductive fillers for the battery or supercapacitor electrodes for energy storage
devices. CNOs are the most stable form of carbon cluster due to the favorable surface
to volume ratio and least number of dangling bonds.
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Carbon Nanofibers

Carbon nanofibers (CNFs) are sp2-hybridized, linear, noncontinuous carbon fila-
ments synthesized either by chemical vapor deposition technique by passing carbon
feedstock over metal particles or by electrospinning of organic polymer followed by
thermal treatment. Properties such as reduced size (ca. 100 nm), high surface area,
excellent strength with adequate flexibility, etc. make them a promising material for
fabrication of the electrode material of energy storage devices. They are structurally
different from CNT or carbon fibers and composed of truncated conical stacks in a
regular manner along the length of the filament, which makes them suitable as
catalyst support, photocurrent generator, and reinforcing filler in the polymer
composites.

Polymer Systems Used for Fabrication of Carbon-Based Polymer
Nanocomposites

Carbon-based polymer nanocomposites have enormous prospective in diverse appli-
cations. Inclusion of carbon nanofillers into polymer matrix enhances the functional
properties of the PNCs to a great extent and ascertains their scientific, industrial, and
academic importance. Different types of polymer matrices are used for the fabrica-
tion of carbon-based PNCs. Carbon nanomaterial-based PNCs are superior to the
conventional PNCs due to improved mechanical strength, electrical and thermal
conductivities, toughness, etc. Hence, they exhibit essential role in the field of
electrochemical devices such as batteries, fuel cells, and supercapacitors. The poly-
mer matrices used for fabrication of the PNCs include polyolefins [polystyrene (PS),
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC)], polyphenylene
sulfide (PPS), poly vinyl alcohol (PVA), poly(propylene carbonate), poly(methyl
methacrylate) (PMMA), poly(acrylonitrile butadiene styrene) (ABS), polyester,
polycarbonate (PC), epoxy, thermoplastic polyurethane (TPU), polyamidoamine,
polyacrylonitrile (PAN), polyacrylic acid (PAA), vinyl ester, etc. Figure 8.3 repre-
sents the structure of some common polymers used for the fabrication of the PNCs.

Fabrication Methodologies of Polymer Nanocomposites

Carbon-based polymer nanocomposites are fabricated by the general nanocomposite
fabrication methodologies, viz., solution blending, melt blending, and in situ
polymerization.

Solution blending is the common method used for the fabrication of PNCs
involving three processing steps, i.e., dispersion of the carbon material in a solvent,
incorporation of the polymeric material, and removal of the solvent. The compati-
bility between the polymer and the carbon nanomaterial in the solvent system plays
decisive role in achieving uniform and homogeneous filler dispersion. Chemical

258 S. Banerjee et al.



functionalization of the carbon materials is a general approach to improve their
dispersion within the polymer matrix.

Melt blending is another approach employed for the dispersion of nanomaterials.
From the industrial application point of view, melt mixing is preferred over the
solution mixing due to the possibility of large-scale production and low manufactur-
ing cost. In a typical method of fabrication, the polymer pellets are converted to a
viscous liquid by application of heat in which the nanofillers are subsequently
dispersed by applying high-shear forces. The main advantage of the melt mixing
process over the solution blending is that it is devoid of use of solvent. However, the
dispersion of the fillers at high loading becomes difficult due to the increased
viscosity of the mix. Other major drawbacks of the system are buckling and rolling
of some nanofillers (graphene, CNT, etc.) due to the application of the high-shear
forces.

In situ polymerization is the third common approach applied for the fabrication of
the carbon nanomaterial-filled PNCs. This is a convenient process for fabrication of
the PNCs that otherwise cannot be prepared due to the lack of solubility and thermal
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stability of the polymer. In this process, filler is at first swollen in the monomer
system in liquid form. Initiator is added in the reaction mixture containing filler in
the liquid monomer. Further, polymerization of the monomer is conducted by
application of heat or radiation. The in situ formation of polymer within the reaction
mixture allows intercalation of the fillers yielding homogeneously dispersed filler-
based PNCs. In situ polymerization approach also facilitates grafting or covalent
bonding between the fillers and the polymer matrix. This approach further extents
the possibility of grafting of the polymeric chains within the wall of the fillers. The
main benefit of the in situ polymerization remains in the possibility of high filler
loading within the polymer matrix with adequate filler dispersion.

Carbon-Based Polymer Nanocomposites

Carbon Nanofiber-Based Polymer Nanocomposites

Carbon nanomaterial-based PNCs are extensively used for the fabrication of the
shape memory polymer (SMP) [14–16]. SMPs have the capability to attain
preprogrammed shape when kept under the influence of external stimuli such as
heat, electricity, magnetic field, light, etc. Electrically conductive SMPs triggered by
Joule heating were studied by Lu et al. [17]. CNFs were assembled to form carbon
nanopaper and enhance the bonding within the SMP. It assisted in transferring the
effect of Joule heating from nanopaper to the polymer matrix. The addition of the
carbon nanopaper proved to be beneficial for the improvement of glass transition
temperature and electrical properties of the polymer nanocomposites. Figure 8.4
represents the SMP nanocomposites made up of four layers of CNF nanopaper.
CNF/bio polyesters were fabricated by simple melt mixing approach [18]. CNFs
were synthesized by vapor growth technique and were incorporated uniformly
within the polymer matrix. The incorporation of CNF converted the nonconductive
polymer matrix into electrically conductive one at 5 vol% percolation thresholds
with significant enhancement in mechanical properties owing to the strong interfa-
cial bonding between the CNF and polyester matrix. The nanocomposites exhibited
excellent electrically induced shape memory effect and find potential application in
the field of electroactive actuators.

Surface-treated CNF-reinforced PNCs based on vinyl esters were also investi-
gated [19]. The CNFs were modified by purification and surface treatment to provide
improved bonding between the CNF and the vinyl ester. Oxidation followed by
functionalization of CNFs with vinyl ester provided improved interfacial bonding
between the CNF and polymeric resin. The nanocomposite exhibited improved
mechanical properties up to 1 wt% filler loading.

CNF-filled polypropylene (PP) nanocomposites were studied for electrical and
electronic applications [20]. Dispersion of the CNF within the polymer matrix was
achieved by boiling the CNF in PP/xylene solution for a sufficient time period. Thin
nanocomposite films, fabricated by compression molding, showed high thermal
stabilities due to the ability of CNF to serve as free radical absorber. The degree of
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crystallinity of the nanocomposite was also improved significantly as CNF creates
heterogeneous nucleating center for the formation of the nuclei. The nanocomposite
also exhibited reduced electrical resistance at 5 wt% filler loading, which can be
attributed to the cross-linked fiber structure.

CNFs were also incorporated into the polymer matrix to improve the thermal
properties of the neat polymers [21]. Xu et al. studied high-density polyethylene
(HDPE)/CNF nanocomposites prepared by melt blending and compressive
processing techniques at different filler loadings of silane-treated CNF. Chemical
treatment of the CNF with silane coupling agent improved the compatibility between
the CNF and polymer matrix and resulted in enhanced thermal conductivity. The
inclusion and uniform dispersion of CNF within the polymer matrix found to be
advantageous in reducing the thermal contact resistivity as well as coefficient of
thermal expansion of the PNCs.

Sun et al. studied electrical and mechanical properties (static and dynamic) of
CNF/epoxy nanocomposites [22]. The nanocomposites exhibited high tensile
strength at 1 wt% filler loading owing to the uniform distribution of the CNF within
the polymer matrix. Above 1 wt% filler loading, the tensile strength of the
nanocomposite was found to be decreased due to the aggregation of the CNFs.
The nanocomposite at 1 wt% (0.578 vol%) filler loading displayed remarkable
increase (~10 times) in conductivity due to the accomplishment of percolation
threshold. The nanocomposites also exhibited 70 % higher storage modulus above
glass transition temperature compared to that of the unfilled polymer. Zhu
et al. demonstrated rheological, thermal, and mechanical properties of epoxy/CNF
nanocomposites [23]. The epoxy composites with and without silanes
(3-aminopropyltriethoxysilane (APTES)) modification were studied for the
abovementioned functional properties. The nanocomposites were fabricated by
dispersing the CNF within the polymer matrix. The amine groups formed bond

Fig. 8.4 Heat-induced SMP nanocomposites made of four-layer CNF nanopaper [17]
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with CNF via in situ silanization reaction in the presence of monomer. In situ silane
functionalization provided improved dispersion of the CNF within the epoxy mono-
mer, and hence a decrease in viscosity was observed with remarkable improvement
in the mechanical properties. Silane-treated CNF-filled epoxy exhibited 12.6 %
higher tensile strength at 0.1 wt% filler loading compared to that of untreated CNF
at similar filler loading. The functionalization of the CNF also helped in enhancing
the thermal stability of nanocomposites.

Carbon Nanotube-Based Polymer Nanocomposites

CNTs are extensively utilized for fabrication of nanocomposites due to their high
mechanical strength [24, 25]. Principally, CNT-filled PNCs are prepared with the
aim to improve the mechanical properties of the polymer matrices employed for
structural applications. The success of the CNT/polymer nanocomposite is depen-
dent on the compatibility and dispersion of the CNTs within the host polymeric
material. The dispersion of the CNTs within the matrix can be achieved by the
disaggregation of entangled CNTs by mechanical means or through functiona-
lization approach. The chemical functionalization of CNTs breaks the van der
Waals attraction between them and hence provides more available surface area for
interaction with the host matrix. The dispersion and disaggregation of CNTs play a
key role in attaining improved mechanical properties.

CNTs possess potential in the field of nanoelectronic applications. Patole
et al. developed a self-assembled hybrid nanocomposite using combination of both
functionalized graphene and CNT filler within the polystyrene matrix [26]. Graphene
and CNT were functionalized together in the presence of the polymer matrix by
utilizing water-based in situ microemulsion approach. The hybrid nanocomposite
made of multiple carbon fillers formed an interconnected network wherein the
graphene sheets provided a large surface area and the CNT created an interlinking
with the polymer matrix by acting like a wire as represented in Fig. 8.5. These kinds
of interconnected structures were responsible for reduction in sheet resistance and
enhancement in the thermal and mechanical properties of the hybrid nanocomposite
films compared to the virgin polymer.

The alignment of CNT within the polymer matrix plays an important role in
determining the mechanical and electrical properties of the final PNCs.
Haggenmueller and coworkers fabricated polymethylmethacrylate (PMMA)/
SWNT polymer composite consisting aligned SWNT within the host matrix by
solution casting and melt processing approach [27]. The CNTs were uniformly
dispersed within the PMMA by using dimethyl formamide as the solvent. The
nanocomposites exhibited high conductivity along the direction of flow due to the
alignment of the CNTs. Elastic modulus and the yield strength of the nanocomposite
were improved with nanotube content. In another study, Cooper et al. fabricated
PNCs based on MWNTs, SWNTs, and carbon nanofibrils [28]. The investigation
revealed that the tensile properties of the nanocomposites were unaffected by the
addition of carbon nanofillers, but their impact strength was improved significantly
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compared to the neat polymer matrix. The effect of MWNTs on thermal and
electrical properties of PMMAwas also evaluated [29]. The effect of irradiation on
the properties of nanocomposites was examined by evaluating the hardness and
dynamic mechanical properties of the nanocomposites after irradiating with Cesium-
137 source. Study revealed that irradiation of the nanocomposites during fabrication
improved microhardness, glass transition temperature, and mechanical properties
due to the absorption of radiation in the conjugate bonds of carbon nanomaterial.
Hence, damage of the PMMA matrix was suppressed by the use of nanofillers.

Allaoui et al. evaluated mechanical and electrical properties of MWNT/epoxy
nanocomposites utilizing very small quantity of nanofiller [30]. The epoxy resin was
made soft and ductile using overaged hardener. The soft and ductile nature of the
epoxy matrix made it possible to evaluate the stress strain properties of the
nanocomposites at high strain level. The addition of very small amount of nanotube
(say from 1 % and 4 % with respect to the matrix polymer) exhibited twofold and
fourfold enhancements in Young’s modulus and yield strength of the nanocomposites,
respectively. The nanocomposite also showed ninefold increment in conductivity as a
result of attainment of percolation threshold of carbon nanotube in the polymer matrix
when concentration was 0.5 and 1 wt%. In another study Schadler et al. studied tensile
and compression behavior of MWNT/epoxy nanocomposites [31]. The
nanocomposite was cured using triethylene tetramine cross-linking agent. The study
revealed that the nanocomposite exhibits higher compression modulus than the tensile
modulus as evidenced by Raman analysis. Load transfer behavior of the
nanocomposites indicated that the strain developed in the carbon bonds only shifts
to a considerable extent under the compression mode. This may be attributed to the
fact that during compression all the nanotube walls contribute, whereas the outer walls
only do so when subjected to tension. Yu et al. developed epoxy-based PNCs

Microemulsion
Styrene

85°C, SDS,
1- Pentanol, DVB

Nanocomposite in

PS matrix

Graphene MWCNT Polystyrene

Fig. 8.5 Schematic of synthesis process for making conducting polystyrene-based graphene/
MWCNT multicomposite films [26]
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consisting of SWNT and graphitic nanoplatelets with the aim to improve thermal
conductivity of epoxy [32]. The inclusion of hybrid nanofiller provided a network
structure within the polymer matrix and hence thermal resistance at the interphase was
reduced. Figure 8.6 represents the network structure formed by the incorporation of
graphite nanoplatelet (GNP) and SWNT in the epoxy matrix. The incorporation of
hybrid nanofillers was proved to be effective in enhancing thermal conductivity of
PNCs, and hence the nanocomposites with improved processability and reduced
viscosity could be prepared at low filler loading.

Santos and coworkers developed methyl-ethyl methacrylate copolymer-based
CNT nanocomposite [33]. The dispersion of the nanotubes within the polymer
matrix was improved by using nonionic surfactants. The nanocomposites exhibited
200 % improvement in mechanical properties along with 10 �C increment in the
glass transition temperature. The addition of small amount (1 wt%) of the nanotubes
was sufficient to improve mechanical and thermal properties of the nanocomposite.
As the concentration of the CNTs increased beyond a certain value, the storage
modulus of the composite lowered down due to the impurities added in the system.
The lack of efficient contact between the filler and polymer matrix resulted in
detrimental effect in the functional behavior of the nanocomposite.

Exfoliated Graphite-Based Polymer Nanocomposites

Poly(ethylene-2,6-naphthalate) (PEN)/EFG-based PNCs were fabricated by melt
dispersion approach [34]. Functionalization of the graphene sheets was carried out
by partially hydrolyzing the graphite oxide materials. Graphite is exfoliated along
the crystallographic c-axis to yield EFG while maintaining its rigidity and flat
structure even after the exfoliation. Hence, an improvement in the functional

Single-walled
carbon nanotube

Epoxy
matrix

Graphite
nanoplatelet

Fig. 8.6 Schematic
representation of network
structure formed by graphite
nanoplatelet (GNP) and
single-walled carbon
nanotube (SWCNT)-based
epoxy PNCs [32]
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properties, viz., mechanical and thermal, is expected. The PNCs were prepared by
melt blending the nanomaterial and polyester in a twin-screw extruder. Dispersion of
the nanofiller within the matrix was examined by XRD studies and morphological
analysis in electron microscope since disaggregation of filler within host matrix
plays a crucial role in achieving enhanced properties in PNCs. Addition of very little
amount of nanofiller, say 0.3 vol% of EFG, provided the interconnected networks for
the effective conduction within the composite, whereas about 3 vol%
non-functionalized nanofiller was required to form similar interconnected network
in the PNCs. Electron microscopy revealed that the exfoliated morphology of the
EFG was retained in the PNCs and the layers of graphite were unremoved even after
melt processing.

Physical properties of poly(propylene carbonate) (PPC) were improved by inclu-
sion of EFG having particle size of 7.4 μm and thickness of 30–50 nm [35]. EFG of
nanometer size range was synthesized by heat treatment and ultrasonication method.
The nanocomposite films were fabricated by solution blending approach at different
EFG content. Study revealed that EFG was well dispersed in the PPC matrix at low
filler content (2 %). However, the interaction between EFG and PPC was not strong
enough to establish compatibility at high EFG loading. With an increase in EFG
content, the oxygen and moisture permeability of PPC was found to be reduced
considerably. The nanocomposite film exhibited excellent molecular ordering, which
was evidenced from the improved mechanical properties of 2 % EFG-filled PPC
composites. Figure 8.7 represents the variations in tensile strength and elongation at
break for the nanocomposites with varying EFG content.
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Graphene (Reduced Graphene Oxide)-Based Polymer
Nanocomposites

The research on graphene has been triggered in recently due to its exceptional
properties, which make it the material of interest in diverse areas. Graphene-based
polymer composites are of industrial and academic interest as the functional prop-
erties of a polymer matrix can be enhanced by using graphene, even at low loading.
Several polymers, viz., Nafion®, polyvinylidene fluoride (PVDF), polyaniline, poly
(3,4-ethylenedioxythiophene) (PEDOT), epoxy, PS, polyethylene terephthalate
(PET), polyurethane (PU), PC, PVA, etc., have been studied for the fabrication of
PNC based on graphene [36].

Graphene as the carbon-based nanomaterial was incorporated in to the
PP/bagasse composites with the aim to improve mechano-physical properties of
composites [37]. The nanocomposites were fabricated by mixing via melt blending
in an extruder followed by injection molding. Addition of graphene at low filler
loading was found to be effective in maintaining the functional properties of
composites. For example, at a very low graphene loading of 0.1 wt%, the
nanocomposites exhibited maximum tensile and flexural properties with a slight
reduction in impact strength. However, at high filler content (0.5–1 wt%), graphene
got agglomerated easily.

Chaharmahali et al. reported highly conductive PVA-based reduced graphene
oxide (rGO)-filled nanocomposites [38]. The high surface area allowed overlapping
of rGO with each other to form continuous network of the nanofillers within the
polymer matrix. Thermal reduction of large-area GO exhibited a huge improvement
in the electrical conductivity of the nanocomposites due to the retention of its
conjugated structure. The nanocomposites were characterized by very low percola-
tion threshold of 0.189 wt%. Addition of rGO sheets of large surface area within the
PVA matrix leads to electrical conductivity of 6.3 � 10�3 S m�1 at 0.7 wt% filler
loading.

Wang et al. investigated dielectric properties of rGO/PP nanocomposites
[39]. The nanocomposite exhibited percolation threshold at very low filler concen-
tration of 0.033 vol%. The nanocomposites were prepared by in situ reduction of GO
in the presence of PP. Electron microscopy and Raman spectroscopy revealed
homogeneous dispersion of nanofiller within the PP due to strong interaction
between the two. The nanocomposites exhibited significant change in dielectric
properties near the percolation threshold. Figure 8.8 represents the effect of rGO
content on the variation of conductivity of rGO/PP nanocomposites with frequency
at room temperature. At a low rGO content (�0.03 vol%), conductivity of the
composites was very much dependent on the frequency of measurement due to
insulating nature of the polymer matrix. A transition from insulating to conducting
nature was observed as the filler content exceeded 0.03 vol% and conductivity
became nearly independent to the applied frequency.

Again, rGO-filled PNCs were also explored as actuator [40]. TPU-based PNCs
were fabricated by dispersing thermally reduced GO via solution casting approach.
Actuation properties of the nanocomposites were evaluated by using infrared
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illumination technique. Photochemical actuation of PNCs can be controlled by
controlling the filler content. At a filler content of 2 wt%, the nanocomposites
exhibited high photochemical strain value. The PNCs emerge as promising materials
for light activated actuation in robotics and biomedical devices, due to their excellent
strain values.

Graphene Oxide-Based Polymer Nanocomposites

GO can be synthesized in large quantities by oxidation of graphite followed by
exfoliation of pre-oxidized graphite sheet. These are chemically defined as the
oxygenated graphene sheets containing hydroxyl, carboxyl, and epoxy functional
groups. Goncalves et al. studied PMMA/GO nanocomposites by grafting GO onto
the surface of polymer using atom transfer radical polymerization (ATRP)
[40]. The nanocomposite films were fabricated by using both PMMA-grafted GO
and neat GO. Evaluations of mechanical properties of the nanocomposites revealed
that 1 wt% of PMMA-grafted GO (GPMMA) filler was sufficient to reinforce the
polymer matrix. GPMMA was found to be more effective as reinforcing material
compared to the neat PMMA or PMMA/GO nanocomposites. A filler loading of
1 wt% resulted in a tougher PMMA/GPMMA nanocomposite with considerable
improvement in the elongation properties. Moreover, resulted nanocomposite films
were readily dispersible in common organic solvents.

Etmimi et al. demonstrated fabrication of exfoliated PNC by incorporating
modified graphite oxide via miniemulsion polymerization approach [41]. The GO
nanofiller was functionalized with 2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPS) to expand the graphene layers and to ease the intercalation in between the
nanogalleries. Surfactant-assisted emulsion polymerization of styrene and butyl

Fig. 8.8 Conductivity of
rGO/PP nanocomposite with
the rGO content with
frequency at room
temperature [39]
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acrylate monomers was conducted in the presence of AMPS-modified GO to
synthesize latex particles composed of poly(styrene-butyl acrylate) and
GO. Transmission electron microscopy (TEM) analysis of the nanocomposite
showed huge exfoliation with final layer thickness of about 2–5 nm. The
nanocomposites were characterized by the high thermal stability and glass transition
temperature. At high GO loading (about 5 and 6 wt% with respect to monomer),
nanocomposites exhibited enhanced storage and loss modulus, as shown by dynamic
mechanical analysis (DMA).

The maximum effectiveness of GO in polymer matrix was obtained when the
dispersion of the GO in the host matrix remained uniform. With the aim to improve
dispersion of GO within the polymer matrix, Traina and Pegoretti developed a
unique approach wherein reduction of GO was conducted in situ by thermal treat-
ment [42]. The GO/polymer nanocomposites were prepared by dispersing the GO
within PVA matrix followed by thermal treatment of the composite to perform
reduction of GO [43]. Mild thermal treatment was carried out to prevent any further
degradation of base polymer. These alternative methods of synthesis of GO-filled
PNCs provided uniform dispersion of GO, which was otherwise difficult in the case
of graphene-based PNCs due to extensive aggregation.

Lee et al. studied polysulfone (PSf)/GO nanocomposite membranes for waste-
water treatment [44]. Figure 8.9 represents the effect of GO content on Young’s
modulus of PSf/GO nanocomposite membranes. With increasing GO content, the
modulus exhibited an increasing trend for a filler concentration up to 1.30 wt%. With
further increase in the GO content, the modulus of composite membranes was found
to reduce due to stress concentration arising from aggregation of GO. Hence the
nanocomposite membrane exhibited brittle failure at 2.6 % filler loading.

Fig. 8.9 Effect of GO content on Young’s modulus of polysulfone/GO nanocomposite membrane [44]
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Graphene Nanoplatelet-Based Polymer Nanocomposites

Similar to graphene and GO, graphene nanoplatelet (GNP), the other form of
nanostructured graphitic carbon, has been studied as filler material for PNCs.
Gaikwad et al. developed GNP-filled polyamide 11 nanocomposites for electrostatic
charge dissipation and selective laser sintering applications [45]. GNPs were incor-
porated into the polyamide matrix by extrusion in a corotating twin-screw extruder at
different filler content, viz., 1, 3, 5, and 7 wt%. The inclusion of GNPs was aimed to
improve electrical conductivity, thermal stability, and mechanical properties (the
tensile and flexural) of the matrix. Uniform dispersion of GNPs was achieved by
high-shear extrusion in corotating twin-screw extruder, and hence improvement in
functional properties of the nanocomposites was observed.

Chieng et al. demonstrated GNP-filled poly(lactic acid) (PLA)/poly(ethylene
glycol) (PEG) polymer blends. The nanoplatelet-modified blends were fabricated
by simple melt blending approach [46]. PLAwas modified with PEG to improve the
flexibility and reduce the brittleness of the same. In the subsequent step of fabrica-
tion, nanoplatelets were added into the plasticized PLA/PEG blends. The synthe-
sized nanocomposites exhibited improved tensile properties at very low filler content
of 0.3 wt%. Thermogravimetric analysis of the nanocomposites revealed that the
inclusion of nanoplatelets was effective in improving the thermal stability of the host
polymers. Figure 8.10 shows the scanning electron microscope (SEM) images of
PLA/PEG blend and PLA/PEG/nanoplatelet nanocomposite containing 0.3 wt%
filler. The SEM images exhibited homogeneous distribution of the filler within the
PLA/PEG matrix (Fig. 8.10b), and hence an enhancement in thermal and tensile
properties was obtained.

GNP was also added in PP with the aim to improve its impact properties by melt
mixing and injection molding [47]. The nanocomposites were fabricated with 2, 4,
6, and 8 wt% GNP of different sizes in the presence of PP-graft-maleic anhydride
coupling agent. The nanocomposites with and without the coupling agent were
prepared and compared for different properties. Study revealed that the addition of
nanofiller of small diameter led to the better improvement in mechanical properties

Fig. 8.10 Scanning electron microscopy of (a) poly(lactic acid) (PLA)/poly(ethylene glycol)
(PEG) nanocomposites and (b) PLA/PEG/graphene nanoplatelet (0.3 wt%) nanocomposites [46]
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like flexural and tensile strength. The presence of coupling agent favored the
dispersion of GNPs within the matrix and improved their adhesion with polymer
matrix and hence resulted in better mechanical properties compared to the compos-
ites fabricated without coupling agent.

Fullerene- and Metallofullerene-Based Polymer Nanocomposites

Incorporation of fullerene in polymer matrices has attracted recent research interest
due to its potential application in numerous emerging areas. In combination with
polymer, fullerenes can serve as promising materials in various fields, viz., opto-
electronics [48], structural composites [49], organic photovoltaics, and biomedical
imaging probes [50]. Fullerene improves the thermal stability of polymer matrix by
preventing its degradation via the free radical chain scission process. For example,
fullerene-based PNCs prepared via melt blending of high-density polyethylene
(HDPE) exhibited improved thermal properties over pure HDPE [51]. At a very
low loading level of 0.5 wt%, the nanocomposites showed a shift in degradation
onset temperature from 389 �C to 459 �C. This effect became more pronounced with
increasing C60 loading, due to efficient trapping of free radicals.

Similarly, mechanical properties of fullerene/epoxy nanocomposites at various
weight ratios were also studied [52]. The nanocomposites were examined for their
mechanical behavior such as Young’s modulus, resistance to crack propagation,
ultimate tensile strength, fracture energy, toughness, etc. The mechanical properties
of the nanocomposites were enhanced by addition of small amount of filler (0.1–1 wt%).
Hence fullerene/epoxy nanocomposites exhibited great potential in several applica-
tion areas like structural, aeronautical and space applications, paints, electronics
packaging, etc. PC/fullerene PNCs were also studied [49]. The nanocomposites
consisting of fullerenes and polyhydroxylated fullerenes were examined for different
functional properties such as mechanical, thermal, and optical properties. UV–vis
spectroscopy analysis of the nanocomposites revealed that inclusion of hydroxylated
fullerene did not affect the transmission of light in the range of 400–800 nm.
Thermogravimetric analysis of the nanocomposites demonstrated that hydroxylated
fullerene-based PNC exhibited higher thermal stability compared to the virgin PC
due to the formation of rigid interphase as a result of hydrogen bonding. The
unmodified fullerene-filled PC exhibited comparatively lower thermal stability and
mechanical properties due to the aggregation of fullerenes within the polymer
matrix, which acted as a point of failure during the mechanical testing. Good
compatibility of the nanofiller with the polymer matrix is essential to obtain better
thermal stability. As per the literature, PC/C60(OH)12 showed better thermal stability
compared to PC/C60 and PC/C60(OH)36 composites. In this study, effect of addition
of fullerene on the optical properties of PVA was also investigated. Both PVA- and
PC-based nanocomposites exhibited good optical transparency due to the reduction
in π-conjugation of the nanomaterials. Figure 8.11 represents the PC/fullerene
interphase of different nanocomposite films. PC/C60 showed thin interphase region
due to weak π-π stacking between the filler and polymer, whereas in PC/C60(OH)12,
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this region was comparatively larger as a result of dipolar interaction between PC
and C60(OH)12. Hence, an improved compatibility further contributed to thermal
stability of the PC matrix. However, this trend was not observed for PC/C60(OH)36
and a decrement in stability was evidenced. As the hydroxyl content in nanofillers
increases, two possible phenomena contributing to the thermal stability of the final
composites may take place. Firstly, the additional hydroxyl groups might create large
agglomerates which reduce effective surface area of the nanofiller and lead to poor
interfacial bonding between filler and polymer. Again, heavy hydroxyl content leads
to release of water molecules in huge amount (both surface and bound water). Such
releasable water molecules from inside the composite lead to partial hydrolysis in PC
backbone at the carbonate moiety and hence an overall decrement in thermal
stability.

Bai et al. developed Gd-based fullerene (Gd@C82)/polystyrene
(PS) nanocomposites via bulk radiation polymerization approach [53]. The core-
shell morphology of the metallofullerene-based polymer originated due to the strong
interaction between the metallofullerene units. Metallofullerene and metallic nitride
fullerenes (MNF) exhibited exciting potential in the medical applications. Phillips
et al. reported MNF-based PNCs, blends, and polymer networks by using
Sc3N@C80 as MNF [54]. The MNF-based PNCs were explored for switchable
adhesion application. Stimuli responsive fullerene-doped adhesives were also inves-
tigated. Chattopadhyaya et al. studied Ti-based endohedral metallofullerene (TEMF)
polymer as a spin switch in an electrical field [55]. The density of state analysis of
material revealed that the switching ability of TEMF arises due to the presence of
opposite spin channels of spin states.

Nanodiamond-Based Polymer Nanocomposites

Nanodiamonds (NDs) have attracted much attention in the field of polymer com-
posites due to the unique combination of properties such as outstanding thermal

Fig. 8.11 Schematic representation of interphase in nanocomposite films [49]
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conductivity, low coefficient of friction, and excellent mechanical properties. NDs
have become the materials of interest for the tribological application due to its
superior mechanical properties. Neitzel et al. fabricated epoxy/ND-based
nanocomposites and evaluated its potential for wear and frictional properties
[56]. They studied the effect of as received and functionalized nanodiamonds on
the tribological properties of the nanocomposites. The addition of either kind of NDs
was found to be effective, while the aminated NDs outperformed the as received
NDs due to their improved interfacial interaction with the host polymer matrix.
Study revealed that the nanocomposites containing 25 vol% of NDs exhibited
excellent Young modulus and hardness value and also showed the ability to wear
the alumina body. This excellent combination of properties made them a promising
candidate as an alternative to micron-sized diamond used in commercial abrasive
applications. Figure 8.12 represents the AFM topography of neat epoxy and epoxy
nanocomposites filled with 12.5 vol% NDs and aminated NDs. AFM topography of
nanocomposites showed inconsistent behavior (as evidenced from the zones with
lower and higher frictional forces) due to the presence of ND agglomerates within
the matrix.

NDs hold great potential for the biomedical applications. Hikov and coworkers
developed plasma-polymerized hexamethyldisiloxane/NDs composite for the med-
ical implants [57]. Silanized and silver-modified ND particles were used for the
evaluation of the properties of the nanocomposites. The cytotoxicity characterization
of nanocomposites revealed that the cells were well grown and survived in the
presence of ND particles. Study established that the addition of NDs was favorable
for the development and growth of cells, and hence they can be efficiently used for
biomedical implant applications.

Morimune et al. studied PVA-based nanocomposites using ND as the reinforcing
fillers [58]. The nanocomposites were fabricated via casting method by dispersing
the NDs into the aqueous solution of PVA. It exhibited 2.5-fold increment in Young’s
modulus at 1 wt% ND loading. The reinforcing properties of the nanocomposite
were found to be promising and established them as nanomaterial against the
conventional carbon nanofillers.

Carbon Nanohorn-Based Polymer Nanocomposites

CNHs are the promising material for biological application. Guerra et al. explored
the suitability of polyamidoamine (PAMAM)/CNHs nanocomposites for drug deliv-
ery application [59]. CNHs effectively anchored the biologically active entities.
PAMAM facilitated the electrostatic bonding with the ribonucleic acid and improved
the solubility of CNHs in the system and made them biologically more compatible. It
acted as the stage to hold the PAMAM dendrimers. The study revealed that the
CNHs can serve as a useful nonviral agent for gene therapy.

Single-walled carbon nanohorn (SWCNH)-filled PAN nanocomposites are stud-
ied [60]. The SWCNHs were dispersed within the PAN matrix by mechanical
stirring and ultrasonication and surfactant-assisted ultrasonication approaches. The
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best possible dispersion of the SWCNHs was obtained with surfactant-assisted
ultrasonication. The well-dispersed SWCNHs exhibited best mechanical properties.
The dispersion led to the lowest size of carbon aggregates in the range of 50–250 nm.
The inclusion of conducting carbon fillers provided a conductive pathway in the
electrically insulating virgin PAN matrix due to the establishment of percolation
threshold. 1 wt% SWCNHs were sufficient enough to bring about electrical con-
duction pathway in the PAN matrix.

Fig. 8.12 AFM topography of neat epoxy and nanodiamond-filled epoxy nanocomposites filled
with 12.5 vol% nanodiamond and aminated nanodiamond [56]
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Carbon Nanoonion-Based Polymer Nanocomposites

Carbon nanoonion (CNO) was explored for the fabrication of nanocomposites in
various fields and extensively studied for their contribution in the conducting
polymer matrices [61, 62]. Figure 8.13 represents the TEM images of polyaniline/
CNO nanocomposites. Nanocarbon materials, viz., nanoonions and NDs, are of
significant potential for multifunctional composite applications [63]. Shenderova
et al. developed polydimethylsiloxane (PDMS)- and polyurethane-based
nanocomposites with CNO for electromagnetic absorption and electromagnetic
interference shielding (EMI shielding) applications [63]. The inclusion of CNO
was found to be beneficial for enhancement in the loss tangent of the composites.
In general, addition of carbon nanomaterials such as nanodiamonds or nanoonions
improved the multifunctional properties of the polymer matrix, viz., thermal

Fig. 8.13 TEM images of polyaniline/carbon nanoonion nanocomposites [61]
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conductivity and stability, EMI shielding, durability, and hence established them as a
promising material for interdisciplinary research fields. In another study,
Maksimenko et al. demonstrated the effect of CNO on the electromagnetic wave
absorption properties of PMMA nanocomposite [64]. The electromagnetic wave
attenuation of CNO and PMMA/CNO films was evaluated over the frequency range
of 2–38 GHz. The potential of CNO in the abovementioned field and physical
properties associated with EMI shielding application of the CNO and CNO-based
polymeric films were discussed herein.

Applications

Carbon-based PNCs find potential applications in various fields, viz., conductive
nanocomposites [39], high-strength composites [49], electromagnetic interference
shielding [64], electrocatalysts [65], sensors [66], biomedicine [9], microwave
absorption [67], power conversion and storage [68], etc. depicted in Fig. 8.14.
CNT-based PNCs have potential applications in electrical circuit boards, heat
sinks, lids and housing, etc. due to the enhanced thermal transport properties of
the polymer nanocomposites originated from the excellent thermal conductivity of
the CNTs. Polymer/CNT nanocomposites are also promising in the field of photo-
voltaic cells and devices. In addition to the electrochemical device application, CNTs
also have attracted great deal of attention in the field of sensors. Carbon materials
have been considered to be suitable element as transducer and mediator in the field of
biosensors [69]. Inclusion of CNTs into the conducting polymer matrix results in
improved electrical and mechanical properties, which makes them suitable for the
sensor application. Recently, CNTs are also explored in photovoltaic devices. Curran
et al. studied photovoltaic properties of the polymer nanocomposite made of MWNT
and poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PPV)
[70]. The study revealed that dispersion of MWNTs within the polymer matrix
was favored by the helical chains of polymer matrix and hence good dispersion of
the nanofiller could be achieved. The light-emitting diodes (LEDs) fabricated with
MWNTs also exhibited more stability in air as compared to the one without MWNT.

Fig. 8.14 Application areas of carbon-based PNCs
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Carbon-based PNCs are widely used as catalyst by several researchers. Tavasoli
and coworkers studied Co/CNT system to investigate the catalytic performance of the
composite display at 15–40 wt% cobalt loading [71]. The hydrocarbon yield of the
Fischer–Tropsch synthesis is much better than that of cobalt catalyst on other metal
supports. Carbon nanomaterial-based polymer nanocomposites also have potential
application in presence of magnetic fields. Li et al. reported nitrogen-containing nickel
nanosphere with carbon encapsulation [72]. The nanospheres were composed of core-
shell structure with a core formed by nickel and a shell of nitrogen-enriched carbon
material. The material was reported to be suitable for the biomedical application.
Nickel carbon nanostructures were also studied by Sunny et al. [73]. The nickel carbon
interface was observed to create space charge polarization and an intrinsic magnetic
loss, which resulted in improved microwave absorption properties.

Concluding Remarks

Carbon-based materials have immense potential in tuning the functional properties of
polymer matrices for different emerging fields. Allotropes of carbon with different
shapes and functional properties have been incorporated into numerous polymer
matrices to obtain the synergistic effect in functional properties by mutual presence of
individual components in a single material. Graphite, diamond, soot, coke, pyrolytic
carbon, glassy carbon, carbon black, CNTs, nanorods, graphene, fullerene, carbon
nanofibers, nanodiamond, carbon nanohorn, activated carbon, etc. are the different
allotropes of carbon, which have been encountered in the literature till date. The
polymer nanocomposites consisting one or more of these fillers have shown excellent
mechanical, thermal, electrical, and optical properties. Key factors in achieving maxi-
mum benefit out of these fillers lie in the uniform dispersion of these fillers into the
polymer matrix. Different approaches, like high-shear mixing, ultrasonication, in situ
polymerization, and functionalization, are adopted to accomplish homogeneous disper-
sion in the polymer matrix. Polyolefins, acrylates, polyester, polyamide, PVA, PVC, PS,
styrene-butadiene-styrene, epoxy, etc. are some the important nonconducting polymer
matrices, which have been utilized to make the polymer nanocomposites. In this
chapter, brief discussion about the classification of different allotropes and their
nanocomposites with different nonconducting polymer matrices has been demonstrated
in light of different functional properties along with possible applications.
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Abstract
Owing to their lightweight and high strength characteristics and tailorable
end-use properties, rigid syntactic foams fabricated from polymeric binders,
hollow micro-spheres, and other fillers, and their variants have assumed great
importance in material design. The highly ordered syntactic foams have potential
to be utilized in designs involving multifunctional requirements, viz., aerospace
structures, radar transparency, microwave electronics, EMI shielding, etc. This
overview article introduces syntactic foams and gives an insight into establishing
multifunctional characteristics in them to meet the end applications and presents a
collection of related literature on techniques and uses.

Keywords
Syntactic foam • Glass microballoons • Hollow glass microspheres • Rigid
foams • Multifunctional foams • Foam sandwich composites

Foams

Solid foams form an important class of lightweight cellular engineering materials
that are used in engineering design mostly as core materials in sandwich composite
structures. These foams are formed by trapping of gas bubbles in a solid matrix
which results in such lightweight materials.

Classification of Foams Based on Matrix

Solid foams can be synthesized by foaming metallic, ceramic, or polymeric mate-
rials, and accordingly, one has metallic foams, ceramic foams, and polymeric foams,
respectively. Among all the varieties, polymeric foams are the most common, and
they are also referred by various other nomenclatures like plastic foams, cellular
plastics, foamed plastics, expanded polymers, etc. The dominant factors in deter-
mining properties of such foams are their density and the chemical nature of the solid
polymer phases. The density of the polymeric foam is a function of the volume ratio
of the gas filler to the solid polymer. In actual practice, the foam density may vary
anywhere from 0.01 g/cm3 to a value almost as high as that of the solid polymer itself
[1, 2]. Epoxy, phenolic, cyanate ester, and polyurethane are some of the thermoset-
ting, and polyvinyl chloride (PVC), polyethylene (PE), polypropylene (PP), and
polyetherimide (PEI) are some of the thermoplastic foam materials.

Classification of Foams Based on Method of Fabrication

Based on the route of synthesis, foams can be classified as chemical foams or
physical foams. In the former, chemical reactions between two and more ingredients
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evolve certain gaseous product, which gets trapped into a bubble phase forming the
foam. On the other hand, in the case of physical foams, a gas is physically blown into
the viscous polymeric resin, and the foam is formed by subjecting the system to a
specified temperature and pressure regime, during which time it solidifies.

Classification of Foams Based on Cell Structure

The foams can be classified into two types based on their pore or cell structure. The
first type is called open cell structured foams, which contain pores that are connected
to each other forming an interconnected network. The second type of foams does
not have interconnected pores and are called closed-cell foams. Normally, the
closed-cell foams are denser and stronger compared to their open celled counter-
parts. They also possess higher-dimensional stabilities and lower moisture absorp-
tion coefficients.

The present chapter deliberates in detail upon still different a variety of foam
materials called syntactic foams. These are classified under the category of “closed-
cell physical foams,” since they contain encapsulated voids that are introduced
physically [3], in the form of microballoons or microspheres.

Syntactic Foams

Introduction

Syntactic foams are a class of composite materials formed by embedding hollow
spherical particles, viz., microballoons or microspheres in a binder matrix denoted as
the binder. Unlike the conventional foams, the syntactic foams can be a tertiary phase
system and not necessarily be binary systems as the other foams [4–6]. Since the
sizes of gas containing particles can be controlled within a close range resulting in
foams of high order or regularity, the foam is called “syntactic” (in Greek, “syn”
means same and “taktos” means ordered). These foams also are considered as
reinforced plastics since glass and ceramic microballoons can be regarded as rigid
reinforcing component. Compared to conventional foams, these foams have better
strength to weight ratios and negligible water absorption properties and can with-
stand considerable hydrostatic pressure. However, these foams are heavier than
conventional foams with apparent densities in the range 0.18–0.8 g/cm3. An excel-
lent review on the syntactic foams is authored by Shutov [7] wherein the preparation
and properties of the syntactic foams are discussed in detail.

Even though metallic and ceramic syntactic foams are available, in the
present chapter, it is intended to present a concise review of the published
literature and current state-of-the-art technologies in the field of thermosetting
polymer based syntactic foams in addition to a mention of structure and properties
of the same.
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Structure of Syntactic Foams

Structurally syntactic foams can be classified as (a) two-phase syntactic foam and
(b) three-phase syntactic foam.

The three-phase syntactic foam system can be easily understood by a ternary-
phase diagram given in Fig. 9.1 [8]. Polymer, hollow microballoons, and voids, the
three components of the foam, represent the three vertices in the ternary diagram.
Point A on the diagram denotes a composition having volume fraction values of
0.15, 0.60, and 0.25 of polymer resin, microballoons, and voids, respectively. The
pure void-free syntactic foam as a two-phase composition will fall along the
polymer-microballoon side, i.e., XY of the diagram. However, the syntactic foam
composite is subjected to packing conditions of the spheres, which is mentioned in
Table 9.1. Hexagonal close packing being the upper limit of packing for uniform-
sized microballoons, packing factor cannot exceed 0.74 [9]. Similarly, the two-phase
composite of microballoons and voids only (line YZ) (packed spheres without any
binding resin) has a maximum limit of 74 % of the former. Cubic packing (volume
fraction 0.52) restricts the lower limit for the microballoons for sphere-to-sphere
contact. Below this limit, it requires some amount of resin to fill in between the
spheres, since the structure is not self-supporting anymore. Another two-phase
composite is chemically or physically blown foam composed of polymer and
voids only. Its composition lies along the polymer-void side, i.e., XZ, and it too is
limited by the maximum volume fraction of voids allowed while still maintaining the
definition of foam. All the limits mentioned define the allowed compositions for the
syntactic foams and determine the area within the diagram where they can fall. A
limiting case is point B, which represents a composition of microspheres 0.74,
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Fig. 9.1 Ternary phase diagram for three-phase syntactic foams [8]
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polymer 0.11, and voids 0.15. In this case, the microspheres are arranged in the
hexagonal close packing [10, 11].

The density of three-phase syntactic foam is determined by the composition
represented by any point in the area marked in the diagram. The side XY of the
phase diagram represents the two-phase syntactic foam. A schematic representation
of the two-phase and three-phase syntactic foams is shown in Fig. 9.2.

Constituents of Syntactic Foams

The two essential constituent materials of syntactic foams are hollow microballoons
(filler) and polymeric resin matrix (binder). Voids are incidental constituent of the
two-phase foams, whereas they are essential or intentional in three-phase foams.

Reinforcing Microspheres
The reinforcing microballoons need to be spherical, non-cohesive, strong, and chem-
ically resistant [12]. Glass microballoons, phenolic microballoons, carbonized

Table 9.1 Packing possibilities of microspheres [10]

Coordination
number Packing

Volume fraction
occupied

Uniform size
spheres

6 Cubic 0.52

8 Body-centered
cubic

0.62

12 Face-centered
cubic

0.74

12 Hexagonal 0.74

Nonuniform
spheres

– Random 0.90

Fig. 9.2 Schematic representation of syntactic foam structures: (a) random dispersion of spheres
(two-phase composite), (b) hexagonal close-packed structure of uniform-sized spheres (two-phase
composites), (c) closely packed microspheres, dispersed voids, and binding resin (three-phase
composite) [9]
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microballoons, and metal (like silver, nickel, copper, etc.)-coated microballoons are
used to be embedded in the polymer matrix. Microballoons synthesized from mate-
rials like polyurethane [13], polyimide [14, 15], unsaturated polyester [16, 17] poly
vinylidene chloride (PVDC) [18], carbamide and melamine-formaldehyde oligomers,
etc. [19] may also be used. Even microspheres containing an inert gas or some
volatile liquid such as freons [19] can also be produced, so can be metal oxide
microspheres [20, 21]. The present chapter concentrates mostly on hollow glass
microspheres, which is the most widely used constituent for these classes of foams.

Polymeric Binder Materials
The polymeric materials used as binders for syntactic foam can be either thermo-
plastic or thermoset. The foams derived from thermoplastic resins are difficult to
produce and are very limited in their use since they soften at comparatively lower
temperatures. Hence, the main research effort is concentrated on thermoset resins
like epoxy, polyimide, phenolic, silicone, and cyanate ester foams. A good number
of publications are available on such thermosetting foams.

Tailorability for Multifunctional Applications

Tailorability is one of the biggest assets of syntactic foam materials. Apart from the
possibility of selecting resin and microspheres from a wide range of commercially
available options, these foams can also be tailored for specific applications by
intelligent incorporation of different types of fillers, additives, flexibilizers,
tougheners, etc. Often, a single syntactic foam itself will perform more than one
function, thus behaving as a multifunctional material, which is essential for many
structural, thermal, and electromagnetic applications. Hence, these foams have their
own place carved out for various purposes wherein the specific functional require-
ments are an important design criteria in addition to weight saving.

Syntactic Foams for Structural Properties

The mechanical properties of syntactic foams required for any structural application
is governed by the density and volume fraction of the constituents. Compressive
property study is the major means of qualifying this class of materials for structural
applications. Figure 9.3 shows the general shape of stress versus strain curve in
compression for polymer syntactic foams [22]. The curve can be divided into three
sections/regions. The first section, where the stress is proportional to strain, corre-
sponds to the elastic behavior of the foam. In this region, if the load is released, the
foam reverts back to its original shape. The compression yield point occurs followed
by densification or consolidation of the sample, in the second section. In this region,
the compressive stress remains nearly constant. The third region is characterized by
an increase of load or stress, which is because of the resistance offered by the foams
after the densification.
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Figure 9.4 shows compressive stress versus compressive strain behavior of
0.39 g/cm3 density foam samples (five specimens) manufactured using glass
microballoons and epoxy-modified cyanate ester resin binder [23].

In general, compressive strength and modulus vary linearly with the foam density
as is observed for epoxy syntactic foams [24], polyetherimide (PEI) syntactic foams
[25], and vinyl ester syntactic foams [26]. Table 9.2 shows typical compressive
strength and modulus values of epoxy [24] and epoxy-modified cyanate ester
syntactic foams [23] of varying densities. The effect of different post-cure schedules
on epoxy-modified syntactic foam structural properties has also been reported [23].

Comparison of dynamic compressive mechanical properties of these syntactic
foams with quasi-static test data reveals their strain rate dependence of the mechan-
ical properties [27]. Functionally, graded structure of syntactic foams is capable of
withstanding compression loads up to 60–75 % strain [28], and the fracture features
of these foams have been studied under different loading conditions by microscopic
techniques [29].

The density of the syntactic foams can be tuned by varying either the volume
fraction or wall thickness of the microballoons. The second approach is more useful,
as it considerably increases the strength to the weight ratio [30].

Generally, compressive strength and modulus of syntactic foams increase with a
decrease in internal radius of the microspheres. The peak compressive strength and
modulus measured were higher for the specimens tested in flat wise orientation
compared to that in edgewise orientation [31].

Syntactic foams can be further reinforced with different fibers [32, 33]. The
process modifications for such reinforced foam systems decrease the amount of
voids and increase the strength [34]. SEM study revealed the effect of specimen
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aspect ratio on the compressive stress–strain curve and failure behavior of the
syntactic foam materials [35]. In fact, in situ X-ray microtomography study was
carried out during compressive testing of syntactic foams to understand the failure
phenomenon [36].

For chopped glass fiber-filled syntactic foams of different compositions, although
compressive modulus values mostly increase with the content of fibers in the system,
there are contradicting literature indicating almost no effect of the same

Table 9.2 Compressive properties of syntactic foams

Sample
density
(g/cm3)

Epoxy syntactic foam [24]
Epoxy-modified CE syntactic foam
[23]

Compressive
strength (MPa)

Compressive
modulus (GPa)

Compressive
strength (MPa)

Compressive
modulus (GPa)

0.20 – – 2.99 0.13

0.23 – – 4.00 0.19

0.27 – 6.48 0.22

0.34 – – 9.35 0.37

0.39 – – 12.26 0.53

0.85 67.90 1.97 – –

0.88 87.90 2.28 – –

0.89 102.2 2.33 – –

0.93 105.2 2.51 – –

Fig. 9.4 Compressive stress versus compressive strain plots for CE-epoxy blend syntactic foam
samples of density 0.39 g/cm3 [23]
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[37–39]. Effects of water absorption on the compressive properties of the syntactic
foams reinforced with chopped glass fibers have been studied by immersing them in
various aqueous media [40]. Partial intercalation of surface-modified nanoclay
particles in these foams leads to an increase in the toughness of the material by
80–200 % [41].

Apart from compressive properties, flexural properties of the reinforced syntactic
foams increase with increasing percentage of short glass fibers [42–44]. Short-beam
properties by the three-point bend mode also increase with increasing fiber fraction
and decreasing microballoon fraction for the glass microballoon-filled epoxy foams.
Such mechanical data could also be satisfactorily correlated with fractographic
features by employing scanning electron microscope and studying the failure fea-
tures of the tensile, compressive, and shear-dominated regions of the tested speci-
mens. Short-beam test results on syntactic foams developed from paraffin oil-coated
microballoons effectively bring out the effects of interface interactions and their role
in influencing the mechanical properties of the foams [45–47].

In the case of two-phase syntactic foam, a systematic study of the mechanical
properties and fractography of different regions of cast foam block reveals a clear
flotation/settling of constituents leading to distinct vertical segregation [48].

Further, types of microspheres and volume fraction of microspheres used
affect not only compressive properties but also tensile, flexural, and fracture behav-
ior of syntactic foams [49–52]. The mechanical properties in flexural mode and
fracture toughness are even affected by loading rate and moisture content in the
foams [53].

When rubber latex-coated microballoons are reinforced with nanoclay and milled
glass fiber in epoxy matrix, the resulting hybrid syntactic foams were found to have
improved damage tolerance properties [54]. A detailed analytical and experimental
study on rubber-modified epoxy syntactic foams and nanoclay-modified syntactic
foams for their mechanical properties was carried out by Maharsia [55]. Figures 9.5
and 9.6, respectively, show the comparison of compressive strength and toughness
of various foams (SF22, SF32, SF38, and SF46) reinforced with different percent-
ages of nanoclay particles with respect to the unreinforced foams developed using
epoxy binder and different commercially available grades of microballoons (M22,
M32, M38, and M46). It can be noted that even though the addition of nanoclay
decreases the strength, it has improved the toughness of the material significantly
[55]. High strain rate (450–1000/s) characterization using split Hopkinson pressure
bar (SHPB) apparatus has also been conducted for similar rubber-modified hybrid
syntactic foams as well as their conventional counterparts [56, 57]. High strain rate
mechanical properties of nanoclay syntactic foams with volume percentages of 0, 1,
2, and 5 of nanoclay have also been reported [58]. It is found that 1 % inclusion
results in an optimum enhancement of the peak stress and modulus and the high
strain rate testing exhibited higher peak stress and modulus. Enhancement in the
flexural and dynamic mechanical properties on incorporating 2 % by weight of
nanoclay in epoxy syntactic foams has also been observed [59]. Flexural strength
improved by 42 % and modulus by 18 %, while in dynamic mechanical analysis
(DMA), the storage modulus increased by 30 % and the loss modulus by 28 %.
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Syntactic Foam Core Structural Sandwich Composites
Syntactic foams explained in the previous section are invariably used as lightweight
core materials for sandwich constructions rather than as stand-alone structures
[60]. It has been found that the microballoon radius ratio plays a very important

Fig. 9.6 Effect of nanoclay content on the toughness of syntactic foams [55]
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role on the flexural and short-beam shear strength of the sandwich construction
[61]. In fact, the aspect ratio of the sandwich test specimens also significantly affects
the above properties [62]. Various mechanical properties of such syntactic foam core
sandwich composites with different skin and binder materials have been exhaus-
tively reported [63–65]. Even the core to skin thickness ratios can also be
suitably optimized to design such a sandwich material with desired flexural
modulus and bending rigidity [66].

Apart from varying the radius ratio of microballoons and densities of the foam
core, the bending behavior of the sandwich composites has been improved by
suitable material and structure modifications in the syntactic foam core. Sandwich
composite panels with woven glass/epoxy facings and liquid rubber-modified epoxy
syntactic foam core exhibited a reduction both in the failure energy and failure
displacement but an enhanced residual energy and post failure displacement in the
three-point bend tests, thereby indicating an improvement in the damage-tolerant
properties in comparison to the unmodified epoxy syntactic foam core
[67, 68]. Nanoclay modification of the foam core is found to result in improving
the load-bearing capacity of the sandwich in the three-point and four-point bend
tests, while a degradation is observed in the short-beam shear tests [69]. Maintaining
a higher percentage of microspheres at the center and a lower percentage in the outer
layers of a multilayered-syntactic-foam core sandwich composite resulted in higher
stiffness under flexural loading in comparison to the homogenous percentage of
microsphere in the core [70].

Syntactic Foams for Temperature Withstandability

Apart from achieving syntactic foams with desired structural properties, they also
can be tailored for withstanding different desired temperature ranges as well. The
temperature withstandability of thermosetting syntactic foams is predominantly
controlled by the type of matrix resin used. Even though there are different thermal
techniques available to characterize the polymeric materials, dynamic mechanical
analysis (DMA) is one of the important techniques, which is extremely sensitive and
reveals a wealth of information about the materials. Viscoelastic properties like
storage modulus (measure of stored energy when the material is subjected to
oscillatory loading), loss modulus (measure of energy lost in the material under
oscillatory loading), tanδ (damping capacity of the material) as functions of temper-
ature or frequency, and hence the glass transition temperature can be determined by
this technique. DMA studies have been exhaustively carried out to characterize
syntactic foams developed using different thermosetting resins. Studies on epoxies
have gained major importance in recent past, since they are the workhorse of the
aerospace industry.

Temperature Withstandability of Epoxy Syntactic Foams
Depending on the type of epoxy binder resin system employed for fabrication and
cure schedule adopted, the glass transition temperature of the epoxy syntactic foam
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materials can vary from 80 �C to 200 �C. The higher Tg versions of epoxy syntactic
foams can safely be used up to a maximum temperature of 175 �C.

Figure 9.7 shows a typical DMA thermogram showing the variation of SM and
LM with temperature for various syntactic foams of similar density developed using
different epoxy resin system formulations. It can be seen that DGEBA-based epoxy
foams SF2 and SF3 cured with different aromatic diamine hardeners, respectively,
had higher Tg compared to novolac (SF1 developed using cycloaliphatic amine
hardener)-based epoxy foam. Again, among the DGEBA-based syntactic foams,
SF3 had higher Tg (202 �C) compared to that of SF2 (151 �C) [71].

The tensile and compressive properties of these syntactic foam materials can also
be tailored for dual functionality so that they can withstand both continuous oper-
ating temperature up to 150 �C and hydrostatic pressure up to 300 bar [72].

Temperature Withstandability of Cyanate Ester Syntactic Foams
Epoxy matrices however cannot be used for certain applications which demand very
high temperature withstandability. High-performance thermosets like polyimides,
cyanate ester (CE), etc. are employed for this purpose.

Table 9.3 compares the DMA results of DGEBA-based epoxy resin, bisphenol
E-based CE resins, and their syntactic foams subjected to various post-cure sched-
ules [73]. It is found that the glass transition temperature of epoxy resin cast and its
syntactic foam is lower than that of their CE counterparts. Another interesting
phenomenon to note is that the Tg values for epoxy resin cast and syntactic foam
are only marginally different, whereas it is not so for CE system subjected to post-
cure schedule P1. This indicates that the cure behavior of CE resin matrix in bulk and
in composites is different, justifying the need for further careful studies of CE

Fig. 9.7 DMA thermograms of different epoxy syntactic foams [71]
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composite processing techniques. Based on observation of real-time curing of the
foam during DMA run (above the glass transition temperature), the foam samples
were subjected to other post-cure schedules (P2, P3, P4, and P5) and characterized
further using DMA. This exercise yielded a higher Tg (>250 �C) foam material,
which otherwise would not have been achieved using any of the epoxy resin
systems. Thus, a careful study on cure and post-cure schedules of these CE resins
and their syntactic foams allows them to be tailored for desired temperature
withstandability.

For still higher temperature withstandability requirements, novolac-based CE
system can be useful [74]. Figure 9.8 shows the results from DMA of syntactic
foams developed using epoxy resin and CE systems. From the curve, it can be seen
that with change in the resin system, the glass transition of the material increased

Table 9.3 DMA details of epoxy and cyanate ester syntactic foams [73]

System Sample Cure schedule Tg* (�C)
Epoxy Resin cast 120 �C/2.5 h + 160 �C/3 h 169

Syntactic foam 120 �C/2.5 h + 160 �C/3 h 175

Cyanate ester Resin cast P1 177 �C/6 h + 230 �C/2 h 278

Syntactic foam P1 177 �C/6 h + 230 �C/2 h 181

P2 177 �C/6 h + 230 �C/4 h 200

P3 177 �C/6 h + 260 �C/2 h 230

P4 177 �C/6 h + 260 �C/4 h 331

P5 177 �C/6 h + 280 �C/2 h 285

Fig. 9.8 DMA thermogram of epoxy and cyanate ester syntactic foams [74]
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from 175 �C for DGEBA-based epoxy resin system to 350 �C for novolac-based
cyanate ester resin system, though there is a reduction in the modulus values to an
extent of 35 %. This clearly illustrates the matrix dependence of the temperature
withstandability of these foams.

CE-Epoxy Blend Syntactic Foams
It is to be noted that though CE system gives a higher Tg compared to epoxies, the
inherent brittle nature of CE resins limits the material to be used for variety of
applications. One way of toughening or reducing the brittleness of these systems is to
blend suitably with epoxies leading to an optimal compromise on the glass transition
temperature. Incidentally, blending with epoxy resin makes the CE resins easily
processable. Cure behavior study of commercially available epoxy (diglycidyl ether
of bisphenol A, DGEBA-based)-modified cyanate ester (1,1-bis(4-cyanato phenyl)
ethane) and its syntactic foams using hollow glass microspheres at two different
post-cure procedures reveals that the comparison of glass transition behavior and Tg

values of the neat resin cast at two different post-cure procedures with those
corresponding to the foams clearly indicated that there exists no correlation between
the cure behavior of the neat resin to that of the resin binder in the foams [23, 75],
possibly due to chemical reactions in the interphase. It has also been observed that
the hollow glass spheres catalyze the polycyclotrimerization reaction of cyanate ester
resin, which helps in lowering the processing temperatures of such syntactic foam
systems [76].

Significant high-temperature-withstanding (>500 �C.) syntactic foams based on
cyanate ester, phthalonitrile, and cross-linked acetylene systems form the theme of a
patent disclosure [77].

Syntactic Foams for Microwave Transparency

Syntactic foams are also used in applications demanding transparency to micro-
waves. Interaction of electromagnetic waves with a material leads to three phenom-
ena, viz., transmission, reflection, and absorption. For a material to be microwave
transparent, obviously majority of the energy should transmit through it. On the
other hand, the other two phenomena, viz., reflection and absorption, are important
for electromagnetic shielding, which are discussed in subsequent sections. This
section addresses the tailorability of syntactic foams for certain specific microwave
transparent aerospace applications like broadband radomes (microwave transparent
covers which protect the radar/antenna from external environment). It is extremely
critical for a radome material to be transparent to the microwaves so that it does not
hinder the communication function of the radar/antenna housed in it.

Microwave Transparency and Dielectric Properties
The microwave transparency of a product is predominantly governed by its dielectric
properties, viz., dielectric constant and loss tangent of its material. Dielectric con-
stant, which is numerically equal to the measure of stored part of electromagnetic
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energy incident on the material (ε0), can be defined as the ratio of the capacitance of a
capacitor containing the dielectric medium to the capacitance when the medium is
removed. Loss tangent (tanδ) is a measure of stored electromagnetic energy
converted to leakage current and ultimately to heat. A microwave transparent
material requires both ε0 and tanδ to be as low as possible, ideally matched with
those of air/free space.

Effect of Constituents of Syntactic Foams on Dielectric Properties
As discussed, syntactic foam made from hollow glass microspheres and resin matrix
is extensively used as core materials for microwave transparent applications. The
hollow structure of glass microballoons in these syntactic foams results in low
dielectric values that facilitate the function of microwave transparency. Further,
these properties can be optimized by varying the density of the material, through
volume fraction and/or the radius ratio of microballoons. The lesser the density of the
foam, the more hollow the structure, and the more transparent it is to the microwaves
[78]. To some extent, the dielectric properties of the foam can be controlled by the
type of matrix resin as well.

Dielectric Properties of Syntactic Foams
Figure 9.9 shows the variation of dielectric constant with frequency measured by
coaxial probe method for typical epoxy and cyanate ester (CE) syntactic foams of
density around 0.33 g/cm3, scanned over a frequency range of 1–20 GHz
[74]. Table 9.4 shows the values of ε0 and tanδ for these foams at selected frequen-
cies. Once again, it can be noted that ε0 value for both thermosetting foams was
around 1.5, which is close to that of air (1.0). This could be attributed to the hollow
structure of these foams, which makes them suitable for microwave transparent

Fig. 9.9 Variation of dielectric constant with frequency for epoxy and CE syntactic foams by
coaxial probe method [74]
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applications. The tanδ measurements of these foams suffer from experimental
inaccuracies.

Figures 9.10 and 9.11, respectively, show the variation of dielectric constant and
tanδ with frequency (measured by waveguide technique [69]) in X band (8–12 GHz)
for typical epoxy and cyanate ester syntactic foams of density around 0.33 g/cm3

[74]. Table 9.5 shows values of ε0 and tanδ for these foams at selected frequencies.
Once again, it can be noted that ε0 value for both thermosetting foams was around
1.5. On comparing Figs. 9.9 and 9.10, in the frequency range 8–12 GHz, it can be
understood that the waveguide technique had more consistent, repeatable, and hence
reliable results. Tanδ values for both the foams also had comparable values within
the characterization limits (Table 9.5).

Dielectric constant and loss for these foams generally decrease with increasing
frequency and with decreasing temperature in the range of 40–140 �C [26]. Syntactic

Table 9.4 e0 and tand values for epoxy and CE syntactic foams at selected frequencies by coaxial
probe method [74]

Frequency (GHz)

Epoxy syntactic foam CE syntactic foam

ε0 tanδ ε0 tanδ
1 1.42 – 1.36 –

5.18 1.88 0.01494 1.76 0.00886

9.36 1.75 0.07611 1.64 0.07130

13.16 1.75 0.01094 1.66 0.01214

16.96 1.73 0.00652 1.66 0.01697

Fig. 9.10 Variation of dielectric constant with frequency for epoxy and CE syntactic foams by
waveguide method: X band [74]
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foams in the density range of 0.19–0.32 g/cm3, with dielectric constant of around 1.3
and loss tangent of around 0.005 developed by M/s Cuming Microwave Corpora-
tion, USA, are available off the shelf in the market and can be readily used for
microwave transparent applications [79]. Epoxy and cyanate ester syntactic foams
with a wide range of applications and dielectric constant in the range 1.25–1.45 for
foam densities 0.20–0.3 g/cm3 are developed by M/s UDC, USA, as well [80]. M/s
Tencate, USA, also supplies cyanate ester syntactic foams with trade names
EX-1541-1 and BC �550 with a dielectric constant of around 2.0 [81]. M/s CRG,
USA, has developed syntactic foam with the trade name Advantic, which has a
density close to that of balsa wood, but has a significantly higher strength.
Depending on the resin system used, foamed syntactic composite also has the
potential for an improved transition temperature and a low dielectric constant,
making it ideal for space use [82].

Fig. 9.11 Variation of loss tangent with frequency for epoxy and CE syntactic foams by wave-
guide method: X band [74]

Table 9.5 e0 and tand values for epoxy and CE syntactic foams at selected frequencies by
waveguide method: X band [74]

Frequency (GHz)

Epoxy syntactic foam CE syntactic foam

ε0 tanδ ε0 tanδ
8 1.53 0.01841 1.53 0.01737

9 1.53 0.01449 1.53 0.01420

10 1.53 0.02572 1.54 0.02290

11 1.52 0.03047 1.52 0.02714

12 1.51 0.01111 1.52 0.00862
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Apart from measuring the dielectric constant values in GHz region, similar
measurements in MHz region have been reported with an anticipated utilization of
the foams in integrated circuit design [83]. Table 9.6 gives the relationship between
density of syntactic foam (0.57–0.84 g/cm3) and dielectric constant values, measured
at 1 MHz frequency. The inventors found a decrease in the dielectric constant value
with increasing frequency in the measured range.

Syntactic Foam Sandwiches for Microwave Transparency
Generally, the syntactic foams mentioned above will be used as core materials in
sandwich composites for the development of microwave transparent structures. The
microwave transparency of such sandwiches can be evaluated by using a typical
horn antenna setup in an anechoic chamber and measuring the insertion loss in the
desired frequency range [74]. Figure 9.12 is a typical result showing the variation of
microwave attenuation (in dB) for air (i.e., without any sample between transmitting
and receiving horn antennae), epoxy, and cyanate ester syntactic foam sandwich
panels over the frequency band 1–18 GHz. The results indicate a very good
microwave transparency of the syntactic foam core sandwich panels.

Table 9.6 Dielectric constant values (1 MHz) for syntactic foams of different densities [24]

Specimen type Experimental density (g/cm3) Average experimental dielectric constant ε0

VE 220-30 0.84 3.36

VE 220-40 0.77 3.05

VE 220-50 0.68 3.04

VE 220-60 0.57 2.84

Fig. 9.12 Microwave attenuation or dB loss for epoxy and cyanate ester sandwich panels [74]
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A patented process for a multilayered radome, using cyanate ester resin matrix
with quartz skin and syntactic foam core, is disclosed [84]. Syntactic foam core
sandwich radome can also be developed using epoxy, bismaleimide and cyanate
ester resin blend and glass/quartz/polyolefin reinforcements [85, 86]. Materials and
process details regarding the development of foam sandwich radome are very well
documented [87, 88].

Utilization of syntactic foams for a multiband, broadband, high-angle sandwich
radome structure [89] and a B-sandwich radome structure that exhibits transparency
over a wide variety of frequencies and incident angles with increased thermal
insulation [90] is disclosed in patent literature.

Syntactic Foams for Electromagnetic Interference (EMI) Shielding/
Electromagnetic Compatibility (EMC)

As discussed in the preceding sections, even though the behavior of syntactic foams
had been vastly studied by different researchers, the applications of these foams had
been primarily restricted to the domain of electrical insulation and microwave
transparency only. However, in today’s age of miniaturization, when almost all
electronic equipment designs are becoming extremely weight critical, lightweight
polymer composites and foams are emerging as viable alternatives for conventional
metals in various forms of electronic packaging. In contrast to metals, these com-
posites are transparent to microwaves and hence do not offer any intrinsic electro-
magnetic interference (EMI) shielding/electromagnetic compatibility (EMC) to the
system. This scenario has opened up an entirely novel field of research activities
concentrating on enhancing the EMI/EMC capabilities of these materials by render-
ing them electrically conducting. The following sections deliberate upon the theo-
ries, principles, and practices pertaining to such unconventional composite materials
in general and syntactic foams in particular.

EMI shielding effectiveness (SE) of a material may be physically defined as an
index of its opacity to an incident electromagnetic wave at any given frequency
band. Such opacity may be caused by reflection or absorption of the incident wave
from the interface or within the bulk material. From fundamental electromagnetic
wave equations (discussed in later sections), it can be easily understood that electri-
cally conducting materials are intrinsically opaque to EM waves by virtue of both
improved reflection and absorption mechanisms. It is precisely for this reason that
the polymeric composites in general begin with a major handicap when it comes to
EMI shielding applications and hence require their properties to be significantly
tailored for this specific purpose.

One of the ways of tailoring the conventionally insulating syntactic foams for
EMI shielding characteristics is to use carbon microballoons in various proportions
along with the glass microballoons [91]. Another way of achieving the same is to
incorporate judicious proportions of electrically conductive fibers or fillers within
the material system. The possibilities of such fiber-reinforced syntactic foams have
also been reported, but not all of them explore the electrical properties of such
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materials for the applications being discussed [92–94]. The incorporation of carbon
fibers not only imparts required EMI shielding properties to the material; they also
improve the structural properties of the foam. A typical composition with volume
fraction of the constituents of such carbon fiber-reinforced foam (CSF) vis-à-vis its
unreinforced counterpart (NSF) is shown in Table 9.7.

It may be interesting to note from the typical SEM images (Fig. 9.13a, b) of such
foams that not only the glass microballoons are homogeneously distributed in the
neat foam but the chopped carbon fibers are also randomly oriented in all possible
directions in the fiber-filled foam, leading to a near isotropic nature of these
materials [94].

Table 9.7 Composition of NSF and CSF [94]

Material
description

Density
(g/cm3)

Volume percentages

Matrix
binder Microballoon

Chopped
fiber Void

NSF 0.65 � 0.01 44.4 51.1 – 4.5

CSF 0.65 � 0.01 42.7 48.9 2.8 5.6

Fig. 9.13 SEM images of
NSF and CSF [94]

300 S. Sankaran et al.



Measurement of Electrical Resistivity of Syntactic Foams
In terms of electrical resistivity values, the chopped carbon fiber-reinforced syntactic
foams may be classified as semiconductive in nature. The electrical resistivity
measurements of such semiconducting composite samples are extremely tricky in
terms of establishing reliable ohmic contacts between the materials and the measur-
ing probes and hence call for some special steps to be taken during the process
[95]. Table 9.8 shows the surface and volume resistivities of neat and carbon fiber-
filled syntactic foams (NSF and CSF) from which it is obvious that the resistivity
values of fiber-filled foam were many orders lower than its neat counterpart [94].

Estimation and Evaluation of Shielding Effectiveness (SE)
The EMI shielding capability of a material is measured by a parameter known as
“shielding effectiveness.” Quantitatively, SE is basically a ratio of two field quanti-
ties and can be derived from the field theory approach using mathematical modeling
techniques. Hence, given the electrical conductivity of the material, it is possible to
predict SE of any structure theoretically [93].

Theoretical Estimation
Given below is an expression for estimating the shielding efficiency of such
semiconductive materials [96, 97]. According to this, the reflection loss (RdB) and
absorption loss (AdB) for a particular homogenous material can be estimated using
the following equations:

RdB ¼ 168þ 10 log σ=σCuð Þ: 1=μrð Þ: 1=fð Þ½ � (9:1)

AdB ¼ 131:4d σ=σCuð Þ :μr: f½ �1=2 (9:2)

where σ is volume conductivity of the material (S/m), σCu is volume conductivity of
copper (5.7 � 107 S/m), μr is relative magnetic permeability of the material, f is
frequency of the incident EMwave (Hz), and d is thickness of the material coupon (m).

The overall electromagnetic shielding provided by any material configuration can
be attributed to three different mechanisms, namely, reflection at the interface,
absorption along the thickness, and attenuation and scattering caused by multiple
internal reflections. In other words, an ideal EMI shielding material must either
reflect or absorb any incident electromagnetic wave, thereby transmitting nothing
through itself. Thus, the overall shielding effectiveness is calculated as

SEdB ¼ RdB þ AdB þ BdB (9:3)

Table 9.8 Resistivity values of NSF and CSF [94]

Sample Surface resistivity (ohm/square) Volume resistivity (ohm-cm)

NSF 4.5 � 109 1.1 � 109

CSF 7.7 � 101 6.6 � 101
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where BdB (attenuation coefficient arising out of multiple internal reflections) is
mostly assumed to be negligible. Hence, we simplify

SEdB ¼ RdB þ AdB (9:4)

The above equations offer an extremely useful insight toward understanding the
behavior of any homogenous material in response to electromagnetic waves. It is
evident that an increase in the electrical conductivity improves both reflection and
absorption and hence the overall electromagnetic shielding effectiveness of the
material. Table 9.9 gives the numerical data for the above quantities for the carbon
fiber-filled syntactic foam of 2.5 mm thickness [93].

Experimental Evaluation of SE
Experimentally, the SE values of a test coupon can be measured using the coaxial jig
method (as per ASTM 4935 – D). The measured SE values at 100 KHz, 1 MHz,
10 MHz, 100 MHz, and 1 GHz frequencies for the above carbon fiber-filled foam are
presented in Table 9.10 [94].

In Fig. 9.14, it may be observed that the predicted values of SE for the same
samples (Table 9.9) were more or less in agreement with the experimental values at
most of the frequencies [94].

Effects of Conductive Reinforcements on Other Properties of EMI
Shielding Syntactic Foams

Thermomechanical Properties
Figure 9.15 shows the overlay of DMA (single cantilever mode) thermograms for
NSF and CSF, which shows that the storage modulus (SM) of the reinforced foam
increased by about 23 % compared to its unreinforced counterpart. Glass transition
temperature (Tg) of the CSF also recorded a very marginal increase which may be
attributed to the slower response of the fiber-filled foam to stress displacement under
the dynamic loading conditions [94].

Table 9.9 Theoretical
estimates of SE for CSF
[93]

Frequency AdB RdB SEdB

100 kHz 0.01 40.44 40.45

1 MHz 0.03 30.44 30.47

10 MHz 0.11 20.44 20.55

100 MHz 0.35 10.44 10.79

1 GHz 1.10 00.44 01.54

Table 9.10 Shielding effectiveness of CSF [94]

Material description

Shielding effectiveness (dB)

100 kHz 1 MHz 10 MHz 100 MHz 1 GHz

CSF 40.30 40.00 20.78 11.00 11.00
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Flexural Properties
Figure 9.16 shows typical stress versus strain curves for NSF and CSF samples
subjected to flexural loading under quasi-static conditions, whereas the flexural
properties of the same are summarized in Table 9.11 [94].

Fig. 9.15 DMA thermograms of NSF and CSF [94]

Fig. 9.14 Theoretical and experimental approach of SE measurements: a comparison [94]
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From Table 9.11, it is evident that mean flexural strength and modulus of CSF
samples were higher respectively by 24.5 % and 23.4 % than that of NSF samples
which clearly indicate the mechanical reinforcing abilities of the chopped carbon
fibers. Syntactic foams incorporating vapor-grown carbon fibers on carbon spheroids
of different sizes have been disclosed to improve the flexural properties without
compromising compressive strength [98]. A considerable enhancement in the
mechanical properties, viz., compressive, flexural, and tensile strength for foams in
the density range of 0.56–0.91 g/cm3, was reported, wherein the foams were
prepared from couplant-treated microspheres and carbon fibers [99]. The Tg showed
a reduction due to the plasticizing effect of the coupling treatment which on the other
hand enhanced the damping properties of the foam.

Syntactic Foam Core Sandwich Materials for EMI Shielding
The conductive syntactic foam described above can be used as lightweight core
material in subsequently designed sandwich composites for EMI shielding applica-
tions [100–102]. While Table 9.12 details the configurations of two such sandwich
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Fig. 9.16 Typical flexural stress versus flexural strain curves for NSF and CSF [94]

Table 9.11 Flexural
properties of NSF and CSF
[94]

Sample ID

Flexural properties

Strength (MPa) Modulus (GPa)

NSF 31.05 2.22

CSF 38.66 2.74
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designs wherein the only variation was in the nature of the syntactic foam core,
Fig. 9.17 offers the SE data of the same [100]. The ambient temperature SM value of
the fiber-reinforced foam (3.19 GPa) also increases marginally compared to that of
its unreinforced version (3.09 GPa).

All these results are indicative of the fact that the use of chopped carbon fiber-
reinforced foam instead of its unreinforced version not only enhances the EMI
shielding capabilities of the sandwich materials but also marginally improves the
mechanical stiffness of the same.

Nanocomposite Syntactic Foams with Multifunctionalities

Speaking about multifunctional reinforcements in composite materials, one of the
most promising exponents is believed to be the carbon nanotubes (CNTs). The CNTs
are essentially long graphene sheets wrapped in different angles (chiral angles) and

Table 9.12 Syntactic foam core sandwich configurations for EMI shielding applications [100]

ID Description

t ρ
(mm) (g/cm3)

SW-01 One layer Alumesh/epoxy + 1 layer glass/epoxy + insulating
syntactic foam + 1 layer glass/epoxy + 1 layer Alumesh/epoxy

2.75 0.77a

SW-02 One layer Alumesh/epoxy + 1 layer glass/epoxy + conductive
syntactic foam + 1 layer glass/epoxy + 1 layer Alumesh/epoxy

2.81 0.84a

t thickness, ρ density
aEffective densities obtained for unit volume of the sandwich

Fig. 9.17 Shielding efficiency of sandwich composites [100]
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with different circumferential lengths (chiral vector), depending upon which they are
able to offer a wide range of mechanical, electrical, and thermal properties. Based on
the number of concentric shells, these carbon allotropes may be classified as single
wall nanotubes (SWNT) or multiwall nanotubes (MWNT). Among its ever-
increasing popularity in various fields of scientific research including particle phys-
ics, molecular electronics, field emitters, etc., one of the major areas of research and
application of these nanotubes has been in the field of reinforced plastics.

CNTs as Reinforcements in Syntactic Foams
Very few mentions of CNT-filled syntactic foams can be found in the literature.
Studying SWNT and MWNT as reinforcements in syntactic foams has shown a
marginal improvement in ambient temperature stiffness, even at very high CNT
loading (10–15 % by wt.). This may primarily be attributed to insufficient de-
agglomeration of the CNT bundles in the composites, leading to less than optimal
load transfer between the matrix and the reinforcements [103, 104]. Nanocomposite
foams with various percentages of CNT loading in DGEBA-based epoxy matrix by
using amine-functionalized MWNTs and employing high-speed shear homogeniza-
tion in the binder resin have been found to result in significant improvements in the
electrical and thermomechanical properties at very low CNT loadings [105,
106]. Figure 9.18a, b shows the SEM images at two magnifications 25,000X and
40,000X, respectively, of the MWNTs used in the experiments (source: M/s
Nanocyl, Belgium).

Table 9.13 describes the detailed compositions of the nanocomposite syntactic
foam sample. Figure 9.19a is a typical SEM image of such CNT-reinforced syntactic
foams at a magnification 400X, which shows the distribution of microballoons in the
resin matrix. Figure 9.19b is the SEM image of the same sample at a magnification of
20,000X revealing the random distribution of CNTs in the resin matrix.

Fig. 9.18 SEM images of MWNT bundles at two magnifications [106]. (a) 25,000X (b) 40,000X
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Properties of CNT-Reinforced Syntactic Foams

Electrical Resistivity
Figure 9.20 illustrates the sharp fall in the bulk resistivity of the nanocomposite
foams with increasing weight percent of CNT addition. The percolation behavior is
very evident in the foam system at about 0.5–1 wt% of CNTs.

Fig. 9.19 SEM micrographs
of CNT-reinforced syntactic
foams at two magnifications
[106]. (a) 400X (b) 20,000X

Table 9.13 Compositions of syntactic foams [106]

Samples
Sample
ID

Weight %

Density
(g/cm3)

Resin
system

Glass
microballoon CNT

Neat foam SF-I 66.68 33.32 – 0.48

0.6 % CNT
foam

CNTF-I 65.31 34.11 0.58 0.48

1.1 % CNT
foam

CNTF-II 65.10 33.77 1.13 0.49

2.2 % CNT
foam

CNTF-III 64.00 33.76 2.24 0.50
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Dynamic Mechanical Analysis (DMA)
DMA study of the above foams in single cantilever mode reveals an almost 40–50 %
increase in the ambient temperature SM of the nanocomposite foams, in comparison
to the unreinforced version. Figure 9.21 depicts the trend in the same with respect to
the weight percent of CNT additions in the nanocomposite foams.

Fig. 9.20 Electrical percolation phenomenon in nanocomposite syntactic foams [106]

Fig. 9.21 Ambient temperature SM values of nanocomposite foams [106]
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It has been reported that preparing syntactic foam in high vacuum (0.2 KPa) from
functionalized carbon nanotubes and microballoons resulted in a significant increase
in compressive strength and apparent shear strength which otherwise was not
observed in foams prepared under atmospheric pressure. An increase of 22 �C in
the Tg was observed [107] in the vacuum processed foams. Microballoons with
vertically aligned CNTs grown on their surface, when used as reinforcement in
epoxy matrix syntactic foam, resulted in improving the compressive modulus by
35–41 % and damping coefficient values by 10–14 % [108]. An increase in tensile
strength and modulus of syntactic foams on addition of graphene platelets has been
reported [109] with the maximum strength enhancement of 15.9 % attained at a
concentration of 0.1 % of graphene platelets.

Metal-Coated Hollow Microsphere-Embedded Syntactic Foams

An alternative approach toward achieving electrical conductivity and associated
properties in syntactic foams has been to use metal-coated microballoons [110]. Sil-
ver-coated hollow glass microsphere-embedded novolac-epoxy-based syntactic
foam (density = 490 kg/m3) has been developed and characterized for electrical
resistivity, wherein extremely low values in the order of 10¯4Ω-m have been
recorded. The results were overall suggestive of the fact that such foams may find
applications in design of EMI shielding sandwich composite structures.

Concluding Remarks

1. Syntactic foams are a special class of closed-cell, physical foams. The funda-
mentals and an overview of the current state of research and applications of
thermosetting polymer-based syntactic foams have been presented.

2. The technologies involved in tailoring these foams to cater for diverse applications
by optimal tuning of material chemistry and composition have also been addressed.

3. With reference to the literature available on syntactic foam materials, their
composition and structural capabilities like compressive, flexural, short-beam,
tensile, and impact properties of foams and their sandwiches are discussed.

4. Tuning the temperature withstandability of syntactic foams by suitable selection
of binder matrix has been highlighted, with a special mention of different grades
of epoxy and cyanate ester resin systems.

5. The complex dielectric properties of these foams and microwave transmission
characteristics of their sandwich counterparts have been presented to explore their
suitability for microwave transparent applications.

6. The techniques to transform these conventionally insulating and microwave
transparent foams and their sandwich composites into electrically conducting
materials for EMI shielding and related applications by judicious incorporation
of conductive fibers/fillers have been detailed.

9 Syntactic Foams for Multifunctional Applications 309



7. The different features of carbon nanotube-filled nanocomposite syntactic foams
with multifunctional capabilities have also been discussed:

All the above discussions strongly consolidate the position of these syntactic foams as
extremely important engineering materials for diverse multifunctional applications.
With the advent of nanomaterials and technologies, greater scope of their tailorability
has made these syntactic foams more promising for novel applications in the future.
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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
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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)
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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
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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.
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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)

354 R. Sharma et al.

carid.com


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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High Conductivity shells

Inner Shell

Graphite Reflector

Downcomer Tubes

BeO Reflector
Reactor Regulating
System

BeO Moderator

Fuel Tube
Fuel

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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(rod milling & planetary milling)
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a-C powder 

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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Abstract
Numerous researches have been carried out on the developments of metal matrix
composites (MMCs) in various applications. However, the main problem related to
their processing is that controlling the balance between different parameters, such
as ductility, strength, toughness, and so on, has created impediments on the way of
MMC development due to the lack of knowledge in theory and proper processing
technique for a particular application. As a result, its areas of applications become
limited. Therefore, proper selection of matrix and reinforced materials and suitable
fabrication technique could be fruitful for desired applications. Thus, crucial related
theories, processing techniques, most important properties, and various advanced
applications of MMCs have been focused in this chapter.

Keywords
Coefficient of thermal expansion • Thermal conductivity • Specific strength •
Modulus • Wear • Metal matrix composite • Powder metallurgy • Interfacial
bonding • Automobile • Orthopedic
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Introduction

In 1957, during the reentry of the Soviet Sputnik satellite into the earth’s atmo-
sphere, the temperature attained by its outer periphery exceeded 1500 �C, crossing
the limit of sustainability of any composite or monolithic material known then.
Thus, a need for a suitable material arose, and scientists started experimentation on
the metal matrix composites (MMCs) for a solution. To incorporate refractoriness
in the lightweight metals and to minimize their thermal expansion coefficient, the
use of inorganic fibers, ceramic fibers, or particulate phase is highly appreciated.
Strength and stiffness can also be augmented with the help of reinforcement, but
toughness tends to decline as compared to its monolithic metal. The momentum is
being gained in the field of development of carbon and boron fibers instead of
copper fibers due to the inception of space race between the different developed
and developing countries. In the mid-1970s, new fibers like silicon carbide (SiC)
have come into existence, and coatings for carbon and boron assisted them to work
in tandem with the metallic matrices. In the 1980s, SiC whiskers have become a hot
topic due to its extreme functionality and low cost. By the 1990s, heterogeneity has
prevailed in the field of MMCs as far as spacecraft application is concerned. In
rocket’s combustion chamber, carbon-reinforced copper has been used; for rocket
nozzles, SiC-reinforced copper has been used; fuselage-employed (alumina
Al2O3)-reinforced aluminum (Al) has been used for wings and blades;
SiC-reinforced Al and graphite–Al composite have been used for the antenna
boom on the Hubble Space Telescope (HST) [1]. Particulate-reinforced MMCs
(PRMMCs) recently have become a topic of interest because of their cost-
effectiveness, when compared with the fiber-reinforced MMCs (FRMMCs). A
higher volume fraction of particulates can be incorporated into metal matrices as
compared to the whisker reinforcement. The MMCs are comprised of minimum
two constituents – one is a metal and the other can be metal, ceramic, intermetallic,
carbide, nitride, oxide, or an organic compound. Various types of composite
systems have been developed in the recent years with different microstructures.

Components

Composites are the materials, which are fabricated from two or more constituent
materials with significantly different physical or chemical properties, in order to
achieve a better characteristic from their individual components. The individual
components of MMCs are metal matrices and varying reinforcements. A brief
discussion on components of MMCs is given in this section.

Matrix

The continuous framework into which the reinforcements are inserted is called
“matrix,” implying that any point in the material can be connected by a path through
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the matrix. This is not seen in the sandwiched type of materials. Matrix material
usually consists of lighter counterparts such as Al, magnesium (Mg), titanium (Ti),
copper (Cu), and their alloys, intermetallic compounds, and so on in order to provide
a support to the secondary phase or reinforcement.

Reinforcement

Reinforcement is a material, which is inserted into the matrix of a composite, to
provide the structural integrity to the composites by modifying the properties,
including thermal conductivity, wear resistance, and so on. Examples of widely
used reinforcement are Al2O3, boron nitride (BN), SiC, tungsten carbide (WC),
carbon fiber, glass fiber, metals, organic materials, and so on. The reinforcement
can be employed by continuous or discontinuous fibers or by particulates. The
discontinuous MMCs follow isotropic trend, which has led them to undergo
standard metalworking techniques. In the preparation of continuous reinforce-
ment, fibers of SiC, carbon, or monofilament wires can be incorporated in the
matrix. The fibers are embedded in such a way that sometimes its concentration or
direction varies with distance, which ultimately results in anisotropy. Hence, the
alignment of fibers plays a crucial role in deciding the performance of the
composite. The use of whiskers, short fibers, or particles can act as discontinuous
reinforcement, which leads to isotropic composites. One of the oldest materials
used as reinforcing filler for making MMCs is boron filament. Both the matrix
and reinforcing material have distinguished roles in determining the properties of
the resulting composite structure. A brief description of the various types of metal
matrix alloys and reinforcements for MMCs is illustrated in Table 11.1.

The typical values of coefficient of thermal expansion (CTE, within a temper-
ature range of 25–200 �C), thermal conductivity, density, stiffness of metal
matrices, and reinforcements of MMCs and their typical applications are given
in Table 11.2.

Table 11.1 Matrix alloys and reinforcing materials for MMCs [2]

Matrix alloys Reinforcements

Aluminum alloy series Short fiber Particulates

2xx 6xxx SiC Boron SiC AlN

3xx 7xxx Al2O3 TiB2 Al2O3 TiB2

2xxx 8xxx Al2O3–SiO2 W B4C Si3N4

Cu alloys Carbon (graphite) Carbon (graphite)

Fiber Whisker

Ti alloys SiC Boron SiC B4C

Al2O3 TiB2 Al2O3 Si3N4

Mg alloys Al2O3–SiO2 W Carbon (graphite)

Carbon (graphite)
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Table 11.2 Typical values of CTE, thermal conductivity, density, stiffness of metal matrices,
reinforcements, and MMCs and their applications [3–9]

Materials
CTE
(ppm/�C)

Thermal
conductivity
(W/mK)

Density
(g/cc)

Stiffness
(GPa) Application(s)

Metal matrices

Cu 17.6–17.9 391–398 8.91–8.96 117–140 Packaging

Al (1100) 23.6 238 2.7 50–60 Packaging

Mg 24.8 156 1.74 45 –

Kovar (Ni–Fe) 5.2 11–17 8.1 131 Packaging

Solder 25 51 – 16 Electronic
substrate

Gallium arsenide
(GaAs)

6.5 54 5.23 – IC

Silicon (Si) 4.2 151 2.3 112 IC

CuW (10–20 % Cu) 6.5–8.3 180–200 15.7–17 367 Packaging

CuMo (15–20 % Mo) 7–8 160–170 10 313 Packaging

Invar (Cr–Fe) 1.88 – – – –

Reinforcements

Carbon fiber �1.5–28.6 7.5–450 1.80 3.6–1060 –

SiC 2.7 200–270 3.2 415 Substrate

AlN 4.0 170–200 3.3 310 Substrate

DBC AlN 7.0 180 – >600 –

Al2O3 6.5 20–30 3.98 350 Substrate

Beryllia (BeO) 7.6 250 3.9 345 Substrate

Diamond 2.3 2000 3.5 – –

BN 3.5 600 3.7 – –

TiC 7.4 – – – –

Stainless steel (SS316L) 17 – 7.5 – –

W 4.4 166 19.3 406

Metal matrix composites

Al–SiC 6–12 130 3.0 150–240 Packaging,
electronic
substrate

Al2618 + 8 % TiB2 19.5 138–295 – – –

Cu–C – SFRM 5.87–20 – – – Heat sinks

Cu–C CFRM 4.4–18 39.7–219.7 – – –

Cu–Invar–Cu 5.7 132 8.3 – –

Cu–carbon fiber 7–8.5 110–145 4.5–5.5 – –

15Cu–85 W 6.5 167 16.6 248 Electronic
component

Al + Al2O3 7.3–18.7 – – – Structural

Alloy A359 + 20 %
SiC

17.5 181.2 – – Brake
components

(continued)
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Types

There are mainly three divisions in the MMCs with respect to the type of reinforce-
ment used. These are (i) continuous or long-fiber MMCs, (ii) discontinuous or short-
fiber MMCs, and (iii) particulate MMCs.

Continuous or Long-Fiber Metal Matrix Composite

In this type of MMC, a metal or an alloy is used as a matrix material, and the
reinforced materials are continuous or long fibers. Research has been extensively
carried out on the processing of long fibers for MMC in various applications.
However, the main limitation related to their processing is that maintaining the
balance between various parameters, such as ductility, strength, toughness, etc.,
has created impediments on the way of MMC development and hence its applica-
tions remain limited. The fibers having comparatively smaller diameter (~5–30 μm),
which are sufficiently limber to be managed as tows or bundles, are termed as
multifilaments. The materials incorporated are carbon, SiC, and various oxides,
those can be woven, braided, filament wound, etc. Fibers having large diameter
(~100–150 μm) are termed as “monofilaments” and are mostly processed by chem-
ical vapor deposition (CVD) of either SiC or B having a core of carbon fiber or
tungsten (W) wire. These are much less flexible than the multifilaments and hence
managed as single fibers in place of use as bundles. The damage is caused through
the incorporation of sharp curvature during handling; hence, meticulous precautions
are needed [10]. Like stiffness, the strength of continuous fiber-reinforced MMCs is
also anisotropic and is a function of loading direction like longitudinal direction, as
shown in Fig. 11.1. Typical stress–strain curves of matrix metal or alloy, fiber, and
MMC are shown in Fig. 11.2. In this figure, at stage I, both matrix and fiber remain

Table 11.2 (continued)

Materials
CTE
(ppm/�C)

Thermal
conductivity
(W/mK)

Density
(g/cc)

Stiffness
(GPa) Application(s)

3 M–MMC 6.6–9 – 3.2–3.4 – Automotive
pushrods,
guidance fin

Invar–TiC 2.5–6 – – – Laser-assisted
SDM

Al alloy (A356.2)/rice
husk ash (RHA)/SiC
hybrid composite

17.44–15.06 182–258 296–356 6.25–4.9 Packaging,
electronic
substrate
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elastic. At stage II, the matrix is deformed plastically and the fiber is deformed
elastically, and at stage III, both matrix and fiber remain plastically deformed.

When the fiber-reinforced composite is loaded along the fiber direction and at
isostrain condition, the strains in the matrix, fiber, and composite will be identical.
Then the longitudinal stress (σ11, Eq. 11.1), Young’s modulus in longitudinal
direction (E11, Eq. 11.2), and Young’s modulus in transverse direction
(E22, Eq. 11.3) of MMCs can be written [11] as

Fig. 11.1 Continuous or
long-fiber-reinforced MMC

Fig. 11.2 Typical
stress–strain curves of matrix
metal or alloy, fiber,
and MMC
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σ11 ¼ Ef � Af þ Em � Amð Þ ε11 (11:1)

E11 ¼ Ef � Vf þ Em � Vm (11:2)

1

E22

¼ Vf

Eft

þ Vm

Em

(11:3)

where, Af, Am, Ef, Em, ε11, Vf, Vm, and Eft are the area of fiber, area of matrix
metal, stiffness of the fiber in longitudinal direction, stiffness of the matrix metal in
longitudinal direction, strain in the composite, volume fraction of fiber, matrix
metal volume fraction (=1 � Vf), and transverse modulus of the fiber,
respectively.

The common strengthening mechanisms of MMCs can be represented as follows
[12]:

(i) The yield strength and flow stress can be increased with fiber volume fraction
and fiber aspect ratio.

(ii) The yield strength and flow stress are strongly dependent upon the fiber
orientation with respect to the loading direction.

(iii) The yield stress during compression is larger than that in tension due to the
residual stress in MMC, which is caused due to imparity in coefficient of
thermal expansion (CTE) between the matrix metal and fiber, likely during
the fabrication process.

Discontinuous or Short-Fiber Metal Matrix Composite

In this type, the matrix material is metal or alloy, and the reinforced materials are
discontinuous or short fibers. Fracture strength of this composite is very complicated
due to the intricate morphology of the short fibers. Short-fiber MMCs can be divided
into two types – (i) randomly oriented and (ii) aligned. These are schematically
shown in Fig. 11.3.

The stress distribution is represented in Fig. 11.4. Here, the dash–dot line shows a
linearization of the buildup portion of the length Lc/2, where Lc is the critical fiber
length. If the fiber length L < Lc, the fiber cannot carry load to its full extent, whereas
for L � Lc, the middle section of the short fiber endures the maximum stress, σfL.
According to the simplified stress distribution and rule of mixtures, the Eqs. 11.4 and
11.5 are used to predict the strength (σL) of aligned short-fiber MMC [12]:

σL ¼ Vf :σfL: 1� Lc

2L

� �
þ Vm:σ0m forL � Lc (11:4)

σL ¼ Vf :σfL:
Lc

2L
þ Vm:σm forL < Lc (11:5)
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where σm and σ0mare the strength of the matrix metal and flow stress of the matrix
metal at the failure strain of the fiber, respectively.

Prediction of Stiffness of the Short-Fiber MMCs: According to the modified
shear-lag (MSL) model, the stiffness of short-fiber MMC can be predicted
[13]. The predicted model of the short-fiber MMC is shown in Fig. 11.5.

The MSL predicted model equations for the short-fiber MMC (Eqs. 11.6, 11.7,
11.8, 11.9, 11.10, 11.11, and 11.12) are given below [13]:

Ec

Em ¼ Vw:Ew

Em þ Vm:B

Em:εc
sinh nsð Þ þ Vm

þ Vg

Em:εc:n0:s0
A0 cosh n0s0ð Þ-1f g þ B0sinh n0s0ð Þ½ � (11:6)

Fig. 11.4 Axial stress
distribution in a short fiber
(solid line) with buildup
region of length Lc/2

Fig. 11.3 Schematic of discontinuous or short-fiber MMCs with (a) randomly oriented and
(b) aligned short fibers
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where
n2 ¼ Em

Em 1þ υmð Þln R

r

� � (11:7)

n02 ¼ 1

1þ υmð Þln R

r

� � (11:8)

A = 0 (11.9)

B ¼ Ew-Emð Þ:εc
cosh nsð Þ þ n=n0ð Þsinh nsð Þcoth n0s0ð Þ (11:10)

A0 ¼ -B0:tanh n0s0ð Þ (11:11)

B0 ¼ -B n=n0ð Þsinh nsð Þcoth n0s0ð Þ (11:12)

where R, r, s, s0, Ew, Em, Ec, εc, νm, Vw, and Vg are the unit cell radius, radius of the
whisker, fiber aspect ratio (= L/r, where “2 L” is the length of the real whisker),
aspect ratio of the fictitious fiber (= g/r, where “g” is the half spacing between the
whisker and composite ends), Young’s modulus for real whisker, Young’s modulus
for matrix metal, Young’s modulus for MMC, composite strain, Poisson’s ratio of the
matrix metal, volume fraction of the real whisker, and volume fraction of the
fictitious whisker, respectively.

Now, the stress concentration factor (Kt) in a nearest-neighbor fiber can be written
[14] as in Eq. 11.13

Kt ¼ σi
Ef :ε

(11:13)

where σi, Ef,, and ε are the whisker end stress, fiber modulus, and strain,
respectively.

Fig. 11.5 The modified shear-lag predicted model for short-fiber MMC [13]
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Short fibers have diameters in the order of few microns. These are first produced
in lengths comprising of several hundreds of micrometers with a fine-grained
polycrystalline microstructure. For the production of short fibers, melt infiltration
process is used. The degree of reaction during processing partly decides the
interfacial properties, which are influenced by the fiber’s capabilities related
with its surface chemistry. Better mechanical properties can be achieved if single
crystal is used rather than a fine-grained polycrystal. The term “whiskers” is used
in this case, usually having diameters �1 μm with aspect ratio around several
hundreds, augmenting their tensile strengths to a higher degree. The tendency of
these extremely fine fibers to form tenacity-induced ball-like particles creates
handling problems and is cumbersome to handle its orientation in a controlled
way, but most importantly it is concerned with perceived health hazard; for
instance, its fragments of submicron size can be readily carried away by air
destined to reach and harm the lungs [10].

Particulate MMC

In this type, the reinforcements are having rough, equiaxial geometry with aspect
ratio<5. Particulates are adaptable to various shapes (spherical, angular, or plate-
like), possessing both mono- and polycrystalline microstructures, and are nor-
mally more than 1 μm in diameter. Schematic of a particulate MMC is shown in
Fig. 11.6. Particulate MMCs are suitable for entire gamut of industrial usage, the
one having Al alloy matrices has achieved much popularity. Also, Ti-, Fe-, and
Mg-based materials are being experimented based on their specificity and func-
tionality. Most commonly, the particulates comprising of SiC or Al2O3 are the
materials of much interest. The materials such as W, WC, B4C, BN, TiB2, TiC,
SiO2, ZrO2, etc. are under investigation. During processing, chemical reaction
can take place in some cases, and SiC can create impediments in Al- and Ti-based
MMCs. The common manufacturing processes for particulate MMCs are melt
incorporation, casting, powder blending, and consolidation. Reactive processes
are some alternative processes to manufacture the same [10].

Fig. 11.6 Schematic of a
particulate MMC

11 Metal Matrix Composites: Theory, Techniques, and Applications 379



Interface

A bidimensional region where there is an alteration in one or more material param-
eters is termed as an interface. This is a boundary, which recognizes discontinuity in
various material properties, and there is always some volume associated over which
a change occurs in the material parameters gradually. The interface is important in a
composite as (a) the interface constitutes a very large proportion of composites, and
(b) the system formed by reinforcement and matrix is not in equilibrium
thermodynamically.

Importance of Interface

For a fraction volume, the entire area of fiber–matrix–metal interface is increased with
a decrease in fiber diameter according to the Eqs. 11.14, 11.15, and 11.16 [15, 16]:

Vf ¼ Volumeof Fibers

Volumeof Composite
¼ Nπ d2l

lwh
(11:14)

Aint ¼ Nπ ld (11:15)

Aint ¼ 4lwh

d
Vf (11:16)

where N, h, l, w, d, and Aint are the number of continuous and unidirectional aligned
fibers, height of the composite, length of the composite, width of the composite,
diameter of the fiber, and area of the fiber–matrix–metal interface, respectively. From
Eq. 11.16, it is clear that the area of fiber–matrix–metal interface is inversely
proportional to the fiber diameter.

Crystallographic Nature of Interface

The crystallographic nature of ceramic–metal–matrix interfaces in composite is
coherent having high energy, which can be highly credible vacancy sinks and act
as a source of rapid diffusion paths [17]. These are also a destination of various
segregation sites, heterogeneous precipitation sites, and precipitation-free sites. On
fracture surfaces of the Al–diamondMMCs, the best properties were observed due to
the preferential adhesion between Al matrix and diamond which occurs on the (1 0 0)
faces of diamond [17].

Interfacial Bonding

In order to transfer load from the matrix to reinforcements, there must be a good
degree of bonding between them. This bonding is different from the wettability in a
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sense that wettability only provides an idea about the degree of intimation of
communion between liquid and solid. It can be treated as a necessary condition
and not an indispensable condition for strong bonding criteria. Nice wetting is highly
determined by the extent of pure mechanical bonding or weak van der Waals
bonding, which rules out the possibility of formation of voids at the interface, and
also the strength parameter is affected by chemical and mechanical bonding of the
constituents [16, 18, 19]. It has been shown that depending on the interfacial energies
between the particles and matrix, the growing crystal can either engulf or reject
particles during solidification of an MMC [19]. The interface between reinforcement
and metal matrix in MMCs can rely on interfacial mechanical bonding as found in W
wire/Al MMC. Kennedy and Wyatt, 2001, had found the change in elastic modulus
with increasing plastic strain, particle–matrix bonding in Al–TiC MMCs [20]. The
rates of damage accumulation were lowest; damage initiation stresses were highest
due to the strong interfacial bonding in cast and hot isostatically pressed Al–TiC
MMCs. The strong interfacial bonding occurred due to intimate contact between Al
matrix and TiC reinforcement during casting and cast and hot isostatically pressing
processes via nucleation of solid Al on the particle surfaces. The interfacial bonding
not only influences the mechanical properties but also modulates thermal and other
properties of the MMCs. For example, the interface between the AlSi7 (i.e., Al
alloyed with 7 wt% Si) matrix and diamond particles enhances thermal properties of
AlSi7–diamond MMCs [17].

Chemical Bonding: Thermodynamically, most of the MMCs are nonequilibrium
systems, and there persists a chemical potential gradient across the
fiber–matrix–metal interface suggesting that for favorable kinetic conditions (gen-
erally a very high or very low temperature), diffusion occurs, which results in a
chemical reaction between the entities. Eq. 11.17 [11] suggests a diffusion-driven
growth in a controlled manner for the infinite diffusion coupled with a planar
interface:

x2 ¼ Dt (11:17)

where, x, D, and t are the thickness of the reaction zone, diffusivity, and time,
respectively.

In MMCs, chemical bonding is much more common. It has been
found that a chemical reaction between Al and carbon occurred to produce Al4C3,
i.e., 4Al(l) + 3C(s) ! Al4C3(s), by forming a strong crystallographic preference on
(1 0 0) planes of diamond in Al–diamond MMC. This chemical bond has significantly
improved the thermal conductivity of Al–diamond MMC prepared by gas pressure
infiltration (GPI) method (670 W/mK) compared to Al metal (240 W/mK) [17].

Mechanical Bonding: The interfacial bonding between the surfaces is highly
affected by the mechanical bonding between the constituents. In the case of fiber-
reinforced MMCs, longitudinal direction or fiber direction is the major direction to
show the effect of mechanical bonding; transverse direction of the fiber displays only
minor effect. Stronger adhesion between the particles and matrix interfaces improves
the load transfer ability, yield strength, and stiffness [20]. The mechanical strength
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and ductility (or toughness) can be improved by using a third-phase material. The
ultimate tensile strength of up to 708 MPa was observed for cryomilled Al
5083–boron carbide (Al–B4C)/unmilled Al MMCs due to a clear interfacial bonding.
On the other hand, a significant improvement in ductility (i.e., elongation of
2.3–3.7 %) with a reduction in strength (708–619 MPa) was observed as the volume
percent of unmilled Al phase increased from. Both the elongation values of Al–B4C/
unmilled Al MMC were significantly higher compared to the Al–B4C (1.8 %)
[21]. This is because in the Al–B4C composite, the high density of sharp particle
edges coupled with strong stress concentrators leads to localization of strain at or
near the Al–B4C interface where cracks are nucleated and grown. Thus, the overall
ductility of this composite was found to be limited.

Energy of Solid–Solid Interface

In a theoretical analysis during solidification process, the nucleation phenomenon
can be expressed by Eqs. 11.18 and 11.19 [22]:

ΔG ¼ nVaΔGv þMn
2
3Δσ (11:18)

Δσ ¼ σsl þ σsp � σpl (11:19)

where ΔG, ΔGv, Va, M, σsl, σsp, and σpl are the free energy required to form the
system containing “n” numbers of atoms, free energy change per unit volume due to
solidification of primary phase, atomic volume, geometrical factor, interfacial energy
between the solidifying primary phases and liquid alloy, interfacial energy between
the solidifying primary phases and particle reinforcement, and interfacial energy
between the particle reinforcement and liquid alloy, respectively. Here, ΔG and
shape of the nuclei depend on σsl, σsp, and σpl.

Fracture energy can be written [22] as Eq. 11.20:

σsp ¼ σsv þ σpv �Wad (11:20)

where it is assumed that the fracture energy between the materials is equal to the
work of adhesion (Wad). σsv = interfacial energy between the solidifying primary
phases and vapor phase, where σpv is the interfacial energy between the particle
reinforcement and vapor phase.

Equation of state approach [22] is given by Eqs. 11.21 and 11.22:

σps ¼
ffiffiffiffiffiffiffiσpv

p
-

ffiffiffiffiffiffi
σsv

p� �2
1-K

ffiffiffiffiffiffiffiffiffiffiffiffiffiσpvσsv
p (11:21)

K ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiσpvσsv
p 1-

σpv-σsv
� �2

σps

" #
(11:22)

where K is a constant.
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When the matrix wets the reinforcement particle, the matrix makes strong contact
with the reinforcement and causes the good bonding with the reinforced materials
[23]. For metal matrix systems, the equation of state approach is valid, and hence,
work of adhesion (Wad) can be calculated using London–van der Waals dispersion
equation [22] as Eq. 11.23:

Wad ¼ 2Φ σsv:σpv
� �1

2 (11:23)

where Φ is the contact angle. The contact angle, Φ, is 0.25 for metal-reinforced
systems. The thermodynamic criteria, σpsl < σpl, may not be satisfied apriority in a
given system. A primary phase is nucleated around the reinforced dispersoids, and
debonding of the particles from the matrix may not immediately result in the
unstable cracks [24].

In a silver (Ag) matrix composite with carbon nanotubes (CNTs), the nanotubes
contributed less to the bend strength due to the less wetting of the matrix to the
reinforced CNTs. The main mechanism involves to it is that the weak van der Walls
bonding between the nanotube and the Ag matrix [25].

Syntheses

Various processing routes exist for fabricating MMCs. Among these, liquid-state
processing and solid-state processing have achieved much importance. Apart from
these two, vapor state processing and deposition techniques are also taken care of. A
flowchart showing various processing routes available for MMCs is given in
Fig. 11.7. A comparison of different liquid state techniques used for fabrication
MMC and their important feature are illustrated in Table 11.3.

Liquid-State Processing

Stir Casting: Stir casting, one of the most common liquid metallurgical techniques, is
used to produce MMCs in recent days [26]. This involves filtration of particles or
fiber bundles by liquid metals or alloys. Initially, the solid-reinforced materials are
stirred in the metallic matrix melt, and the mixture is then allowed to solidify in a
specific mold or ingot [19]. This is attained by using conventional processing
machineries on a continuous or semicontinuous background having good particle
wettability. The homogeneity of the MMCs depends on the stirring speed and time.
For Al–SiC-based MMCs, it has been found that the increasing of stirring speed
leads to get more homogeneous MMC along the deposition direction. Good wetting
in the molten metal also depends on the degree of mixing that can be controlled by
different shapes of mixer blade [23]. The schematics of stir casting and different mixer
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Fig. 11.7 Flowchart of various routes for processing MMCs

Table 11.3 Different liquid-state techniques used for fabrication of MMCs

Process of
MMC
fabrication

Range of shape and
size

Metal
yield

Range of
volume
fraction

Damage to
reinforcement Cost

Stir casting
(liquid
metallurgy)

Wide range of
shapes, larger size,
more than 0.5 t

Very
high,
>90 %

Max. 0.3 No damage Least
expensive

Squeeze
casting

Limited by preform
shape, up to
2–10 cm height

Low Max. 0.45 Severe damage Moderately
expensive

Spray
deposition

Limited shape, large
size

Medium 0.3–0.7 – Expensive

Reactive
technique

Limited by preform
shape, restricted
size

High 0.2–0.5 No damage Expensive

Powder
metallurgy
(P/M)

Wide range,
restricted size

High 0–1 Reinforcement
fracture

Expensive

Vapor-state
processing

Complex geometry,
wide range,
restricted size

High 0–1 – Very
expensive
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blades are depicted in Fig. 11.8a and b, respectively. Substantial interfacial reaction can
take place because of prolonged liquid–ceramic contact. Various microstructural inho-
mogeneities like particle agglomeration and sedimentation become immanent in the
melt. An advancing solidification front can be redistributed by the action of particle
pushing, creating impediments in the process. In order to pacify this problem, the
solidification is carried out rapidly so that the critical growth velocity is met, over
which solid particles are enveloped instead of getting pushed, leading to refinement in
the scale of structure.

Squeeze Infiltration: The squeeze infiltration processes is schematically depicted
in Fig. 11.9. It can be done mainly by two ways – (a) pressure-driven infiltration,
where external pressure is required, and (b) spontaneous infiltration, where no
external pressure is required. In this process, a preform is tailored to a relevant
shape. A “preform” is nothing but the cluster of short fibers (usually contains
interstices), which could act as infiltrating sites for the liquid metal in order to
form an articulate part of the final product [27]. The short-fiber sedimentation
from liquid suspension is the source of fabrication of the preforms. The particulate
MMCs are also produced by this process. Binders are used to retain the shape and
integrity of the preforms. “Meniscus curvature” is the parameter, which decides how
much pressure is required for infiltration to take place (in the range of MPa); corrections

Fig. 11.8 (a) Stir casting of MMC and (b) different types of mixer blades
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regarding melt–fiber wetting can also be made by adopting various means. A strong
interfacial bonding can be obtained by making contact with the fiber–melt with solute
enrichment, for a prolonged time, under high hydrostatic pressure condition. Porosity,
local variations in fiber content, average alloy composition, etc. are some of the
common defects in squeezed infiltrated composites. In this context, an MMC, com-
prising of short Al2O3 fibers embedded (20 vol.%) in an Mg10Al0.4Zn alloy, produced
by squeeze infiltration process showed markedly increased stiffness, tensile strength,
and hardness but slightly lower ductility and toughness [28].

Spray Deposition: A spray deposition technique is schematically depicted in
Fig. 11.10. The graphite-reinforced MMCs prepared by spray deposition tech-
nique were demonstrated in a patent work [29]. This process comprises of
building bulk metallic material onto a substrate by the action of atomized stream
of droplets. The technique depends on two definite assisting processes:
(i) production of the droplets from a molten bath and (ii) a regular supply of
metal having low temperature into an ambience of rapid heat inoculation. The
average velocity of droplet is typically about 20–40 m/s. There may be presence
of superficial layer of liquid, or semisolid, on the top of ingot during its formation,
leading the MMC material to have inhomogeneous distribution of ceramic parti-
cles. Porosity is typically about 5–10 % at this state. The several differences
between thermal spraying and melt atomization processes could be cited compar-
atively in terms of deposition rates (~1 g/s) and particle speed (~50–400 m/s),
which are slower and rapid, respectively. It can be very high in terms of quenching

Fig. 11.9 A schematic of squeeze infiltration process – (a) pressure-driven infiltration and
(b) spontaneous infiltration
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rates for an individual splat (~106 K/s). However, problems regarding mainte-
nance of uniform fiber distribution and low void content by spraying onto fiber
arrays persist in the making of MMCs by this technique.

Reactive Processing: This is an in situ process. It is a directional oxidation of Al,
also known as DIMOX process. It involves blending of several elemental powders,
and the reaction takes place by heating, leading to transient formation of liquid
phase. Another route is introducing the liquid metal and oxidizing it progressively.
Making a suitable powder compact, which serves as a destination for liquid metal
infiltration, can make proximate shape forming possible, as a result of reaction with
the preform. A dried blend metal matrix powder or alloy containing short whiskers,
chopped filaments or particles, and fiber tows has undergone hot isostatic press (HIP)
in order to generate randomly oriented fiber MMCs. An effective MMC often
contains a residual unreacted metal. An in situ reactive process in a vertical tube
electric furnace is schematically depicted in Fig. 11.11. The reactive process is also
used to prepare refractory reinforcements in the Al alloy matrix. Generally, the
metallic phase, e.g., Mg alloy, is placed on the top of ceramic preform in a crucible.
In a gas–liquid reactive process, the TiC is reinforced Al matrix composites. For
example, carbonaceous gas such as methane, acetylene, etc. is used by bubbling into
Al–Ti melt at elevated temperature to produce Al–TiCp composites. This method
also has been used to fabricate Al–Si/SiCp composite material by bubbling methane
in Al alloy melt [30].

Fig. 11.10 A schematic of spray deposition technique
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Solid-State Processing

Powder Processing: This includes cold pressing and hot pressing for the fabrication
of MMCs. During blending, the green body of cold pressing is dense about 80 %,
which can be easily handled. The blend powders are canned and pressed uniaxially
or isostatically in order to produce more dense MMCs. In hot forming processes,
HIP produces no deviatoric stresses, which minimize the microstructural or macro-
scopic defects. A schematic of a powder metallurgical process, including mixing of
raw powders, compaction to a desired shape, and sintering, is depicted in Fig. 11.12.
Recently, carbonaceous materials such as graphite, CNTs, etc. have been used to
improve the mechanical properties, thermal conductivity, and electrical conductivity
and to reduce the coefficient of thermal expansion (CTE) and coefficient of friction
in many MMCs by powder metallurgical technique [31–33].

Diffusion Bonding of Foils: This is a frequent solid-state bonding stratagem to
join alike or like metals. The foil–fiber–foil or foil–particulate–foil (diffusion bond-
ing) is one of the routes for the production of monofilament-reinforced MMCs. A
schematic of diffusion bonding of foils is depicted in Fig. 11.13. Due to high
pressure and/or heat, the matrix foil layer is disrupted thoroughly and a thin diffusion
layer is formed in the composites at the interface. A good metallurgical bonding has
formed at the interface between the filler and matrix materials. It occurred through
solid-state grain diffusion mechanism. In solid-state diffusion bonding, the fibers or
particulates are discontinuously reinforced to MMCs, and thus, a barrier created by
matrix metal would make diffusion bonding process more difficult. To overcome this

Fig. 11.11 A schematic of an in situ reactive process in a vertical tube electric furnace
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problem, transition liquid phase diffusion bonding can be used by using a metal foil
inserted between the surfaces to be joined [34, 35]. The diffusion bonding method
deals with surface of the fiber onto which evaporation of relatively thick layers of
metal matrix material takes place. Placing of rows and columns of fibers between thin
metallic foils followed by hot pressing, often involving a filament-winding operation,
is the commercially accepted production technique for long-fiber-reinforced
Ti. Failure of surface oxide layer at a high temperature in controlled ambience leads
Ti to form diffusion bonds readily. Fabrication of laminates having alternate layers of
metals and ceramics also makes use of diffusion bonding. The advantages of this
technique are (i) a wide variety of matrix metals can be processed and (ii) the fiber
direction and volume fraction can also be controlled in an efficient manner.

Fig. 11.12 A schematic of powder metallurgical process

Fig. 11.13 A schematic of diffusion bonding of foils
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Controlling excess chemical reaction at the fiber–metal interface is one of the main
problems that it faces. The production of parts with complex shapes creates difficul-
ties, as the processing time gets increased, elevating the cost related to maintenance of
high temperature and pressure. Diffusion bonding of metallic foils is generally used
for fabrication of simple shape components such as plates, tubes, etc.

Vapor-State Processing

This technique involves coatings of individual fibers in a tow with the matrix metal
to form MMCs. The microstructure will be more homogeneous than the cast
composite. This is because the composite is prepared of identical units and the
extent of interfacial bonding is easily controllable. Thin filament wound monolayer
tapes can be produced, which are easier to mold into various shapes than its other
precursor forms. Though the handling is easy, the disadvantage of this technique is
the time consumption.

Physical Vapor Deposition: Physical vapor deposition (PVD) is a relatively slow
process and involves thermal vaporization of the target species in vacuum, making use
of the evaporation process. The rate of evaporation depends on the target species on
which the thermal vaporization is deposited in a vacuum. A schematic of a PVD setup
is depicted in Fig. 11.14. The fiber is allowed to pass through an ambience having a
high vapor pressure of the metal to be deposited, and a subsequent condensation
process produces a surface coating. This coating is thick enough with the deposition
rate of about 5–10 μm/min. A highly intense (~10 kW) electron beam is directed on to

Fig. 11.14 A schematic of PVD setup
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the extremes of a solid bar feedstock to produce vapors. In this process, the produced
fibers are very uniformly and homogeneously distributed and the fiber contents of up
to about 80 %. The fiber volume fraction can also be accurately maintained via
thickness of the deposited coating in this technique. Sintered steel matrix composites
reinforced with hard carbide phases and deposited with gradient (Ti,Al)N coatings by
PVD have been developed as different tools for industrial uses [36].

Spray Forming of Particulate MMCs: A schematic of spray-forming particulate
MMC is depicted in Fig. 11.15. In this process, for the fabrication of particle-
reinforced MMC products, a spray gun is used to atomizing the molten metal or
alloy matrix. An example is Al alloy into which heated particles (e.g., SiC) are
injected. The benefit of this process is its adjustability in making different types of
composites. Some other processes are also developed recently. These include
Lanxide’s process or pressureless molten metal infiltration process (PRIMEX),
Martin Marietta’s process or XD process, etc. A pressureless infiltration of metal
into a ceramic preform is achieved in PRIMEX technique. The ceramic preform can
be produced by tape casting, molding, or machining of a green body. The heat-
liberating reaction between the entities helps to produce a third component and this
constitutes the XD process, also known as self-propagating high-temperature syn-
thesis (SHS) process. The detailed descriptions on processing MMCs are available in
literatures [10, 11, 13].

Fig. 11.15 A schematic
showing spray-forming
particulate MMC
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Properties

In this section, various properties of MMCs are discussed. These include mechanical
properties (fracture and fracture toughness, fatigue, creep, etc.), tribological proper-
ties (wear, erosion), electrical properties, and thermal properties. The mechanical
properties of different MMCs produced by different techniques are illustrated in
Table 11.4.

Effects of Reinforcement Geometry on Mechanical, Elastic,
and Plastic Behaviors

In 1995, Mammoli et al. have used unit cell theories to understand and model the
behavior of Al–SiC and irregularly reinforced MMCs [40]. Stress–strain curve
obtained through a simulation of tensile test on this composite is shown in
Fig. 11.16a, and the stress differential versus strain of the composite, in which matrix
is not reinforced, is depicted in Fig. 11.16b. A typical behavior has been observed
that the matrix materials show strain-hardening phenomenon [40]. The rule of
mixtures kind of relationship does not hold good to predict the strength of MMCs
due to the structure sensitivity. The microstructural changes in the matrix metal
during processing because of different processing routes, which include thermal
stress and/or chemical reaction at the interface, can make it difficult to predict the
strength of MMCs. In another study, it has been found that the mechanical strengths
and hardness of powder metallurgical (P/M) extruder Ti/CNT MMCs significantly
increased with the increase of CNT content from 0 to 0.35 wt% besides slight
reduction in tensile strain. This is mainly obtained due to extremely fine grains
(nearly 6 μm) along with large oxygen content [33]. Later, this result is also strongly
supported by another study, where the mechanical properties were strongly changed
from 654 � 6.6 to 1182 � 15.9 MPa (ultimate tensile strength) by reducing the
grain size of Ti–TiC/CNT MMCs prepared by P/M method from 11.6 to 5 μm due to
addition of vapor-grown CNTs from 0 to 1 wt% (Fig. 11.16c) [31].

Fracture

Babout et al. have proposed the nuances between the interface decohesion and
particle cracking as a basis of basic deterioration nucleation phenomena in hetero-
geneous materials [41]. This model has helped to analyze the major failure criteria in
model composites with matrix containing Al alloys and reinforcement of spherical-
shaped zirconia/silica. Fig. 11.17 shows the pure Al matrix decohesion which
dominates minimum yield stress and intermediate work-hardening rate, whereas
for a matrix containing Al2124 alloy with an elevated yield stress and strain-
hardening rate, particle fracture is the main failure criteria. In another study, in a
fracture surface of pure Ti prepared by P/M extruder, the fine dimple pattern was
observed without any primary grain boundaries. This indicated that this Ti powder
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bonding is metallurgically good, and the fracture occurs inside the grains when
applying SPS and hot extrusion to consolidate Ti powders, whereas in the Ti/CNT
MMCs, the unbundled CNTs which remained in matrix had retained the original size
and shape at the surface of the composite along with some TiC particles, which were
formed by the reaction of CNTwith Ti. It has been found due to using of solid-state
sintering condition at 800 �C by spark plasma sintering (SPS) and preheating at
1000 �C before extrusion. These two sintering conditions had taken a key role to
prepare the Ti composite including both of CNT and TiC particles, which have
influenced the improvement of mechanical properties [33].

Fig. 11.16 (a) Stress–strain behavior for a 10 % volume fraction cubic reinforcement composite
with (□) perfectly plastic matrix, (Δ) perfectly plastic matrix and thermal residual stresses, (■) strain-
hardening matrix, (~) strain-hardening matrix and thermal residual stresses; (b) stress differential
between composite and unreinforced matrix, for (□) perfectly plastic and (■) strain-hardening
matrices. The dotted line and the dashed lines show strain-hardening matrix and perfectly plastic
behavior, respectively [40]; and (c) schematic stress–strain behavior of the Ti–CNTs MMCs [31]
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Toughness and Fracture Toughness

Toughness can be defined as the material’s ability to absorb energy and plastically
deform without fracturing it. This property is a measure of material resistance to
fracture when it is stressed. For a given MMC, the toughness depends mainly upon
(i) the matrix alloy compositions and microstructure, (ii) the type of reinforcement, (iii)
size, and orientation. The processing can affect the microstructural parameters such as
porosity, segregation, distribution of reinforcement, etc. McLelland et al. have reported
that the laminated structure, which has more toughness than reinforcements, has
homogeneous character [42]. It has been synthesized by taking layers of Al matrix
alloy 2014 (Al–4Cu–0 � 8Si–0 � 8Mn–0 � 5 Mg) and matrix alloy reinforced with
~17 vol.% SiC particles and has used spray-forming technique. The impact test for
toughness (by Charpy and Izod) has displayed marginal enhancement with the lami-
nated materials as compared to the reinforced MMCs, which are homogeneous. It has
been observed that the toughness is nearly doubled in slow crack growth during an
estimation of the mean energy of fracture from the load–crosshead displacement curve.
The reason is that at low strain rates, there is a reduction in the energy regarding crack
propagation. For the structures, this energy reduction phenomenon has increased the
potential in terms of slowing or stopping the crack propagation, particularly for the
unreinforced layer [42]. In SiC/Al MMCs with different size of SiC-reinforced parti-
cles, it has been found that fracture toughness (42.1 kJ/m2) is significantly better for
finer (0.6 μm) size-reinforced particles compared to coarse-grained reinforced particle
(32.4 kJ/m2 for 9.5 μm) [43]. The crack initiation and crack propagation energy for the
fine-grained reinforced particles was also compared to coarser reinforced particles.
Qian et al. have observed that the crack initiation and fracture in SiC/Al MMC with the
coarse reinforced particle were mainly related to void formation in the matrix around
the individual particles ahead of main crack tip. On the other hand, the boundaries
between the particle clusters and surrounding matrix may be associated to the failure
SiC/Al MMCwith the fine reinforced particle. Fracture toughness can be defined as the

Fig. 11.17 X-ray tomographic image during tensile test for different MMCs reinforced by 4 %
volume fraction of ZrO2–SiO2 spherical particles. Deformed states of composites: (a) pure Al
matrix + 4 % ZrO2–SiO2 (Ep = 0.275 – σ = 120 MPa) and (b) Al2124 (T6) alloy matrix + 4 %
ZrO2–SiO2 (Ep = 0.088 – σ = 430 MPa) (Ep: plastic deformation in the matrix) [41]
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material’s ability to resist fracture, when it contains a crack. It is a very important design
parameter in many applications. In the case of particulate-reinforced MMCs
(PRMMCs), measurement of acceptable plane-strain fracture toughness (KIC) is an
important step for developing the product up to the mark. Accepted standards for metals
are ASTM-E399 and BS-7448, as there is no worldwide accepted fracture toughness
testing technique available particularly for PRMMCs till date. The calculation of an
acceptable toughness value can be obtained only when the test is finished for the plane-
strain KIC fracture toughness test. It is available from the load–displacement curve and
can also measure the fatigue pre-crack length. The following equation [44] depicts the
provisional fracture toughness KQ, which is given in Eq. 11.24:

KQ ¼ f
a

W

� � PQ

BW
1
2

	 

(11:24)

where PQ, B, W, and a correspond to the load for delineated augmentation of crack
length, thickness of the specimen, width of the specimen, and the crack length,
respectively. The function f a

W

� �
is a geometry-related factor that signifies the

compliance of the specimen to the ratio of crack length and width.

Fatigue

Fatigue can be defined as the progressive and localized structural damage, which occurs
due to cyclic loading. It is a crucial phenomenon for MMCs as many high-frequency
applications of MMCs involve repeated loading conditions, as in automobile compo-
nents. This phenomenon is meticulously analyzed to identify the large incidences of
failures in metals, which are not shown by high-strength brittle fiber, e.g., carbon or
boron. For the composites having fibers as reinforcement and these are continuous and
uniaxially distributed, the testing is done in the direction of the fibers, which gives a
maximum output in terms of strength and toughness gain. The composites containing
carbon or boron fibers with large volume fraction and aligned along the stress axis show
high fatigue strength. Particles on the short fibers can be easily served as crack initiation
sites. Generally, MMCs show a gradual crack growth rate than that of matrix with no
reinforcement. The higher stiffness of the composite leads to the improvement of S-N
curve behavior in terms of disciplined cyclic loading or high cyclic fatigue. A schematic
of crack growth (da/dN) due to the cyclic intensity factor (ΔK) for a monolithic alloy
and MMC is shown in Fig. 11.18. A choice of ideal size of particle and relevant volume
fraction contained in the tidy matrix alloy would result in improved fatigue
properties [15].

Creep

Creep can be defined as the tendency of a solid material to deform permanently
under the influence of mechanical stresses. It arises when the material is under
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long-term exposure to high levels of stress. It is more severe in materials that are
subjected to heat for a long period of time. It always increases with temperature. The
combination of power law and exponential relationship can describe the creep
behavior of metals and alloys. Characteristics regarding low to intermediate stress
application and at elevated temperatures are efficiently explained by power laws,
while the exponential relationship specifically deals with high stresses and compar-
atively at low temperatures. The basic governing equation of creep [45], which is
found to applicable over a wide range of stresses, can be expressed by Eq. 11.25:

ε: s ¼ A σað Þnexp �Qapp

RT

� �
(11:25)

where ε: s, A, σa, n, Qapp, R, and T are the steady-state creep rate, constant, the applied
stress, the stress exponent, the apparent activation energy, universal gas constant,
and temperature in Kelvin, respectively.

The steady-state creep rate can be changed by the incorporation of reinforcement
into the metal matrices. A typical characteristic of steady-state creep rate with stress
for W wire in Ag matrix is shown in Fig. 11.19. The reduction in creep rate for steady
state is attributed to the action of W in Ag.

Tribological Properties

Wear: Wear is defined as the erosion of material from a solid surface by the action of
another solid. It depends on various parameters like type of contact (e.g., rolling or
sliding), environment, operating conditions, the properties of test materials and the
mating materials, etc. The hard intermetallic (e.g., Ni3Al, MoSi2) and ceramic
(e.g., SiC) reinforcements act as wear-resisting sites in MMCs. These are more
wear tolerant than the matrix comprising of metals, which is having a role of keeping
reinforcement intact and transferring the applied load to the reinforcement [2].

Fig. 11.18 Schematic of
crack growth with cyclic
intensity factor for monolithic
alloy and MMC [15]
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The main variables in the wear standard test are temperature, speed, time, and sliding
distance. The wear rate (mm3/min) and sliding speed (m/s) can be calculated from
Eqs. 11.26 and 11.27 [46, 47]. The wear rate and related parameters of different
MMCs are illustrated in Table 11.5:

Wear rate ¼ Vloss 	 Fappl (11:26)

Sliding speed ¼ πDNT
60, 000

(11:27)

where Vloss is volume loss during a given time (mm3/min) and Fappl = applied load
per unit distance (N/m); D is diameter of the wear tract in pin on disk test (mm), N is
disk speed (rpm), and T is test duration (s).

With increasing applied normal load, initially the wear rate increases gradually;
after a critical load, the wear becomes abruptly high. The wear rate increases with
sliding speed, and after reaching a maximum, it becomes reduced at higher speed.
The wear rate and critical load can also be different for different volume fractions of
reinforcements used in MMCs, as it was shown in different studies [46–48].

Erosion: Erosion is defined as the damage of material surfaces by the impact of
very high speed particles. This happens either by tiny particle impingement or by
fluid impingement. Examples are slurry (liquid carrying solid particles) impact on
the surfaces of many important machining components (e.g., impeller, valves,
turbine blades, pipes, oil field equipments, etc.) in industrial applications. It reduces
the life of machine components. The Al-based MMCs with different orientations of
Al2O3 fiber reinforcement are having better resistance toward erosion than that of
unreinforced Al alloy matrices.

Fig. 11.19 Plot of creep rate
versus stress for the
incorporation of W-wires in
Ag matrix [15]
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Weldability

Al alloy MMCs have shown a remarkable enhancement in the material properties
over monolithic alloys in terms of higher strength and stiffness, better refractory
properties, hardness, and minimal thermal expansion. Keeping off the precedence
record, Al alloys reinforced with Al2O3 particulate are found to be stable in the
molten Al. The technique like MIG welding can be successfully applied to it, finding
its application in sporting goods. Use of these advanced materials may impart cost
factor but functionality of these materials are not compromised. Packaging materials
prepared with high volume fraction of SiC particulate match its CTE with the Si
devices, and the bonding or brazing must be applied appropriately, when these
packages are hermetically sealed. The investigation on the mechanical properties

Table 11.5 Wear rate and related parameter of MMCs

Material Method
Wear rate
(mm3/min) Conditions Ref.

Al alloy (LM25) Stir
casting

0.020 At load: 30 N, speed: 1.04 m/s,
for sliding distance: 628 m

[46]

0.021 At load: 40 N, speed: 1.04 m/s,
for sliding distance: 628 m

LM25 + 7.5 % SiC -do- 0.019 At load: 30 N, speed: 1.04 m/s,
for sliding distance: 628 m

0.020 At load: 40 N, speed: 1.04 m/s,
for sliding distance: 628 m

LM25 + 7.5 % SiC+
2.5–5 % TiO2

-do- 0.018–0.017 At load: 30 N, speed: 1.04 m/s,
for sliding distance: 628 m

0.019–0.018 At load: 40 N, speed: 1.04 m/s,
for sliding distance: 628 m

Al6061/10 wt%
(SiC/Al2O3)/5 wt%
graphite

Stir
casting

0.0056569 At load: 30 N, speed: 1.5 m/s, for
sliding distance: 2100 m

[47]

-do- 0.0363433 At load: 30 N, speed: 2.0 m/s, for
sliding distance: 2100 m

-do- 0.0100904 At load: 30 N, speed: 2.5 m/s, for
sliding distance: 2100 m

-do- 0.0404794 At load: 25 N, speed: 2.5 m/s, for
sliding distance: 2100 m

-do- 0.07123 At load: 35 N, speed: 2.5 m/s, for
sliding distance: 2100 m

Al/10 wt% TiB2 Stir
casting

4.5 	 10�3 At load 30 N, speed: 300 rpm,
for sliding distance: 1000 m

[48]

Al matrix -do- 13.8 	 10�3 At load 30 N, speed: 300 rpm,
for sliding distance: 1000 m

Al/10 wt% TiB2 -do- 6 	 10�3 At load 30 N, speed: 300 rpm,
for sliding distance: 1000 m

Al matrix -do- 61 	 10�3 At load 30 N, speed: 300 rpm,
for sliding distance: 1000 m
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of Al matrix composites reinforced with continuous Al2O3 has revealed five possible
failure mechanisms such as (i) onset of generalized interlayer yield, (ii) dismantling
of the fiber tip/matrix metal interface, (iii) onset of cavitation in the metal due to
unstableness caused because of high triaxiality, (iv) generalized fiber fracture of
composite, and (v) load limited by plasticity in the mean interlayer [49].

Electrical Conductivity

The prediction of electrical conductivity of MMCs comprises the stratagem, which
involves the replacement of equiaxed particles by spheres. Weber et al. have shown
that the electrical conductivity of MMCs is dependent on several factors such as
effect of particle size, spherical inclusions, spheroidal inclusions, etc. [50]. The
conductivity of the composites with equiaxed particles is found to be about 30 %
(at 55 vol.%) to 40 % (at 63 vol.% nonconducting phase), and these values are more
than the composites containing angular particles for a given volume fraction of
nonconducting phase. The SEM images of composites prepared of angular and
equiaxed particles are shown in Fig. 11.20a and b, respectively.

Fig. 11.20 SEM images of
Al–Al2O3 composite
containing (a) angular
particles (size ~ 30 μm) with
45 vol.% nonconducting
phase and (b) equiaxed
particles (size ~ 18 μm) with
56 vol.% nonconducting
phase [51]
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Thermal Properties

One of the most hectic problems with any composite is its mismatch in thermal
expansion. This arises mainly due to the differences in the CTEs of matrix and fibers.
The thermal stresses in fiber-reinforced composites are analyzed by various groups
of researchers [52–56]. It should be noted that the thermal stresses will not disappear
even if a uniform temperature is maintained throughout the composite volume.
However, the thermal expansion properties of a composite can be controlled by
balancing the amount of fibers and the matrix with desired dispersal of fibers. In
1960, Paul has studied the elastic and thermal expansion characteristics of two-phase
composites [51]. Li has studied the thermal behavior of Invar–TiC MMCs [3]. The
MMCs having low CTE (like Invar) can effectively minimize the thermal stress, as
Invar (36 % Ni, 64 % Fe) is an alloy with very low CTE and it becomes nearly zero
below 300 �C. The measurement of average CTE is being done between two
temperature domains 25–125 �C and 25–220 �C. The average CTE of the composite
remains satisfactory in the range regarding the CTE of Invar and TiC which is shown
in Fig. 11.21.

Advantages and Disadvantages

Advantages over Monolithic Metals

• Refractory resistance
• Reduced CTE
• Higher strength-to-density ratios
• Higher stiffness-to-density ratios
• Higher fatigue resistance

Fig. 11.21 Thermal
expansion coefficient (CTE)
of Invar with different TiC
content in comparison with
metals at different temperature
ranges of 25–125 �C and
25–220 �C [3]
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• Better strength and reduced creep rate, at high temperature
• Higher wear resistance

Advantages over Polymer Matrix Composites

• Better temperature enduring capability
• Better transverse stiffness and strength
• Not easily inflammable
• Moisture repelling
• Higher electrical and thermal conductivities
• Enhanced radiation resistance
• No outgassing
• Efficient fabrication of whisker and PRMMCs with conventional metalworking

equipment

Disadvantages

The MMCs also have several disadvantages, as follows:

• High density
• High processing temperature
• Corrosion at the interface between reinforcement and matrix, although it can be

minimized by using appropriate coating or chemicals onto the reinforced surfaces

Factors Influencing Metal Matrix Composite Characteristics

• Volume fraction of the reinforcing filler
• The properties of reinforcing filler
• Form and geometric arrangement of the filler
• The properties of fiber–matrix interface
• The properties of matrices
• Porosity effect
• Residual stresses
• High-temperature chemical reactions resulting in possible degradation of the

reinforcement
• Mechanical damage during processing, impact, etc.

Applications

In this section, various applications of MMCs are discussed. These include automo-
tive components (automotive drive shaft, brake disk and calipers, etc.), spacecraft
(antenna waveguides), aerospace (aircraft sturt, fins, etc.), military, electronic pack-
aging, etc. [57].
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Automotive Drive Shaft

It consists of a short-fiber preform of Al2O3 or Al silicate. Thermal fatigue in the
inner portion of the piston crown in which the combustion chamber of a diesel
engine is present, which is the main culprit to cause cracks leading to deterioration.
Carbon fiber wound Al shafts are used by Renault to have an increment in stiffness,
whereas Ford and Dodge vans use MMC with 20–30 % SiC extruded tube to
achieve the same in an efficient way. An automotive drive shaft prepared of Al
matrix composite for vehicles is shown in Fig. 11.22. The main advantages of using
the MMCs in this area are high wear resistance, lower density, elevated temperature
strength, fatigue resistance, CTE, and lower cost.

Ground Vehicle Brake Disks and Calipers

MMC brake calipers have found its use in racing high-duty sports cars. But due to their
increased cost, its use in family cars is not feasible. Al PMMCs give much efficient
cooling than cast iron because of its high thermal conductivity as compared to the
former, making it to run at 500 �C. The development of brakes made of PMMC is
originally meant for racing motorcycles. For the rotor having homogeneous reinforce-
ment, SiC particulate has been used. Experimentation is ongoing to enhance the wear
characteristics, making use of fiber and whisker preform technology. The brake disk
and rotors made of AlMMC are found to be very efficient and are shown in Fig. 11.23.

Spacecraft

MMCs have been used in spacecraft due to its lightweight, low density, and very
high strength-to-weight ratio [59]. Blisks and blings, or integrally bladed compressor

Fig. 11.22 Automotive drive shaft made of Al matrix composite (Courtesy to www.
dennysdriveshaft.com)
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rings of the spacecraft, are basically manufactured by CVD using SiC. Ti-reinforced
SiC has become the topic of interest in aerospace applications. Fig. 11.24 shows the
P100/6061 Al high-gain antenna waveguides/boom for the HST.

Aerospace Structures

Proximate net-shaped Al MMCs are developed for critical support structures for
missiles as these are cheaper than the heavily machined Ti and are also lightweight.
Other qualities, which make Al MMC SiCs more acceptable than Ti, are its low CTE
and high modulus. An aircraft strut made of Al MMC (developed by Materion

Fig. 11.23 Solid model designed by Visteon specifically for Al MMC (a) brake disk and (b) brake
rotors [58]

Fig. 11.24 P100/6061 Al high-gain antenna waveguides/boom for the HST (a) before integration
in the HST and (b) before integration in the HST; it deployed in low earth orbit from the space
shuttle orbiter [1]
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Corporation) is a good replacement for carbon fiber composites (produced by
Aernnova and Sigmatex) and is shown in Fig. 11.25. The major advantages of the
MMCs in aerospace industries are high thrust-to-weight ratio for engines, high
stiffness, low density, high specific strength, controlled thermal expansion, and
high wear resistance [26]. Several other MMCs such as graphitic fiber-reinforced
Al, Mg, and Cu MMCs have been used owing to their high specific strength
(strength-to-density ratio).

Military Tank Track Shoes

Al MMC tank track shoes are developed for the vehicles of military use. The weight
can be reduced up to 25 % over the present forged steel track shoes weighing nearly
three tons per set, by using SiC whiskers as reinforcement. Test reports suggest that
Al MMC wear resistance in the SiC-reinforced domains is consistent to steel.
Improved heat dissipation characteristic of the Al MMC has paved the way to
increase shoe bushing life by up to 200 %.

Electronic Packaging Applications

Discontinuously reinforced Al (DRA) composites are beneficial due to combination
of high thermal conductivity, its intimacy in terms of CTE with electronic materials
like GaAs, Al2O3, SiC, less density materials, etc. [59]. These find applications in
thermally oriented machineries and in electronic industries for packaging. Several
cast graphite–Al composite components are shown in Fig. 11.26. These are also used
in communication satellites as well as in global positioning system (GPS) satellites.
The main advantages of the MMCs to use as electronic housing are high stiffness,
high heat dissipation capacity, controlled CTE, and low density.

Electronic Substrates

The MMCs act as sources of heat sink for a Si device, which is the reason behind
why SiC particulate Al MMCs are used in substrate application for electronic

Fig. 11.25 Aircraft strut made of Al MMC (Courtesy to www.amc-mmc.co.uk)
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industries. The MMCs of diamond/Al, SiC/Al, W/Cu, carbon fiber/Cu, and so on
have been produced by different techniques such as squeeze casting, P/M, SPS
method, etc. [8, 59]. One of the important parameters for electronic materials is
thermal conductivity, which can be controlled by tuning the volume fraction of
nonconducting reinforced particles [60]. The electronic heat sink finds its use in
domestic electrical requirements using the principle of electrochemical conversion
of gases. The intimacy between Si and the MMC in terms of CTE reduces the
stresses, leading to device cracking or debonding, and also enhanced heat dissipation
takes place because of high thermal conductivity. Some electronic substrates of Al
MMCs are shown in Fig. 11.27.

Fig. 11.26 Discontinuously
reinforced Al MMCs for
electronic packaging
applications: cast graphite–Al
composite components [1]

Fig. 11.27 (a) Heat sink and (b) electronic substrates made of Al MMCs [61]

406 S. Pramanik et al.



Explosion Engine Components

Ceramic-reinforced Ti-based alloy MMCs can be used as explosion engine compo-
nents due to their high refractoriness.

Space Satellite

Due to high strength-to-weight ratio, Ti-based and Al-based MMCs are generally
used in space satellites.

Jet Fighter Aircraft Fins

The MMCs are found application in jet fighter aircraft fins. Particularly, Al- or
Mg-based MMCs are mostly used. These provide a unique medley of lightness,
high specific stiffness, better fatigue properties, better electrical and thermal con-
ductivities, and low CTEs.

Sports Industry

The MMCs are also being used in sports industries to develop some sports compo-
nent such as bicycle frame, tennis racket, golf shaft, and so on. The main advantages
of the MMCs to use as sports goods are high stiffness, lightweight, low density, and
high fatigue resistance [62].

Biomedical Industry

Recently, the different advanced MMCs are being used in various biomedical appli-
cations owing to their high load-bearing properties, good elastic modulus, lightweight,
low density, high corrosion resistance, and so on [39, 63, 64]. Biomaterials of MMCs
are desired specifically in load-bearing orthopedic implants owing to their higher
mechanical properties. Several metallic alloys such as stainless steel (SS316L), Ti,
cobalt–chromium–molybdenum (Co–Cr–Mo), Ni–Ti, Mg, and so on have been tried
as matrix materials with various reinforcement materials such as hydroxyapatite (HA),
CS, Al2O3, etc. for orthopedic biomedical applications [65–68]. Recently, carbona-
ceous nanomaterial-reinforced MMCs are being attempted to be used as advanced
biomaterials for many potential applications [25, 31–33]. Therefore, industries of
surgical instruments and artificial orthopedic implants and limbs are growing mainly
due to the technological advancements in the MMCs.

Concluding Remarks

Different fabrication techniques of MMCs have been discussed in ordered to develop
some select proper method for particular materials for specific applications. Basic
theories have also been demonstrated to select proper geometry, size, and volume
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fraction of reinforcement in the MMCs in order to achieve desired combination of
properties for target applications. The characteristics of MMCs can also be molded
for specific applications. The MMCs have satisfied the designer conceptions, in such
a way to act as functional materials for advanced applications. These composites can
solve the major problems associated with many applications only if these are
designed to achieve the standards. The MMCs have to be competing with the
advanced powder metallurgy technologies in terms of cost performance index. The
high cost of MMCs is attributed to the cost of reinforced materials and matrix metals
and the processing expenses. At present, several vapor deposition processes are
being employed in the fabrication of MMCs, but still the cost factor is keeping them
away from day-to-day applications. Novel, cost-effective methods have to be
accomplished in order to achieve the market for MMCs.

Acknowledgment The authors acknowledge the financial support provided by the Department of
Science and Technology, India, for carrying out this research work.
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including biomedicine, tissue engineering, structural composites for advanced
applications, etc. This chapter deals with a case study of synthesis of and
characterization of FGMs consisting of soft magnetic iron/nickel particles as
filler in styrene-butadiene rubber matrix. Effect of concentration gradient on the
physical, mechanical, and magnetic properties of the composites has been
reported.

Keywords
Functionally graded composites • Electromagnetic interference • Electromagnetic
shielding • Nickel • Iron • Styrene-butadiene rubber • Saturation magnetization •
Coercivity • Modulus • Hardness • Tensile strength

Introduction

Functionally graded materials (FGMs) are a class of materials characterized by a
structural and/or compositional gradient in the bulk, leading to a similar variation of
properties [1–3]. A composite, having a spatial concentration gradient of the filler, is
an example of FGMs (Fig. 12.1). Owing to their unique physical, thermal, mechan-
ical, and electronic properties, FGMs are used in advanced technological fields such
as structural applications (components for combustion chambers; high-pressure
cylinders; parts of transport vehicles such as propulsion shafts, flywheels, shock
absorbers, and brakes; etc.), biomedical applications (artificial ligaments, tissue
engineering), microwave absorbers, fuel cells, etc. [4–6]. FGMs based on various
matrix/filler combinations such as ceramic/ceramic, ceramic/metal, polymer/
ceramic, polymer/metal, and many other polymers have been synthesized for differ-
ent applications. More recently, the use of nanomaterial fillers in various matrices is
being investigated [7–9]. Among others, polymer matrix-based FGMs are of signif-
icant importance for diverse areas such as bioengineering [10], mechanical engi-
neering [11], electromagnetic interference (EMI) shielding [6], etc.; based on the

Fig. 12.1 Schematic of (a) uniformly graded and (b) functionally graded (linearly) composites
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end-user applications, various types of filler may be used. For example, for gradation
of mechanical properties, concentration of reinforcing phase is varied spatially, while
for gradation of magnetic properties, composites having concentration gradient of
magnetic fillers are employed.

This chapter deals with a case study of synthesis of and characterization of soft
magnetic iron/nickel particle/styrene-butadiene rubber (SBR) functionally graded
composites. Effect of filler concentration gradient on the physical, mechanical, and
magnetic properties of the composites has been reported. Again, a comparison has
been made between the properties of the uniformly dispersed elastomeric composites
(UDECs) prepared by uniform dispersion of iron/nickel powder in SBR and the
functionally graded elastomeric composites (FGECs), having gradient filler concen-
tration along thickness of the sample.

Processing of Functionally Graded Composites

Iron/nickel powder was mixed with KOSYN 1502 SBR (styrene-butadiene rubber).
Various loadings of filler content were added to SBR apart from the regular recipe as
shown in Table 12.1. All these ingredients were homogeneously mixed in a two roll
mixer and then vulcanized at 150 �C in an electrically heated hydraulic press
according to ASTM D-15 to make sheets of ~2.5 mm thickness. The processing
method adopted for the preparation of functionally graded iron/nickel-SBR com-
posites was somewhat different. Herein, the thin layers of uncured homogeneous
mixes containing increasing or decreasing volume fractions of iron/nickel were
stacked on each other, and the stacked layers were molded and vulcanized in the
press. With an application of pressure, the interfaces between the subsequent thin
layers disappear so as to form a smoothly graded composite. Toroidal-shaped
samples were made by shear cutting the sheet in a specially designed punch and die.

Various UDECs having different volume fractions of the filler volume fraction
ranging from 0.18 to 0.56 were prepared. Different coordinated sequences of
filler gradations were also prepared wherein the loading was varied from 0.18 to

Table 12.1 Formulation
of mixes for preparing
UDPCs/FGPCs

Ingredient Phra

SBR 1502 100

TQb 1.5

Stearic
acid
Zinc oxide

2.0
5.0

MBTc 0.8

Sulfur 2.5

Iron/
nickel

0, 10, 50, 100, 200, 300 up to 1000 in steps of
100 onward

aParts per 100 g of rubber
b1, 2-dihydro-2, 2, 4-trimethyl quinoline
c2-mercaptobenzothiozole
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0.56 along the sheet thickness. The average volume fraction of the filler in
FGECs can be changed by varying the loading in each layer of the stack and
even by changing the number of layers per stack but maintained equal while
comparing it with its UDEC counterpart. The volume fraction of the filler in the
composite was maintained within �2 % deviation for higher volume fractions of
the filler. The filler volume fraction was calculated by thermogravimetric analysis
(TGA). Finally, all these composites are experimented with physical, mechanical,
and magnetic characterizations.

Physical Properties of Magnetic Particle-Filled FGPC

The hardness pattern is studied for various loadings of iron in SBR-FGPC along the
thickness direction. With increasing distance along thickness, the hardness increases
as shown in Fig. 12.2. This increase in hardness is attributed to the increase in the
volume fraction of iron. There are three distinct regions wherein one can see the
difference in the rate of change in the hardness value. The first rate of increment in
hardness is steeper (up to 0.4 mm) that corresponds to initial filler loading (100–150
phr iron), moderates up to the depth of 1 mm (400 phr iron), and again increases
significantly at a distance of 1.26 mm (500 phr iron) along thickness. The rate of
increment becomes moderate again beyond 1.26 mmwith surplus addition of filler to
the matrix (up to 1000 phr iron). The hardness values vary from 40 to 94 Shore A in
the span of 2.5 mm sheet. For the top two layers (at the lower loading zone), the

Fig. 12.2 Variation of hardness and specific gravity of iron-filled FGPC as a function of thickness
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hardness value jumps from 40 to 52 Shore A. With additional loading of the hard
filler along distance, it increases at a moderate rate up to 1 mm (400 phr iron). This is
the maximum limit of filler addition having uniform dispersion with hardly any
clusters formed. For the layers present between 0 and 1 mm along thickness, when
the hardness indenter is pressed on the surface, hard filler particles will not deform
but get displaced in the softer matrix, and hence the rate of hardness increment is
moderate. With further filler addition, at and above 1.26 mm (500 phr iron) along
distance, the probability for formation of particle clusters increases due to the
increasing volume fraction of the filler. These filler clusters will not get displaced
easily in the matrix, and it shows further increase in the hardness of the composite.
Specific gravity is also measured for the layers employing different weight fractions
of iron and is plotted against distance as shown in Fig. 12.2. Increment in the specific
gravity is gradual and varies from 0.98 to 4.6 along 2.5 mm thick sheet as it mostly
depends on the weight fraction of the dense filler.

Nickel (Ni) particles are also dispersed in the SBR matrix in different amounts
along the thickness, and the hardness of these stacking layers of FGPC is measured
(Fig. 12.3). The corresponding plots of hardness and specific gravity against distance
along which loading of nickel is varied from 0 to 1000 phr show similar kind of
trend. Hardness varies from 40 to 91 Shore A while the specific gravity increases
from 0.98 to 4.91 along distance. It is expected that the clusters of filler are mainly

0.0 0.5 1.0 1.5 2.0 2.5

40

45

50

55

60

65

70

75

80

85

90

95

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Sp
ec

ifi
c 

gr
av

ity

H
ar

dn
es

s 
(s

ho
re

 A
)

Distance (mm)

Increase in hardness

Fig. 12.3 Variation of hardness and specific gravity of nickel-filled FGPC as a function of
thickness

12 Effect of Concentration Gradient on the Magnetic Properties of. . . 417



responsible for the changes in many other properties that affect the performance of
composite.

Mechanical Properties of Magnetic Particle-Filled FGPC

Mechanical properties of stacking layers of FGPCs are prerequisite, as many appli-
cations demand for certain extents of mechanical loading. The effect with layers
employing superfluous addition of fillers on FGPCs in modifying these properties is
to be known properly. Tensile test is carried out to measure the ability of the material
to sustain the tensile force and elongation before it breaks. Tensile strength, modulus,
and elongation at break are the important properties to study the serviceability of the
composite.

The mechanical properties of polymer composites strongly depend on the inter-
facial interaction between filler and the matrix. It is also influenced by the filler size,
shape, dispersion, and its amount in the matrix. The change in tensile strength and
elongation at break along the thickness of iron-filled FGPC is shown in Fig. 12.4.
The tensile strength increases with distance for the first few layers and decreases
again with increasing filler loading along the thickness. In addition to this, the tensile
strength of the top layer is less, as it lacks self-reinforcing (due to stress-induced
crystallization) qualities of NR. Further, the tensile strength of stacking layers
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Fig. 12.4 Variation of tensile strength and elongation at break as a function of thickness in iron-
filled FGPC
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present between 0 and 1 mm along thickness (employing the loading variation from
0 to 400 phr) increases from 1.45 to 1.85 MPa and falls down slowly to 1.15 MPa at
the end. With lesser amount of filler in the top few layers, the dispersion is quite
uniform throughout the matrix, each particle acts as an anchor point in the matrix,
and hence tensile strength increases with increasing filler content along the distance.
With further increasing filler loading beyond 1 mm, the probability of particle cluster
formation and hence the formation of bigger-sized flaw becomes more prominent
[12]. It should apparently decrease elongation at breaking point with increasing
distance. But the elongation at break is found to increase continuously along the span
of 2.5 mm thickness. It is 250 % for the top layer (~0.12 mm), reaches its maximum
to 450 % in the middle (~1.73 mm), and again decreases with superfluous filler
loading at the end. It is assumed that the process of cross-linking might have
interfered because of higher concentration of filler. With variation of Ni particles
from 0 to 1000 phr within the span of 2.5 mm, the tensile strength decreases in the
same fashion from 1.2 to 0.64 MPa, while the elongation % at break increases from
210 to 310 throughout the loading (Fig. 12.5).

Figure 12.6 shows the variation of modulus at 100 and 200 % elongations along
the thickness of an iron-filled FGPC sheet. Both moduli at 100 and 200 % increase
with distance for initial filler loading and decrease again with further loading along
the distance. It follows the same trend as the tensile strength. The modulus at 100 %
increases from 0.92 to 1 MPa, while the modulus at 200 % increases from 1.11 to
1.27 MPa with thickness variation from 0 to 1 mm (i.e., up to 400 phr iron) and
decreases correspondingly from 1 to 0.74 MPa and from 1.27 to 0.84 MPa when the
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distance increases from 1 to 2.5 mm (i.e., up to 1000 phr iron), respectively. At
higher filler loading, the elongation at breaking point increases. This leads to the
drop in modulus for the end layers containing higher loading. The mechanical
characterizations reveal that the magnetic properties can be imparted without
compromising on the flexibility even at much higher loading.

The variation of change in modulus at 100 % and 200 % elongations for the
nickel-filled FGPC also follows the same trend (Fig. 12.7). The anchoring effect of
particles at the initial filler loading increases the modulus at 100 % and 200 %
elongations from 0.94 to 1.18 MPa and from 1.18 to 1.37 MPa, respectively. Beyond
an average 1 mm along distance, the modulus at 100 % and 200 % elongations
decreases from 1.18 to 0.81 and from 1.37 to 1.02 MPa, respectively.

Microanalysis of Magnetic Particle-Filled FGPC

Figure 12.8 shows the SEM fractographs of stacking layers of FGPC employing
increasing iron content in the SBR matrix. It is evident that at the top few layers,
particles are dispersed uniformly, oriented haphazardly, and separated from each
other throughout the matrix as shown in Fig. 12.8a–c. With increasing iron content in
the matrix along distance (Fig. 12.8d–f), the interparticle distance decreases, and the
probability of formation of clusters becomes more. Figure 12.8d shows the forma-
tion of few clusters of particles for the layer present at an average distance of 1 mm,
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Fig. 12.8 SEM fractographs of layers at different distances in iron-filled SBR: (a) 10 phr, (b)
0.35 mm (100 phr), (c) 0.58 mm (200 phr), (d) 1 mm (400 phr), (e) 1.26 mm (500 phr), (f) 2.42 mm
(1000 phr). Arrows in (f) show the clusters of particles chipped off
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and the amount of clusters formed increases exorbitantly in the next layer at 1.26 mm
(Fig. 12.8e). The irregular fracture surfaces of layers employing higher loading
(Fig. 12.8d–f) depict the distinct phase separation that occurred due to the formation
of clusters, and that phase has been removed from these locations during failure of
FGPC. The removal of small particles as well as particle clusters from their respec-
tive positions in the layers leaves behind the pores in the matrix. This reveals a poor
interaction between the matrix and filler. Figure 12.8f shows a highly irregular
fractured surface of the last layer present at 2.42 mm with deep depressions that
corresponds to the chipping off of the big clusters during fracture.

Magnetic Properties of Magnetic Particle-Filled FGPC

The information regarding matrix-filler interaction, dispersion of the filler, and
percolation threshold can possibly be mustered combinedly from the mechanical
as well as magnetic measurements. Magnetic measurements are carried out for
various stacking layers of FGPCs employing different loadings of iron. Different
parameters like saturation magnetization (Ms), coercivity (Hc), and remanent mag-
netization (Mr) are determined as a function of distance along the thickness
of FGPC.
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From the hysteresis curves for various layers of FGPC, it is observed that the
saturation magnetization increases with distance. This is attributed to the increase in
the filler loading along distance. Figure 12.9 shows the hysteresis curves for the first
half layers of FGPC containing variation of iron loadings from 0 to 500 phr. It is
clear that the rate of increment in the saturation magnetization is rapid for the top
layer and is moderate up to the depth of 1 mm. From Fig. 12.10, one can see that with
increasing distance from 1.26 mm onward, the rate of increment of saturation
magnetization becomes lenient. The formation of clusters of magnetic fillers might
be the cause of this lenient incremental rate. With increasing distance, the filler
loading becomes superfluous, and the probability of cluster formation increases that
result in the cancelation of magnetic lines of forces within the system, and hence the
resultant saturation magnetization hardly differs. The saturation magnetization
values corresponding to the layers present at an average distance of 0, 0.34, 0.57,
1, and 2.4 mm are 0, 85, 114, 146, and 177 emu/g, respectively, while that for pure
iron is 210 emu/g. All the rest of the parameters are noted and plotted against
distance.

Similarly, Figs. 12.11 and 12.12 show the similar features of saturation magne-
tization curves for nickel. Saturation magnetization values corresponding to the
layers present at an average distance of 0, 0.34, 0.57, 1, and 2.4 mm are 0, 23.5,
29.3, 38.2, and 45 emu/g, respectively, while that for pure nickel, it is 55 emu/g.
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Figure 12.13 shows the variation of saturation magnetization as a function of
thickness of FGPC. It shows that the increment in the magnetization with distance is
not linear. There is a rapid increment in the saturation magnetization for the first few
layers employing lesser filler loading, and the degree of steepness slowly decreases
with increasing loading along distance. Beyond 1.26 mm along thickness, the
saturation magnetization increases mildly. Attempts have been made to calculate
the saturation magnetization of layers of FGPC from the only information of Ms
value and weight fraction of the filler present in a given layer. Rule of mixture is
introduced to calculate the magnetization values of stacking layers employing
different loadings of filler.

MPC ¼ WfMF þWpMP (12:1)

where Wf, Wp and MF, MP are the weight fractions and saturation magnetizations of
the filler and polymer matrix, respectively, while MPC is the magnetization of a given
layer of FGPC.

As the matrix is nonmagnetic, Eq. 12.1 reduces to

MPC ¼ WfMF (12:2)
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The calculated and measured Ms values of the layers containing varied concentration
of filler are plotted against distance as shown in the Figs. 12.13 and 12.14. The
calculated Ms values from the rule of mixture are much closer to the experimental
Ms values for the top few layers (Fe and Ni both) till the curve follows linearity. With
the deviation of curve from linearity, the difference between the calculated and
experimental Ms values magnifies. For superfluous filler loading along distance,
the rule of mixture is not applicable to predict the Ms value of layers of FGPC. From
the experimental data of Ms for various stacking layers, it is observed that the
Boltzmann fit gives the least error (R2 ~ 0.98) and is represented by Eq. 12.1:

Msð ÞWF
¼ A1 � A2

1þ e
WF�WF0ð Þ

dWF

þ A2 (12:3)

where MSð ÞWF
is the saturation magnetization of any given layer of FGPC

corresponding to any given weight fraction of the filler, WF is the weight of filler
in phr and remaining A1, and A2, WF0, and dWF are constants. This equation is
checked using Ni as different filler (with same particle size) in SBR matrix. It is
observed that the experimental plot of Ms with various loadings of Ni along the
thickness of sheet follows the Boltzmann fit only [13].
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A closer agreement between the measured and experimental values of saturation
magnetization assists in tailoring the different appropriate materials (with known
saturation magnetization values) and its loading required in a given polymer to fulfill
the material properties needed for a given application.

Coercivity is defined as the intensity of magnetic field required to reduce the
magnetization of that material to zero after the magnetization of the sample has
reached saturation. Figure 12.15 shows the variation of coercivity along distance.
With increasing filler loading along distance, the coercive field is increasing.
Figure 12.8 reveals that the iron particles are uniformly dispersed and oriented hap-
hazardly. The particles are trapped within the polymer matrix, and an easy direction of
iron particles will not get aligned in the direction of magnetic field. This might be the
cause of slight increment in the coercivity of the stacking layers. Figure 12.16 shows
that the coercivity is hardly varying along distance and hence hardly depends upon the
loading of nickel in the polymer matrix. Conclusively, the ineffective difference
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Fig. 12.19 Placing of a 0-20-40-60-80-100 FGPC with “100 layer exposed” and “0 layer exposed”
in a given magnetic field
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between the coercivity values of pure magnetic fillers (either iron or nickel) and the
FGPC layers implies weak interaction between fillers and the matrix.

Remanent magnetization is the permanent magnetization that remains after the
external field is removed. Figures 12.17 and 12.18 show an increasing trend of
remanent magnetization with distance along thickness. With increasing distance, the
saturation magnetization increases, which increases the remanent magnetization.
Once the saturation magnetization saturates (~1 mm as shown in Figs. 12.13 and
12.14), a corresponding saturation of remanent magnetization is also observed.
Figures 12.14 and 12.18 follow the same trend.

Comparison of Magnetic Properties of UDPCs and FGPCs

The restriction of carrying out a comparative study of magnetic properties of UDPCs
and FGPCs is the mass of the composites. The “vibrating sample magnetometer”
does not allow the mass of the specimen to be more than 4 g. With this restriction,
samples of UDPCs and FGPCs with average loading of 50 phr nickel are taken.

FGPC sample is placed in such a way that the variation of filler occurs in the
perpendicular direction of applied field. Positions with “0 layer exposed” and “100
layer exposed” are shown in Fig. 12.19. Figure 12.20 displays a plot of hysteresis
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curves for 50 phr UDPC and 0-20-40-60-80-100 FGPC. It shows that FGPCs with
both the layers exposed show higher saturation magnetization than UDPCs. The
saturation magnetization values for FGPCs with “0 layer exposed” and “100 layer
exposed” are nearly similar and are 14.9 and 15.2 emu/g, respectively. The
corresponding Ms value for UDPC is 13.4 emu/g. The saturation magnetization of
FGPCs is nearly 12 % higher than its UDPC counterpart. It is worth to mention that
the volume fraction of both UDPCs and FGPCs is constant.

Concluding Remarks

Iron powder-filled SBR composites having gradient concentration along thickness
are synthesized, and their physical, structural, mechanical, and magnetic properties
are studied. While the hardness increases for increasing filler concentration along the
thickness, the tensile strength and modulus exhibit a decrease for higher filler
concentration. This could be attributed to increased agglomeration and formation
of cracks at higher filler concentration. Again, the saturation magnetization increases
with increasing filler concentration and reaches to saturation at higher loading. With
similar volume fraction, FGPCs exhibit higher values of saturation magnetization
compared to their UDPC counterparts.
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Abstract
Recently copper-based metal matrix composites (MMC) are finding usage in high
current density and low-voltage electrical sliding contact applications. Copper-
based composites are generally processed through powder metallurgy (P/M)
route. Mechanical and wear resistance properties were enhanced with microwave
heat treatment as a result of reduction in porosity of powder metallurgy product.
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Introduction

Tribology is defined as the science and technology of interacting surfaces. It
comprises the study of friction, wear, and lubrication. Friction and wear problems
cost the society a huge amount of money each year. Friction and wear have been
observed in electromechanical systems when there is a relative movement between
two solid bodies. Friction mainly results in loss of energy and wear results in
material loss. The proper understanding of friction and wear mechanisms provides
practical solutions to tribological-related problems. Electromechanical systems con-
sist of brushes and commutator/slip ring. Brushes are components that transfer
electrical current between the stationary and rotating elements in electrical motors
and generators as shown in Fig. 13.1. In such application, conventional lubrication
like thick lubricating film cannot be used. In such cases self-lubricating plays an
important role in reduction of friction and wear [1]. The brushes are composites of
graphite and a conductive metal such as copper. Copper–graphite composite is a
tribological composite that can be used in sliding electrical contact applications
requiring low friction and wear in addition to high electrical conductivity [2]. Graph-
ite lubrication is one of the important factors affecting the friction and wear behavior
of copper–graphite electrical sliding contacts. Graphite also has reasonably good
conductivity and good arc-resisting characteristics. Also graphite retains its proper-
ties at high temperature. Addition of graphite particles to copper matrix reduces
density, increases stiffness, raises the service temperature, and provides a mechanism
for tailoring the coefficient of thermal expansion.

Improvement of properties of existing composite materials constantly takes
place using the newer processing methodology. In the case of conventionally
sintered composites, the presence of pores affects the physical and mechanical
properties [4]. Inherent porosity decreases the strength, ductility, and modulus of
composites. There is an urgent need to minimize the porosity to realize an overall
improvement in properties. By adopting the modern heating technique like micro-
wave heating, the properties of composites can be also improved. Recent research
studies on microwave processing of metal powders elucidated the improved
properties of materials through a finer grain size and smaller number of rounded
and uniformly distributed pores [5, 6]. Generally larger and angular pores were
seen in conventionally sintered ones. Microwave heating of materials is funda-
mentally different from conventional heating in that the heat is generated internally
within the material instead of originating from an external heating and subsequent
radiative transfer. In actual practice, the sample in fact becomes the source of heat
during microwave processing.
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Microwave heating has gained a lot of significance in recent times for synthesis
of materials and sintering mainly because of its intrinsic advantages such as rapid
heating rates, reduced processing time, and improved properties, finer microstruc-
tures, and being environmentally more clean. In conventional heat-treating process,
energy is transferred to the material from the surface of the material, whereas
in microwave heating, the energy is directly delivered to material through the
molecular interaction with the electromagnetic field [7]. This difference makes the
microwave heat treating as a potential method. Different types of copper–graphite/
carbon composites and their processing route and applications are presented in the
following section. Tribological characteristics of untreated and treated composites
were also presented in the subsequent sections. This gives a comprehensive
knowledge on copper–graphite composite processing and tribological
characteristics.

Types of Copper–Graphite Composites

According to the type of reinforcement, copper–graphite composites can be classi-
fied into three types: (i) particulate-reinforced, (ii) whisker/short fiber-reinforced,
and (iii) continuous fiber-reinforced composites.

Particulate-Reinforced Copper–Graphite Composites

Particulate or particles with aspect ratio (length/diameter) less than 5 are reinforced
in the metal matrix to have a dispersed phase of roughly equiaxed particles. Graphite

Fig. 13.1 Electrical brush-
rotor system [3]
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particles are reinforced in a copper matrix from 5 % to 40 % in the volume fraction,
which can be used for structural and wear resistance applications [8]. In general,
these composites are manufactured either by powder metallurgy route or through
liquid metallurgy route. Moreover, these manufacturing routes are cost-effective
when compared to continuous fiber-reinforced composite. Mechanical properties
of these kinds of composites are inferior to whisker/continuous fiber-reinforced
copper matrix but superior to unreinforced copper alloys. These composites were
isotropic in general. These kinds of composites generally necessitate secondary
manufacturing operations such as rolling, forging, extrusion, and heat treatment to
impart better mechanical properties.

Whisker-Reinforced Copper–Graphite Composites

Whiskers are described as either elongated particles or short fiber with aspect ratio
greater than 5. Simple shaped components of short fiber composites are
manufactured by direct squeeze casting method. Indirect squeeze casting is similar
to pressure die casting. It is used for thinner casting sections. The melt is poured into
the shot sleeve of a vertical casting machine and followed by tilting to the original
position. The melt is then injected into the die through relatively larger gates. This is
accomplished through relatively slow velocity (less than 0.5 m/s). The melt in the die
cavity is then solidified under pressures, ranging from 55 to 300 MPa. The applica-
tion of indirect squeeze casting makes it possible to manufacture more complex
parts, but it results in more expensive die and tools for casting. Whisker-reinforced
composites can also be manufactured by infiltration method. Whisker-reinforced
composites have attractive combinations of strength and thermal stability relative to
those of particulate-reinforced materials. But extensive commercialization of
whisker-reinforced MMC is at a slower pace owing to the high costs associated
with currently available whiskers. Also the health hazards associated with high
aspect ratio particulates are higher [9].

Continuous Fiber-Reinforced Copper Matrix Composites

Copper matrix contains long fiber reinforcement that is available as tows of several
hundreds or thousands of fiber. The diameter of the fiber ranges from 5 to 20 μm.
Continuous fibers are exceptionally strong and they have higher stiffness along the
direction of the fiber, which results in anisotropy. They conduct more heat energy
along fiber direction than other directions because of its anisotropy. These compos-
ites are used in thermal management in aerostructure for directional heat transfer
[10]. Copper matrix having fiber volume fraction up to 40 % is produced by squeeze
infiltration and/or pressure infiltration route.
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Processing of Copper–Graphite Composites

A wide variety of fabrication methods are employed for the production of
copper–graphite composites. The selection of processing route depends on various
factors including type and volume fraction. Basically fabrication processes of
composites are classified into two categories such as solid state processing and
liquid state processing.

Liquid State Processing

The simplest liquid state technique referred to as melt stirring is to mix graphite
particle reinforcements with copper molten metal and cast in the conventional
manner [11]. Lack of good wetting between graphite particles and liquid copper
melt is a problem here, and the addition of wetting agent during melting such as Ti or
chromium will improve the wettability. The volume fraction reinforcement has a
limit of 20 vol.%. The effective dispersion of the reinforcement becomes difficult
above this level. A schematic diagram of setup for stir casting for manufacturing
copper–graphite composite is shown in Fig. 13.5. Stir casting involves producing a
copper melt in graphite cubicle which is located inside the resistance furnace which
continuously supplies heat to melt and followed by the introduction of graphite
particle reinforcement into the melt. The uniform dispersion of the reinforcing
material in melt was carried out by thorough stirring. Stirrer is normally made of
steel with specific ceramic coating so that contamination of stirrer material in the
melt can be avoided. The thermocouple was used to give a feedback of the temper-
ature inside the furnace. The inert gas is continuously supplied to protect the melt to
avoid oxide formation.

Since graphite and copper are exhibiting poor wetting behavior, the interfaces are
weak, i.e., it induces lack of wettability. Interface between copper and graphite
composite is very important in determining the ultimate properties of the composite.
Wettability can be improved by utilizing copper-coated graphite. It will increase
interfacial strength and reduce the pullout of graphite particle from the copper matrix
during service. The wettability of solid graphite by a copper molten metal can be also
improved by the addition of alloying elements like carbide-forming elements, i.e., Ti
or Cr to the matrix composition. This improvement of wettability is attributed mainly
to these added reactive elements. They induce reaction at interface, i.e., between
matrix and reinforcement which leads to reduce the solid–liquid interfacial energy.

Centrifugal casting process: Centrifugal casting is one of the methods used for
production of copper–graphite composite. This casting process imparts better tribo-
logical properties to inner periphery of copper alloy cylindrical casting, where
graphite particles are segregated [12]. Centrifugally cast copper–graphite composites
are widely used as bearing components due to their good tribological properties. The
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tribological properties of a material depend on its microstructure. Centrifugally cast
copper–graphite composites have a unique microstructure of matrix and distribution
of graphite particles. A rich graphite particle zone is observed at the inner periphery.
Due to the presence of graphite at the inner peripheries, normally this zone is termed
as a graphite-rich zone, with larger porous sites. Under certain lubrication condition,
these porous sites can act as a reservoir for lubricants which enhances the tribolog-
ical performance. Typical centrifugally cast copper–graphite composite is shown in
Fig. 13.2.

Infiltration Process: Infiltration of fiber preform requires good wetting of fibers by
liquid metal. Liquid copper neither wets graphite nor induces chemical reaction at
the interface. The lack of adhesion between copper and graphite surfaces can be
overcome either by coating of graphite fiber with copper or by adding a wetting
agent to copper melt [13]. Moreover, infiltration depends on the nature of reinforce-
ment and its volume fraction, with or without the application of pressure. These
composites, having reinforcement volume fraction ranging from 10 % to 60 %, can
be produced using an infiltration technique. The pressure should be optimal so that it
will be sufficient to aid the infiltration, and when the pressure is increased beyond the
optimal range, it results in damaged fibers.

Solid State Processing

Powder Metallurgy Route (P/M): P/M technique is useful for particles and whisker
reinforcement to copper matrix. Powder metallurgical processes offer the possibility
of obtaining uniform products and of reducing the tedious and costly machining
processes for advanced materials. P/M methods also offer the unique advantages of
lower manufacturing temperature that avoids strong interfacial reaction between
matrix and reinforcement. P/M processed copper–graphite composite contains
graphite particles in volume fraction ranges from 5 % to 50 % and consolidation
pressure ranges from 490 to 875 MPa, sintering temperature is 1000 �C, and
sintering time is three hours including cooling time of samples [14].

Preparations of Copper–Graphite Particulate Composites for Microwave Heat
Treatment: Copper–graphite composites were manufactured through powder metal-
lurgy (P/M) route. The P/M processes offer the possibility of obtaining uniform
products. Block diagram of powder metallurgy process for production of
copper–graphite composite is shown in Fig. 13.3. Starting raw materials for
copper–graphite composites were of electrolytic copper powder and graphite

Graphite-free zone

Graphite-rich zone

Fig. 13.2 Typical centrifugally cast copper–graphite composite
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powder. Copper powder with the grain size and purity level of copper used here are
12 μm (at least 90 %) and 99.5 %, respectively. Graphite powder (99.8 % purity
level) has a grain size of 50 μm.

Centrifugal ball miller was used for mixing powders, initially correct weight
percentage of powders were blended for two hours with speed of rotation of 20 rpm
to ensure good mixing. For uniform mixing, ball to powder ratio was taken 15:1.
Prior to compacting, the mixed powders are heated to a temperature 150 �C, to
evaporate any volatile components. Cylindrical components of height 10 mm and
diameter 30 mm were prepared using a simple die with the help of single action
hydraulic press at a pressure of 600 MPa. The specimens were sintered in induction
furnace at the temperature of 900 �C under inert atmosphere. After the definite
holding time, specimens were allowed to cool in the furnace itself. Copper–graphite
composite samples are shown in Fig. 13.4, processed through P/M route.

Copper powder Graphite powder

Mixing

Drying

Cold pressing

Sintering

Final product

Fig. 13.3 P/M process for
manufacturing of
copper–graphite composite

Fig. 13.4 Typical
copper–graphite composite
processed through P/M route
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Microwave Heat Treatment

The copper-5 wt% graphite specimens were subjected to microwave heat treatment
with suitable arrangement. The schematic diagram of microwave heating is shown in
Fig. 13.5. Hybrid heating setup was built inside the microwave furnace (3.2 kW,
2.45 GHz) with the outer transparent layer to microwave (Alumina wool) and the
inner absorbing layer (Silicon carbide fencing). Silicon carbide fencing not only
provides hybrid heating facility to green pellets but also reduces the thermal gradient
to promote the formation of crack-free components. The duration of heat treatment
was 10 and 20 min at an isothermal holding temperature of 800 �C.

Results and Discussion

Microstructure Analysis

The tribological properties depend on the structure of matrix as well as the distribu-
tion of graphite in matrix. To obtain the understanding of distribution graphite
particles in the copper matrix and effect of the microwave heating over the interface
between graphite reinforcement and copper matrix, microstructural studies were
carried out. An energy-dispersive X-Ray (EDX) was used to analyze the surface

SiC
susceptor

Thermo couple
Controller

Glass wool

Sample

Mullite

Steel casing

Alumina
block

Fig. 13.5 Microwave heat treatment setup
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chemistry. The EDX result of copper-5 wt% graphite composite is shown in
Fig. 13.6. Peaks of carbon and copper elements could be observed.

Microwave heat-treated specimens and untreated specimens were mirror polished
using a standard metallographic technique and then the specimens were subjected to
SEM study. SEM images of untreated copper-5 wt% and microwave heat treated for
different durations are presented in Fig. 13.7. From Fig. 13.7, the distribution of
reinforcement of graphite particles in the copper matrix can be observed. Graphite
particles are seen as black particles. These graphite particles are uniformly distributed
throughout copper matrix phase. The mapping element data of copper–graphite
composite is presented in Fig. 13.8. This confirms that the uniform distribution of
graphite particles in copper matrix and presence of impurities are of very negligible
amount. From Fig. 13.7a, b, it can be seen that a good amount of porous sites are
available in the untreated composites. It can be also seen that the pores are distributed
uniformly throughout the matrix. SEM pictures of the 10-min microwave heat-
treated specimens are presented in Fig. 13.7c, d. It can be observed that the distri-
bution of graphite reinforcement is fairly uniform. Graphite particles extended from
the surface due to pushing of copper matrix, which has been attributed to microwave
heating. Due to microwave exposure, the pore closure happens so that the number of
pores is lower than untreated specimens. SEM pictures of the 20-min microwave
heat-treated specimens are presented in Fig. 13.7e, f. From these figures, the graphitic
film produced over tribosurface can be observed, which is essential for reduction of
wear rate and coefficient of friction. Longer microwave exposure of specimens
makes the copper matrix stronger and pushes the graphitic particles enough to be
extruded from the subsurface to tribosurface. Moreover, it has improved the interface
bonding between graphite and copper matrix through closure of pores.
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Fig. 13.6 Typical energy-dispersive X-Ray analysis of sintered copper-5 wt% graphite composites
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Evaluation of Mechanical and Electrical Properties

Copper–graphite composite specimens fabricated and heat treated were tested for
their physical and mechanical properties. The sintered specimens were evaluated for
their porosity, density, and hardness. Porosity and density were calculated by
Archimedes principle, in machined and polished condition. The samples were
weighed using an electronic balance of having a least count of 0.001 g. The hardness
of sintered composites was measured using a Rockwell hardness testing machine
(B scale). The load for the B scale was 100 kg and the indenter was 1/1600 diameter

Fig. 13.7 SEM of sintered copper-5 wt% graphite composite. (a) Untreated (250 X). (b) Untreated
(2000 X). (c) 10 min heat treated (250 X). (d) 10 min heat treated (2000 X). (e) 20 min heat treated
(250 X). (f) 20 min heat treated (2000 X)
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steel ball. Porosity is a condition of trapped pockets of air, gas, or vacuum within a
solid material, usually expressed in percentage. Porosity is the measuring factor
which influences the mechanical and electrical properties of the copper–graphite
composite processed through powder metallurgy. Variation of porosity of compos-
ites with the microwave exposure time is presented in Fig. 13.9.

From Fig. 13.9, it is observed that the increase in microwave exposure time leads
to decrease in porosity of composite due to closure of pores. Also graphite particles
are pushed into pore location when the neck is growing between copper particles.
Copper–graphite composites are multiphase materials where one of the phases is a
high-loss material while the other is a low-loss material. This mixed microwave-
absorbing condition gives one of the significant characteristics of microwave
heating, that of selective heating. Porosity reduction is resulted due to internal and
selective heating phenomenon. The inside of the sample is allowed to achieve higher
density than surface. Internal porosity is minimized which leads to fewer trapped
pores. Due to the changes in dielectric constant and losses of pores and grains, pores
selectively couple with microwaves. This causes the closure of pores.

Fig. 13.8 Copper–graphite
composites elements
mapping data
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Fig. 13.9 Porosity of copper-5 wt % of graphite
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Sintered density is the major factor influencing the mechanical properties of the
material processed through powder metallurgy. Density of copper–graphite compos-
ite is influenced by the graphite content, pressing load, sintering temperature, and
secondary operation like heat treatment. Density of untreated and treated samples of
copper-5 wt% graphite is presented in Fig. 13.10. Compared to untreated compos-
ites, microwave-treated composites exhibited increased density. 20 min-treated
composites exhibited higher densities comparable to theoretical density. Selective
heating of microwaves resulted in pore closure which in turn increased the density.

The wear performance of copper–graphite composites is strongly affected by their
hardness. Hardness of copper-5 wt% graphite with different microwave heat-treated
time is presented in Fig. 13.11.

It is observed from Fig. 13.11 that the hardness of the composites increases with
the increasing amount of microwave heat-treating time. This can be attributed to
volumetric heating and selective coupling which induce the interface strengthening.
This leads to an improvement in hardness of composites. The improved mechanical
properties of composites are useful in sliding electrical contacts, which in turn have a
significant effect on frictional force and wear rate.
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Electrical conductivity of developed composites was measured by four-point
probe DC method and it was reported in percent IACS (International Annealed
Copper Standard). Two silver wires were attached to the end of cylindrical specimen
using a silver paste. Two more silver wires were also connected to the known
distance in the cylindrical specimen. The area of cross section (A) of the end faces
through which constant current (I) enters and leaves the specimen using PGSTAT30
instrument. The voltage (V) across the known distance is measured using a Sanwa
277D multimeter. The electrical conductivity heat-treated copper–graphite compos-
ites are shown in Fig. 13.12. The electrical conductivity of heat-treated
copper–graphite composite is higher when compared to untreated composites due
to the presence of continuous conductive phase across the sample as a result of
reduction in porosity.

Tribological Investigation on Copper–Graphite Composites

Recently copper–graphite composites are finding application in sliding contacts.
Studies on tribological performance of these composites are necessary for such
application. Dyachhenko et al. [15] studied the tribological properties of
copper–graphite composite. They reported that the coefficient of friction decreased
with the increase in percentage of graphite in copper matrix. Electron diffraction
studies were carried out on the tribosurface. Copper with lower percentage graphite
composites exhibited catastrophic wear at sliding speed of 11 m/s and relatively
higher percentage graphite-reinforced composite exhibited reduction in wear and
friction coefficient. This improvement in wear performance was attributed to the
surface films formed during sliding. The surface film characterization studies con-
firmed the uniform distribution of graphite particles with preferential orientation
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Fig. 13.12 Electrical conductivity of heat-treated composites
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with the basal planes parallel to the friction surface. Okada et al. [16] investigated the
copper–graphite lined with porous copper material. It reduces the vibration during
sliding. Compared with conventional copper–graphite material, this specially made
material exhibited reduced friction coefficient, specific wear rate, and contact voltage
drop. However, though the reduction observed in friction coefficient is marginal, the
contact voltage drop for the newer lined copper–graphite material is appreciable,
when compared with the existing ones. Moustfa et al. [17] investigated the tribo-
logical properties of copper-coated and uncoated graphite (8, 15, & 20 wt%) through
the powder metallurgy technique. Copper was coated to graphite powder by elec-
troless coating method. Pin-on-disc wear tester was used for evaluation of tribolog-
ical properties. Coated composites exhibited lower coefficient of friction and lower
wear rate when compared with uncoated composite. However, severe wear rate was
reported for both the composites at higher load. Kestursatya et al. [18] made an
attempt to study the tribological properties of lead free copper–graphite (up to
volume 10 %) with low melting point element 8 % tin and 4 % zinc composite
which was manufactured by the centrifugal casting. This result was compared with
leaded copper alloy. In copper lead alloy, higher intensity copper peaks in EDAX
was observed, i.e., copper metal transfer from pin to disc surface was more at higher
load due to softer nature of copper lead alloy sliding against a harder counter surface.
Coefficient of friction of both the composite and copper lead alloy was comparable at
lower load. At higher load the coefficient of friction was slightly higher for com-
posite than alloy. The wear rate of copper lead alloy was higher due to more amount
of material transfer than composite. Keun Hyung Cho et al. [19] studied the wear
performance of copper–graphite with polyphenolic resin binder composites
manufactured by hot pressing technique. Reinforcement in a matrix varies from
0 % to 75 % volume fraction. Coefficient of friction of developed composite was
observed to be decreased with the increase of graphite volume fraction. Voltage drop
increases with increasing of graphite content due to hindrance of graphite to regular
copper network. Zhao et al. [20] investigated the wear performance of
copper–graphite composite manufactured by electroforming technique. Adhesive
and delamination wear were responsible for quick wear-out of copper and
copper–graphite composite. Copper–graphite composites can be also used in marine
applications. For such applications, understanding its corrosion behavior is impor-
tant. The corrosion behavior of electroformed copper–graphite composite was
reported. Corrosion behavior was examined in aerated 3.5 % NaCl solution. Based
on the impedance spectroscopy analysis and the products of corrosion, corrosion
mechanism also was proposed. Compared to pure copper, only a fewer corrosion
sites were observed in composite surface. This revealed a different corrosion mech-
anism. The established mechanism on corrosion of copper composite is that the
corrosion process proceeds along the interface between copper matrix and graphite
particles. According to this study, corrosion proceeds along the grain boundary.
When corrosion path contacts with graphite particles, the corrosion process is
hindered. The inert graphite particles in the composites diminish the exposed
metallic area, improving the corrosion resistance. Dewidar and Lim [21] fabricated
the copper/(2.5–15 wt%) graphite composites through high-frequency induction
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heated sintering (HFIHS) technique. It was reported that high dense product (relative
density 97 %) could be achieved within a short duration. The relative density
decreased with the increase in amount of graphite addition, and the reason for the
same was attributed to the fewer copper–copper interparticle contacts. This leads to
higher porosity of developed composites. The tribological properties of developed
composites were studied using a pin-on-disc tribometer. The wear tests were carried
out at four different applied loads (50, 100, 150, and 200 N) and up to a sliding
distance of 2000 m. The wear resistance increased with the increase in graphite.
Mechanism of formation of tribo-layer was not studied. Author also had not reported
any results on friction coefficient. Hardness of the composite with different weight
percentage of composites was not reported. The high cost of a high-frequency
generator and the need for a proper alignment between the heating coil and mold
are the limiting factors to use this system for complicated geometry of products.

For electrical sliding contacts, good electrically conducting material with self-
lubricating properties is needed. This application requires good wear resistance,
good lubrication properties, and good electrical contact conductive performance
while sliding. There are no pure metal or their alloys possessing a combination of
properties to satisfy the complete requirements of electrical sliding contact. Metal
matrix composite materials will be of promising material for the abovementioned
application; particularly, copper-based matrix material with graphite reinforcement
will be fulfilling the requirements. Copper–graphite composites have shortage of its
mechanical and tribological properties. In order to improve their properties, second-
ary processing such as rolling and extrusion are needed. This will increase the
tooling cost and also increase cost of the product. Attention is needed to focus on
alternative techniques for improved properties of sintered copper–graphite compos-
ites. Microwave heat treatment (novel heat treatment method) is promising for
improving the performances of copper–graphite composites. The advantages
observed with microwave heat treatment are reduced processing cost, better produc-
tion quality, new materials and products, improved human health, reduced hazards to
humans and the environment, and enhanced quality of life [22].

Copper–graphite composites are finding applications in electrical sliding appli-
cations. Sliding wear tests are needed to evaluate the performance of the developed
composites. The specimens were machined to have the form of cylindrical pins of
14 mm diameter and 10 mm height. These pins were tested against medium carbon
steel disc of surface hardness of 62 HRC. Pin-on-disc type machine was used to
study the tribological behavior. Prior to the test, all contacting surfaces were
polished, cleaned with acetone, and dried. The tribological tests were carried out
under dry sliding condition at normal loads of 5 N, 10 N, and 15 N in all experiments
with a constant sliding speed of 0.92 m/s for duration of 30 min. Pin-on-disc
equipment consists of rotating spindle on which the disc is fixed. A pivoted lever
arm has the facility to fix the pin. This lever arm has a provision of adding desired
load for corresponding wear test. The pivoted lever arm can be moved to the desired
track diameter at the surface of disc. The LVDT probe can be positioned to measure
the displacement and the load cell was used for measuring the tangential force. Pin-
on-disc wear tester is shown in Fig. 13.13.
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The tribological aspects of copper-5 wt% graphite particulate composites (micro-
wave heat treated and untreated) were studied through the pin-on-disc test setup.
Figure 13.14 shows the relationship between volumetric wear rate and normal load
for heat treated and untreated composites. The wear rate is generally expressed in
terms of volume loss for specific sliding distance. Wear rates were calculated from
the measured weight loss of pin after conducting pin-on-disc wear test. The wear rate
measurements were taken in the steady-state region. From Fig. 13.14, it is observed
that the untreated copper-5 wt% graphite pin exhibits higher wear rate for all ranges
of applied normal loads. It can be seen that the wear rate of the microwave heat-
treated composites is minimized. Moreover, the wear rate of 20-min heat-treated
composite is much lower than the 10 min heat treated. Microwave heat treatment has
influenced the tribological properties by way of rapid and selective heating, finer
microstructure, and improved mechanical properties. Microwave exposure, because
of its selective heating nature, leads to improved bonding between graphite-
reinforced particles with copper matrix. The stronger bonded matrix and the forma-
tion of graphitic film over the tribosurface are responsible for the reduction in the
wear rate. This graphitic film was highly adherent toward the contact region during
sliding. Hence, the graphite film protects the contact region during the wear test [23].

Online data acquisition setup

K-Type
Thermocouple

Vertical load
transfer system

Heating
Arrangement

Pin
Holder

Counter
surface

Fig. 13.13 Pin-on-disc wear
tester
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In the case of untreated specimens, graphite particles are less adherent, and
bonding between graphite particles and copper matrix is considerably weaker;
hence, fast removal of graphitic particles from the pin surface has occurred when
the pins are subjected to high normal loads during the wear test. From Fig. 13.14, it is
also observed that the wear rate of untreated composite at the transition region (mild
to severe) is 5.1 � 10�4 mm3 m�1 at the normal load of 10 N. The wear rate of
20 min microwave heat-treated specimen (mild to severe) wear regime is of lower
order, around 2.5 � 10�4 mm3 m�1. When the duration of microwave exposure is
increased from 10 min, the copper to iron disc adhesion is gradually decreased by
carbonaceous (graphitic film) layer between pin and counter surface (disc). It is
evident that heat-treated specimens are having the capacity of enduring higher loads
than the untreated specimens.

Coefficient of friction can be calculated by dividing the tangential load with the
applied load. During the wear test, the data logger continuously records the tangen-
tial load with the help of a load cell. The variations of coefficient of friction with time
under various normal loads (5 N, 10 N, and 15 N) of untreated and microwave heat-
treated copper-5 wt% graphite specimens are shown in Figs. 13.15, 13.16, and
13.17. The average value of friction coefficient was calculated from the wear test.
Variation of coefficient of friction of treated and untreated composites with the
normal loads of 5 N, 10 N, and 15 N is presented in Fig. 13.18. From Figs. 13.15,
13.16, and 13.17, it is observed that 20 min microwave heat-treated specimens
exhibited the lowest coefficient of friction with sliding distance. The amount of
graphite film at the contact surface is larger when the heat treatment time exceeds
10 min. The presence of smeared graphite layer at sliding surface of the wear
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Fig. 13.14 Typical variation of wear rate with the applied load at 0.92 m/s
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specimen acts as solid lubricant and reduces the metal-to-metal contact area between
pin and disc. This smeared graphitic film becomes thicker with the increase in
microwave exposure time as well as highly adherent and compacted between
tribo-components. In microwave heat treatment, energy is transferred at molecular
level and also this heating has some additional advantages such as selective coupling
of materials that has been attributed to formation of graphitic film. It was evident
from Fig. 13.7f; the composite specimens have graphitic film spread over the
surface. Also the pushed-out graphite particles tend to occupy the pores that
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Fig. 13.15 Variation of coefficient of friction with sliding distance (load of 5 N at 0.92 m/s)
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Fig. 13.16 Variation of coefficient of friction with sliding distance (load of 10 N at 0.92 m/s)
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surround it. In the case of untreated copper–graphite composite, the graphite layer is
not that much adherent to matrix material and the bond between the copper matrix
and graphite reinforcement is weaker. This caused the faster removal of graphite
particles. These particles tend to agglomerate after certain definite period of sliding
distance and they are expelled away from the contact region [24]. There is low
bonding strength between graphite layers with pin (untreated specimen) metallic
surface, which leads to metal-to-metal contact. This increases the coefficient of
friction.
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Fig. 13.17 Variation of coefficient of friction with sliding distance (load of 15 N at 0.92 m/s)
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Variation of coefficient of friction of treated and untreated composites with the
normal loads of 5 N, 10 N, and 15 N is presented in Fig. 13.18. With increase in
normal load, irrespective of the status of the specimens (treated and untreated), the
coefficient of friction is increasing. It can be seen from Fig. 13.18. In all the loading
condition, the coefficient of friction exhibited by 20 min microwave-treated speci-
mens is of lower order. Wear rate of these treated composites is also of lower order.
Hence microwave heat treated is suitable for enhancing the tribological properties of
copper–graphite composites.

SEM image of worn surfaces of untreated, 10 min heat treated, and 20 min heat
treated are shown in Fig. 13.19a–c, respectively. The untreated sample shows higher
wear-generated grooves when compared to heat-treated samples. This shows that
large-scale plastic deformation on the worn surface was occurred, as shown in
Fig. 13.19a. As a result, considerable amount of plastic deformation along the sliding
direction leads to large wear fragmentation. This is also due to that cumulative effect
of weaker interface between copper matrix and graphite. Due to effect of microwave
heating, the tendency to form large-sized wear grooves is limited because of the
strong integrity between the matrix and graphite particles and increased hardness.

Fig. 13.19 (a–c) SEM image of worn surfaces of (a) untreated, (b) 10 min heat treated, (c) 20 min
heat treated at 15 N
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This increased hardness can reduce the plastic deformation of the matrix during the
sliding process. It clearly shows a little plastic deformation along the sliding
direction on the worn surfaces, as shown in Fig. 13.19b–c. It can be understood
from these SEM images of worn surfaces that plastic deformation mechanical wear
mechanism is operating in copper–graphite composites.

Concluding Remarks

• Importance of copper–graphite composites is discussed.
• Copper matrix composites reinforced with 5 wt% graphite are manufactured by

powder metallurgy route for wider tribological application.
• Microwave heat-treated composites exhibited improved physical and mechanical

properties such as density, porosity, and hardness.
• Microwave heat treating is helpful for the formation of graphite layer at the

contact region of tribo-component and also it enhances the bonding between
copper matrix and graphite reinforcement.

• The untreated copper–graphite composites exhibited the highest wear rates and
they can withstand only lower load conditions.

• The wear rate was of lower order for treated composites than untreated compos-
ites. It is observed that the wear rate of untreated composite at the transition
region (mild to severe) is of 5.1 � 10�4 mm3 m�1 at the normal load of 10 N
whereas wear rate of 20 min microwave heat-treated specimen (mild to severe)
wear regime is of lower order, around 2.5 � 10�4 mm3 m�1 due to the highly
adherent graphitic film toward the contact region.

• Microwave heat treating is very effective in reducing the wear rate and coefficient
of friction of the composites.

Future Scope

Copper–graphite composite is a typical electrical sliding contact material and con-
sists of two different components, namely, copper and graphite. Graphite has unique
antifriction properties but also possesses some shortage including low strength and
current-carrying capacity. The electrical conductivity and hardness of electrical
sliding materials decrease as the increase of graphite content. It is reasonable to
expect some new reinforcements to increase both the electrical conducting and
strength of sliding contact materials. Improvement of properties of existing compos-
ite materials is constantly taking place using the newer reinforcements. Among
them, carbon nanotube is finding an important place. Carbon nanotubes (CNTs)
are increasingly attracting scientific and technological interest by virtue of their
properties and potential applications. Compared to conventional composites (micron
level particle reinforcement), CNT-reinforced nanocomposites exhibit better
mechanical properties [25]. Their high length and diameter ratio, strength, elastic
modulus, flexibility, and electrical conductivity along with other properties have led
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to the use of carbon nanotube as a novel reinforcement for a variety of composite
materials. Electrical sliding applications require the good wear resistance materials,
good lubrication properties, and good electrical conductive performance while
sliding. Carbon nanotube (CNT)-reinforced copper metal matrix satisfies the
demanding properties of electrical sliding applications [26]. Carbon nanotube
(CNT)-reinforced copper metal matrix exhibited better tribological and mechanical
properties for its electrical sliding use [27]. Though carbon nanotube is an important
reinforcement in composite, stringent restrictions are there to completely exploit
it. The following are the major impediments in using CNTs as reinforcement for
copper matrix:

• Higher cost of carbon nanotubes
• Safety related issues in handling CNTs
• Dispersion of CNT in the matrix phase
• The damages to CNT, during the compaction preparation
• Poor wettability and bonding between CNT (reinforcement) and matrix

Studies are initiated all over the world to evolve methods to surpass these
problems.
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Abstract
Ceramic materials have excellent strength and thermal stability. However, the brit-
tleness is a major barrier to these monolithic ceramics. Therefore, various particu-
lates, i.e., whisker, fibers, or fabric materials, with different forms and orientations
that are used to enhance the toughness of ceramic matrix composites (CMCs) are
being used at elevated temperature in several advanced applications. To achieve the
desired properties in any target application, selection of fabrication technique,
ceramic matrix, and reinforcing agent along with its morphology or orientation are
extremely crucial parameters. The trend of advanced CMCs is moving toward the
nanocomposites. Since at nanoscale, the high specific surface area of substance can
tune different interesting physical, chemical, biological, and optical properties. This
chapter focuses on processing, properties, and applications of CMCs.

Keywords
Nanocomposite • Advanced ceramic • Silicon carbide (SiC) • Coefficient of
thermal expansion (CTE) • Fiber • Reinforcement • Implant • Component •
Aerospace • Automotive • Chemical • Cutting tool • Machining • Chemical
vapor infiltration

Introduction

Advancement in ceramic matrix composite (CMC) is emerging as an essential study to
the researchers, engineers, and industries in the fields of aerospace, automotive, and
biomedical engineering. The ceramic industry has a very large international market with
sales amounting to over $100 billion per year [1]. One of the most common applications
of the advanced ceramic matrix composites (CMCs) is cutting tools. Another advanced
application of CMCs is high-temperature spacecraft components. The global market of
ceramics has now reached to 8.5 % for cutting tools. It was expected to grow from an
estimated US$ 905 million in 2010 to $1.7 billion by 2015 with a compound annual
growth rate of 14.1 % over the last 5 years specifically for cutting tools with diamond
and diamond-like coatings [2]. Recently, CMCs have been widely used in automotive
engineering, brake systems [3–5], and thermal protection systems or gas turbines [6].
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The advanced CMCs consist of a single-phase ceramic (oxides or non-oxides) or
multiphase ceramics as a matrix material combined with reinforcing agent of ceramic,
glass, metallic, or polymeric materials. Plenty of ceramic materials, oxide (such as
alumina, silica, mullite, calcium aluminosilicate, lithium aluminosilicate, barium alumi-
nosilicate, beryllium oxide, and so on) or non-oxide (such as carbides, nitrides, phos-
phates, silicates, halides, and so on), have been used as matrix materials, and different
shapes of particulates and fibrous materials of ceramics, metals, or polymers have also
been used as reinforcing materials in various CMCs. Different types of CMCs are
depicted in Fig. 14.1. Ceramics are nonmetallic and mostly crystalline compounds. It
is distinguished from the glassmaterial via crystallinity – ceramics are highly crystalline,
whereas glasses are mostly amorphous. Ceramics have very high Young’s modulus,
compressive strength, excellent hardness, light weight, excellent temperature resistance,
high wear resistance, high corrosion resistance, very good chemical resistance, good
biocompatibility, etc. It has a wide range of optical transparency from ultraviolet (UV) to
infrared (IR), high thermal resistance, and very high electrical resistivity. Thus, CMCs
are attractive in wide range of applications, i.e., automotive to biomedical. However,
ceramics have some prominent demerits, such as very low fracture toughness, low
damage tolerance, low ductility, highly brittle, and low fatigue endurance limit, which
hinder it to be used in many advanced applications. For comparison, the typical

Fig. 14.1 Classifications of CMCs. The uniform background color (orange accent 6 (60 %)) in the
images represents ceramic matrix and different front colors indicate reinforcing materials. Different
morphologies (i.e., spherical, irregular, and faceted) of the reinforcing particles in a particulate
composite are indicated by wider gray arrows
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Table 14.1 Typical properties of ceramic matrices, reinforcement, and ceramic matrix composites
(CMCs) [7–12]

Materials

Young’s
modulus
(GPa)

Tensile
strength
(MPa)

Coefficient
of thermal
expansion,
20–1000 �C
(10�6/�C)

Thermal
conductivity
(W/mK)

Density
(g/cc)

Matrix ceramics

Silicon nitride (Si3N4) 307 410 2.3 – 3.2

Silicon carbide (SiC) 400 310 4.8 – 3.2

SiC fiber (chemical
vapor deposited)

364 450 2.9–4.6 175 2.95

Alumina (Al2O3) 380 250 8.5 – 3.9

3Al2O3�2SiO2 143 83 5.3 – –

Zirconia (ZrO2) 17–25 130 7.6 – 5.6

Borosilicate glass 60 100 (MOR) 3.5 – 2.3

Reinforcing agents

Carbon fiber (CF) 350 1380–270 0 (axial)
8 (radial)

– 1.9

Boron fiber (B) 440 2800–3400 8.2 2.3

SiC fiber 480 2100 4.8 3.35

Nicalon (65%SiC, 20%
SiO2, 15%C) fiber

185 2700 – – 2.55

CG-NicalonTM fiber
(Si:C:O = 57:32:12)

– 3000 3.2–3.9
(radial)

– 2.55

Hi-NicalonTM fiber (Si:
C:O = 62:37:0.5)

– 2800 3.5 (radial) – 2.74

Hydridopolysilazane
(HPZ) (59 % silicon,
28% nitrogen, 10 %
carbon, 3 % oxygen)
fiber

150 2200 – – 2.35

99 % Al2O3 (axial)
fiber

380 1400 – – 3.9

84 % Al2O3 + 15%
SiO2 fiber

224 2300 – – 3.05

Silica (SiO2) 70 32 0.65 1 2.2

Aluminum (Al) 70 270 27 237 2.7

Beryllium (Be) 300 324 11.4 150 1.85

Silicon (Si) 113 50–80 2.6 150 2.33

Ceramic matrix composites (CMCs)

A359-T0 aluminum –
54 vol% SiC

340 386 12.24 180 2.99

A2000-T0 aluminum –
68 vol% SiC

186 214 7.56 170 3.04

Reaction-bonded
carbon nanotube
(CNT)–reinforced SiC

374 – 2.72 185 3.06

(continued)
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properties of different ceramicmatrices, ceramic reinforcement, andCMCsmaterials are
illustrated in Table 14.1.

Classifications of CMCs and Toughening Mechanism

CMCs can be classified mainly according to the degree of reinforcement. A funda-
mental classification of CMCs depending on the reinforcement is given in Fig. 14.1.

Particulates

One of the efficient methods to improve the fracture toughness of ceramics is to use
strongly bonded and uniformly distributed reinforced particles in the matrix. At
normal atmospheric conditions, the fracture mode of ceramic matrix is cleavage.
Thus, the toughening mechanisms of the reinforced particles for improving the
fracture toughness are related to both the crack flank bridging and crack front
trapping. When a crack meets an array of strongly bonded particles, the crack
front initially penetrates between the particles. In this mechanism, an additional
driving force for crack growth is required to get nonhomogeneous distribution of
stress intensity along the verge of propagation. If the particle–matrix bonding is
perfect, after reaching a critical depth of penetration, the crack overcomes the
trapping effect. Then, the reinforced particle is left behind and forms bridge across
the crack flanks. Eventually, the reinforced particles are broken since the applied
stress intensity rises above the critical value [13]. The overall energy release rate
(Gtotal) is a function of critical energy release rate for crack trapping (Gct) and energy
release rate for crack bridging (Gcb), which can be calculated by Eq. 14.1 [14]:

Gtotal ¼ Gct þ Gcb (14:1)

The particulate CMCs can have large self-crack-healing ability, high strength, and
high limit of heat resistance temperature [15]. Depending on the morphological

Table 14.1 (continued)

Materials

Young’s
modulus
(GPa)

Tensile
strength
(MPa)

Coefficient
of thermal
expansion,
20–1000 �C
(10�6/�C)

Thermal
conductivity
(W/mK)

Density
(g/cc)

Reaction-bonded SiC
(80 %)–Si

380 290 2.9 185 3.03

Reaction-bonded
SiC–carbon fiber (CF)

100–250 – �0.5 100–200 2.4

Si–B4C (70 %) 383 270 4 100 2.57

C/C–SiC (short fiber)
(25%SiC)

25 65 (flexural) – 14 (⊥)
25 (||)

2

C/C–SiC
(2D reinforcement)
(25%SiC)

55 130 (flexural) – 20 (⊥)
30 (||)

1.95
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structure of the second phase, i.e., particles in the CMC, the particulates can be
further classified in the three categories such as spherical, irregular, and faceted, and
they are depicted in Fig. 14.1a. Different geometry of the particles has significant
influence on the interfacial bonding with the matrix.

Mechanisms of crack front propagation with a part of the crack being trapped by
strongly bonded particles in a CMC are shown in Fig. 14.2. The nanocomposites of
particulate CMCs follow mainly three strengthening mechanisms such as (i) flaw
size reduction [16], (ii) grinding effect [17], and (iii) grain boundary strengthening
effect [13, 18]. The flaw size reduction mechanism mainly enhances the mechanical
strength of composites. This mechanism is also associated with the strengthening
phenomena due to the dislocation network formations. Therefore, the strength could
be further enhanced by the formation of subgrain boundary through dislocations
owing to post-annealing treatments. The grinding effect is associated with the
strengthening of nanoceramic matrix composites (nanoCMCs) owing to the com-
pressive stress at the surface during grinding with abrasive particles. This compres-
sive stress at the surface of the nanocomposite cannot be released even after post-
annealing. However, the surface cracks developed due to the grinding can be
mended easily [19]. Thus, the strength of nanoCMCs can be further improved by
annealing. It has been found that the grain boundary strengthening mechanism has
significant effect of increasing strength in the nanoCMCs [13, 18]. A typical
comparison in stress–strain behavior of particulate CMC (Fig. 14.3a) with pure
ceramics (Fig. 14.3b) and other types of reinforced CMCs is depicted in Fig. 14.3.

Laminates

Laminated structures are also used to fabricate laminated CMCs for improving the
brittleness of ceramics. The laminated CMC is depicted in Fig. 14.1b. It can be

Fig. 14.2 Mechanisms of crack front propagation with a part of the crack front being trapped by
strongly bonded particles in CMC
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oriented in different directions to minimize the anisotropy. The laminated CMCs
show stepped stress–strain behavior with higher apparent toughness and work of
fracture than monolithic ceramic. The ceramic–metal laminated CMCs have many
advantages over ceramics and metals [20, 21]. When cracks are encountered in the
metallic interlayer, owing to the ductility of the metal, they can be deflected or
bridged, which generally improves the toughness of composites [22]. Incorporation
of metallic laminates as a second phase into the ceramic matrix is an alternate
method to increase the toughness and strength of ceramic [23, 24]. However,
owing to the mismatch of thermal expansion between the ceramic matrix and second
reinforced phases, a residual compressive stress is generated and it enhances the
strength and toughness [25]. The most effective toughening mechanism in this kind
of CMCs is crack bridging, which is obtained by addition of metallic laminates in
ceramic matrix [21]. It has been found that in a higher number of reinforced layers
(in Fig. 14.3c), the ductility or fracture toughness of laminated CMCs increases in
comparison to the lower number reinforced layers (see orange accent 6 (25 %) squire
dot line in Fig. 14.3d).

Fibrous

Reinforcement with the help of fibrous materials is used to fabricate most effective
high-strength CMCs. However, it has been found that the strong anisotropy and
inhomogeneity of fiber-reinforced CMC (FRCMC) may cause many specific prob-
lems, such as fiber pullout, matrix craze, interfacial debonding, and fiber fracture
during machining [26]. Therefore to control the machining of FRCMC surface in the
manufacturing industry, several forms of fibers with different orientations are used to
reinforce the ceramic matrices. Fiber-reinforced CMCs can be classified mainly

Fig. 14.3 Typical stress–strain behaviors of pure ceramics and different types of reinforced CMCs
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according to the size and orientation of the reinforcement, and they are depicted in
Figs. 14.1c–d and Fig. 14.1i–v, respectively.

Shape of Fiber
Mainly two types of fibers are used in the CMCs. These are continuous fibers (see
Fig. 14.1c) and chopped fibers (see Fig. 14.1d).

Continuous fiber: Continuous fiber-reinforced CMCs are the most promising
materials as high-temperature structural materials in many advanced applications.
In addition to the intrinsic properties (such as high specific compressive strength,
excellent heat and corrosion resistances, and so on) of monolithic ceramics, incor-
poration of these fibers enhances other mechanical properties of the CMCs such as
its fracture toughness, wear resistance, fatigue strength, and creep resistance. The
unique and attractive combinations of material properties can make the CMCs
excellent prospective materials as mechanical components in aerospace, automobile
propulsion, and power system [27]. Owing to the high stiffness of elastic fibers, both
the mean normal stress and deviatoric stress within the matrix relative to the applied
stress increase locally [28]. The maximum mean normal compressive stress devel-
oped in the matrix at steady-state condition can be high enough to debond the
interface. At the higher stress level and at steady state, the deformation mechanism
is related to dislocation creep of polycrystalline anorthite [27]. At lower applied
stress, the CMC (see firm red line in Fig. 14.3e) behaves like elastic materials or pure
ceramics (Fig. 14.3b). In Fig. 14.3e, after elastic limit at higher applied stress, the
cracks are initiated in ceramic matrix and stress decreases. Then, the cracks propa-
gate and evolve into fiber-bridged matrix cracks. Thus, the increment of stress
gradually decreases and follows nonlinear behavior. With further increasing of
stress, the matrix crack opening reaches to saturation and remains nearly constant
with additional applied stress. Then a primary deformation occurred owing to
elongation of fibers, and fiber–matrix interfacial sliding becomes dominant as a
fracture mechanism. The stress–strain plot follows linear behavior with lower
tangential modulus compared to initial modulus until the failure of the reinforced
fibers [29].

Chopped fiber: Chopped fiber-reinforced CMC is depicted in Fig. 14.1d. The
main advantage of the chopped fibers compared to continuous fibers is that the
chopped fiber has lower fabrication cost and high adaptability for conventional
manufacturing techniques and thus economically favorable [30]. Since the physical
properties of continuous fibers are different in different axes, a distinct anisotropy is
revealed in mechanical, thermomechanical, and electrical properties. To the contrary,
the anisotropic properties can be minimized or eliminated by fabricating a composite
having homogeneous and random distribution of chopped fibers in ceramic matrix
[31]. Crack deflection and bridging are very common mechanisms for this kind of
composite [32].

Orientation of fiber: As depicted in Figs. 14.1i–v, the ceramic composites can be
divided into mainly five categories such as unidirectional [33], bidirectional [6, 34],
multidirectional [35], randomly oriented [35], and fabrics [36] according to the fiber
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orientations such as unidirection, bidirection, multidirection, random, and fabrics,
respectively.

Unidirection: Both short and long fibers are used in CMCs. The main purpose of
using these fibers is to increase the toughness for allowing a graceful rather than
catastrophic failure of the composites. However, the addition of continuous small-
diameter fibers shows most efficient composites owing to their orientation in the
direction of the principal load, which significantly enhances the matrix cracking
strain as well as the ultimate load-carrying capability of the composites. Continuous
fiber composites are often made into laminates by stacking single sheet of continu-
ous fibers in different directions. It provides the desired strength and stiffness
properties to the CMCs. Dense CMCs (mostly of glass or glass ceramic matrix)
reinforced with continuous unidirectional fibers or unidirectional plies of longitudi-
nal fibers display multiple cracks in the matrix perpendicular to the fibers that leave
them unaffected [37].

Bidirection: The mechanical properties of the bidirectional composites are infe-
rior to the unidirectional composites. The different grain structures influence the
properties of the fiber-dominated CMC, because the microstructure at the junction
point depends on the orientation of fiber. This kind of CMCs shows creep behavior at
high-temperature applications [6].

Multidirection: The main advantages of this composite are high specific strength
and stiffness. When the fibers are laid in near-net-shape structure having fiber in
multiple directions as reinforcement, the composite provides an ideal structure to
withstand high temperature [35]. Thermal shock can be reduced using multidir-
ectional fiber-reinforced CMCs in spacecraft applications.

Random: Randomly oriented fibers are used in CMCs to make composites with
homogeneous and highly isotropic structure. This kind of CMCs shows very high
fracture toughness. Randomly oriented short-fiber composites in complex shapes
can readily be fabricated after processing of conventional fibers with the aspect ratio
of maximum 100 using carbon nanotubes (CNTs) or carbon nanofibers (CNFs)
[38]. Chopped fibers are normally used to fabricate this kind of CMCs. Thus, the
same crack deflection and bridging mechanisms as chopped fiber-reinforced CMCs
are exhibited in this kind of CMCs [32].

Fabrics
In this composite, first preforms are made from fabric by several infiltration tech-
niques and then three-dimensional (3D) form is given. The composites have high
strength, high stiffness, low density, and high thermal and chemical stability to
withstand long exposure time at high temperatures [36]. But the fiber orientations
in a fabric play vital role in the machining or grinding of surfaces of CMCs made of
woven fabric. It has been found that the highest surface quality is observed when the
fibers are orientated at 90o due to the machining or grinding, but the poorest at a fiber
orientation of 0� [26]. The surface quality also depends on the weaving rules of
reinforced fibers in the CMC materials. The machining or grinding parameters such
as machining speed, grinding wheel speed, depth of cut, and so on have also
significant effects on the surface microtopography of CMCs.
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Whiskers

As a class of CMC, whisker-reinforced CMCs are produced to be used in various
structural applications because of their significant improvements in mechanical
properties (see Fig. 14.3b) as compared to the monolithic ceramic matrix materials.
The incorporation of whiskers into ceramic matrices increases its strength, fracture
toughness, thermal conductivity, thermal shock resistance, and high-temperature
creep resistance [39, 40]. Although SiC whiskers were initially developed in the
1960s by vapor–liquid–solid (VLS) method, the first application of whisker rein-
forcement in CMCs was started around the 1980s. The mass production of
industrial-scale SiC whisker includes carbothermic reduction reactions between
carbon precursors and low-cost silica, such as rice hulls – silica. The whiskers are
0.1–5 μm in diameter with aspect ratio of 1–10, typically needle-like or acicular-
shaped, discontinuous, and single crystal-like structure. These unique features that
differ them from other chopped or short fibrous materials are polycrystalline and
amorphous and may consist of multiple coatings. The SiC whiskers are the most
widely used as commercial-graded reinforcing agent in the ceramic matrices. In
addition, whiskers of titanium carbide (TiC), titanium nitride (TiN), Al2O3, mullite,
silicon nitride (Si3N4), boron carbide (B4C), and hollandite (Ba1.23Al2.46Ti5.54O16)
are also produced and being incorporated in CMCs [41, 42].

Toughening behavior of whisker-reinforced composites is analyzed with many
ceramic matrix materials such as Al2O3, zirconia (ZrO2), celsian (BaAl2Si2O8), and
so on [41, 42]. The major toughening behavior, which is responsible in the whisker-
reinforced CMCs, shows that the crack–whisker interaction results in crack bridging
(see Fig. 14.4a) and whisker pullout (see Fig. 14.4b). The debonding along the
matrix–whisker interface is often associated with crack deflection, and it is shown in
Fig. 14.4c [43]. It must occur during crack propagation and allows the whiskers to
bridge the crack in order to increase the fracture toughness of CMCs. The toughness
of CMCs (KIC

C) is a function of matrix toughness (KIC
M) and whisker reinforcement

(KIC
WR), which can be calculated by Eq. 14.2:

KICC ¼ KICM þ KICWR (14:2)

Fig. 14.4 Fracture mechanisms in whisker-reinforced CMCs: (A) crack bridging, (B) whisker
pullout, and (C) crack deflection path through ceramic matrix
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The increase in fracture toughness (ΔKIC
C) owing to incorporate whisker reinforce-

ment in ceramic matrix can be expressed by Eq. 14.3 [44, 45]:

ΔKWR
IC ¼ σf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Vf ::rWR

B 1� υ2ð Þ :
EC

EWR
:
γm
γi

s

(14:3)

where:
σf = fracture strength of whisker.
Vf = volume fraction of whisker.
rWR = whisker radius.
υ = Poisson’s ratio of whisker.
γm = fracture energy of matrix (m).
γi = fracture energy of matrix–whisker interface (i).
B = constant that depends on the bridging stress profile, for example, nearly 6 for

SiC whisker–Al2O3 matrix CMC.
From Eq. 14.3, it is obvious that the surface chemistry of whisker has a significant

role on the matrix–whisker interface bonding, which is attributed to γm/γi in
Eq. 14.3. It should be mentioned that the whiskers developed by various manufac-
turers have different surface characteristics and can affect their performance as
reinforcement.

Fabrication

The properties of CMCs, especially fiber reinforced, depend strongly on their
microstructural composition and porosity. Their properties also depend on the
respective manufacturing processes. The non-oxide CMCs are widely used in
advanced applications. Although oxide ceramic matrices are often considered
more mature and environmentally stable, non-oxide ceramic markets are rapidly
changing, owing to their superior structural properties, hardness, and chemical and
corrosion resistances. Several routes have been developed to fabricate the CMCs.
Only important advanced and widely used techniques for fabricating of advanced
CMCs are illustrated here.

Solid State

Solid-state route is one of the easiest techniques and economically favorable batch
process to fabricate particulates, whisker, or short-fiber-reinforced CMCs. Plenty of
CMCs have been developed using this technique. Recently, advanced metal-
reinforced CMCs (called as cermets), i.e., particulate-reinforced titanium and nickel
alloys with calcium silicate matrix, have been developed for biomedical implant
applications using this route [46]. Solid-state method for fabrication of CMCs can be
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done by several processes such as hot pressing, hot isostatic pressing, solid-state hot
pressing, solid-state sintering, pressureless sinter, and so on. The solid-state route
including cold pressing, hot isostatic pressing, and hot pressing for the particulate-
reinforced CMCs is depicted in Fig. 14.5. Although it has been used for solid-state
and powder metallurgical applications, the laminated composites can also be pro-
duced using this technique (Fig. 14.5).

Sol–Gel

Sol–gel process is one of the cheapest and oldest processes to produce CMCs. Here,
sol–gel infiltration technique is used to prepare various composites. This technique is
used to prepare matrix from a colloidal suspension (in water or organic solvent) of
fine ceramic particles (sol), which first soaks and then converts into solid (gel). The
colloidal sol of fine ceramic particles reacts more effectively when the particle size
becomes less than 100 nm. Colloidal sol should be prepared as low viscosity to
infiltrate easily into the preform. At elevated temperature, organometallic com-
pounds (e.g., alkoxides) of sol undergo cross-linked polymerization by either poly-
condensation or hydrolysis mechanism. The polymerization process turns the sol
into gel. Gels are converted into ceramic matrix at relatively low temperature, which
reduces the probability of fiber damage. Basic steps of a sol–gel process are
schematically depicted in Fig. 14.6.

For example, Al2O3 matrix CMCs are generally prepared from alumina gel,
which forms aluminum alkoxides during hydrolysis, i.e., decomposition in presence
of water [47]. Since the presence of ceramic amount in gel is relatively low, it

Fig. 14.5 Solid-state routes including cold pressing, hot isostatic pressing, and hot pressing for the
particulate-reinforced CMCs
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undergoes significant shrinkage after drying. The densification can be improved by
repeating the infiltration-drying cycles by several times until a desired density is
reached. The sol–gel can be done by an addition of ceramic particles for further
improvement in yield of composite. The addition of ceramic particles also controls
the formation of cracks in the drying stage. Recently, Rezaie et al. have developed
Al2O3–SiC nanoCMC using AlCl3 as precursor by sol–gel method. The mechanical
proprieties are found to increase with the distribution of SiC in the Al2O3 matrix
[48]. 2-D and 3-D structures can also be fabricated by sol–gel infiltration method.

To prepare 2-D structure of CMCs by sol–gel infiltration, fabrics are used as
preform. Once the sol is prepared, the binders are added to it to enhance the coating
ability on the fabrics and to increase yield; further fillers can be added. Then, a
prepreg is made by dipping the fabrics into the sol or fully coated with sol. The
freshly prepared prepreg is then (i) cut, (ii) stacked, and (iii) cured in autoclave.
These three processing steps are similar to the polymer composite fabrication
process, which has very high yield up to 100 %. Unlike polymer composites, the
preform of ceramic composite has very poor yield due to the poor binding properties
of its matrix phase. Therefore, ceramic matrix preforms often need some additional
infiltration processes to achieve high density. The porosity level present in these
materials is 20–25 %.

Fig. 14.6 Primary essential
steps in sol–gel process for
fabrication of CMCs
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To prepare 3-D structure of CMCs by sol–gel infiltration, woven (or braided)
fabric is used to prepare the preform. The prepared sol is poured into a mold attached
with a vacuum system. The 3-D preform is then fully immersed into a sol at a low
applied vacuum pressure to remove the excess air bubbles and to help sol to reach
into the interior places of the 3D weaves. Subsequently the sol is converted to gel by
applied heat and/or suitable catalyst. Then infiltration step is repeatedly employed
until the expected density is achieved. After infiltration, several heat treatments are
employed from 100 to 500 �C (depending on the used sol) on the gelled product to
remove the adsorbed volatile matters such as water, alcohols, and any residual
organic and to densify the products. The densification is essentially used to improve
the physical and mechanical properties of the products. Further densification is
carried out based on the need by low-pressure (50–100 psi) autoclave. Autoclave
provides close dimensional tolerances. Then, a freestanding firing cycle is used to
produce a crystalline CMC with a desired density. The key advantage of 3-D weaves
compared to 2-D lay-ups for CMCs is a high structural strength due to the 3-D
reinforcement. The 3-D structure of fabric in the through-thickness direction of the
3-D weave provides the extra strength to the materials. The densification of the 3-D
CMCs can be improved by some conventional methods using vacuum bagging,
autoclave molding, and so on and repeating the infiltration process. The low-viscous
sol can easily spread into the interior part of the 3-D preforms through the reinforced
filament axis. A thin coating is formed on the filaments by each infiltration. Then a
thicker filament coating film is produced by the following subsequent infiltrated
films until the complete infiltration of the two bundles. As a result, density reaches to
a desired value after reducing the surface porosity.

Melt Infiltration

Melt infiltration or reactive melt infiltration (RMI) is basically a combination of fiber
preforms and matrix fabrication process. A molten form or precursor related to
ceramic matrix is used to infiltrate through residual porosity in preformed fiber.
The fiber reinforcement is covered with the interfacial and protective barrier coatings
prior to infiltrate the matrix. The molten or precursor material of this method is a
combination of infiltrated material(s) and some solid secondary compounds. A
flowchart of this process is shown in Fig. 14.7. It is mainly used to fabricate the
fiber-reinforced CMCs. The preparation of fiber reinforcement includes two main
steps such as shaping of fibers into desired shape(s) and interface treatment (e.g.,
boron nitride, BN, carbon, etc.) and barrier (SiC, Si3N4, etc.) coatings. The interfa-
cial coating helps to transmit the load from the matrix to fiber in order to improve the
mechanical properties. The barrier coating protects the interface and fibers from
damage due to the high-temperature molten materials.

In contrast to other matrix densification process, the melt infiltration technique
has several advantages such as dense matrix, less open porosity, superior fiber/
interface protection, greater thermal conductivity, higher proportional limit, lower
oxidation, less natural degradation, and significantly lower processing period. The
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matrix fabrication method is used to incorporate the compounds in the pores of a
coated preform. The matrix fabrication step may be involved through several
methods as explained in this section below.

Resin Infiltration and Pyrolysis Reaction
In this process, the preform of coated fibers is infiltrated using a liquid precursor
(e.g., polymeric resin, polydimethylsiloxane, etc.), which is pyrolyzed to provide the
reactants (such as carbon) in the pores of preform. During infiltration, the reactants
react with molten or precursor materials to form the secondary components of
matrix.

Slurry Casting
In slurry casting, the secondary reactant materials related to matrix are directly
placed in the porous preform of fibers. The reactant materials help to provide the
infiltration to make the final matrix into an integral part. At the end step of metal
infiltration, the prepared preform is heated above the melting temperature of the
selected ceramic matrix under vacuum. This molten ceramic material is supplied on
to the preform in such a manner that it goes into pores. Eventually, the preform is
cooled and the molten matrix solidifies leaving a rigid composite structure.

Direct Metal Oxidation (DiMOx)
The DiMOx process involves a formation of the matrix through the reaction of a
molten metal in an oxidizing gas (e.g., oxygen gas). The preform of dispersed phase
of reinforced fibers or particles is kept on the surface of parent molten metal in an
atmosphere of oxidizing agent. The essential two conditions for conducting this
DiMOx process are that the dispersed phase is to be wetted by the melt and must not
be oxidized in the oxidizing atmosphere. Therefore, a thin layer (0.1–1 μm) of a
debonding phase (pyrolytic carbon or hexagonal boron nitride) is always

Fig. 14.7 Processing steps for melt infiltration for fiber-reinforced CMCs
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pre-deposited on the surface of second phase (particles or fibers) by chemical vapor
infiltration (CVI) method. When the liquid metal is in contact with oxygen, it is
oxidized and formed a thin layer of ceramic along with the incorporation of
dispersed phase in it. At this time, a capillary effect forces the melt to penetrate
via porous ceramic layer to the reaction site. At the reaction front, the molten metal
reacts with the oxidizing gas. As a result growth of ceramic matrix layer takes place.

Liquid Silicon Infiltration (LSI)
LSI process is a type of RMI technique. In LSI, the ceramic matrix is formed due to
the chemical interaction between the infiltrated liquid metal into a porous reinforcing
preform and the solid or gaseous substance surrounding the melt. LSI has been
widely used in fabrication of SiC matrix CMCs. To prepare SiC matrix CMCs, the
carbon (C) microporous preform is infiltrated with molten silicon (Si) at a temper-
ature more than 1414 �C. The surface of carbon preform is wetted by Si liquid. The
Si liquid soaks into the microporous preform through capillary forces. The melt
reacts with carbon to form silicon carbide according to the reaction depicted in
Fig. 14.8. The produced SiC fills the preform pores and forms the ceramic matrix.
Polymer-impregnated fibers (tow, tape, weave, etc.) are impregnated with a resin and
then dried or cured to B-stage (partial curing). The resin reacts with molten silicon.
The prepreg took desired shape using proper tooling or mold. Pyrolytic decompo-
sition is performed at a temperature of 800-1200 �C in an inert (argon or helium)
atmosphere. A porous pyrolytic carbon structure is produced after removing of
volatile products. Then a primary machining is carried out on the product. Infiltration
of the porous prepreg is placed into a furnace with liquid Si. Here, the porous carbon
structure is infiltrated with the melt. The porous preform may be fabricated by some
other methods such as pyrolysis of a polymer or resin, CVI, and so on. The optimum
microstructure of preform is an important factor to obtain a homogeneous complete
infiltration. Large pores help to get good complete infiltration; however, it may form
a structure with high residues, which are free of silicon and unreacted carbon as a
result of incomplete chemical interaction. On the other hand, small preform pores
result in more complete chemical reaction, but an incomplete infiltration due to the
blockage (chock-off) of the channels, which leads to inferior properties.

The ceramic matrices developed by LSI are fully dense (have zero or low residual
porosity) as compared to the composites fabricated by other fabrication method such
as polymer infiltration and pyrolysis (PIP), CVI, and so on. Additionally, the
interphases may be strengthened by CVI, and a protective barrier from pyrolytic
carbon may be formed by PIP unlike LSI process. The aerospace materials of
carbon/carbon–SiC (CC/SiC) are developed by LSI technique [12].

Generally, the properties of fiber-reinforced ceramics depend strongly on their
microstructural composition and therefore also on the respective manufacturing
method.

For non-oxide CMC, three processing methods are currently used for space
applications: chemical vapor infiltration (CVI), liquid polymer infiltration (LPI or
PIP), and liquid silicon infiltration (LSI).
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Polymer Infiltration Pyrolysis (PIP)
PIP is also known as liquid polymer infiltration (LPI), one of the simplest and cost-
effective fabrication route of CMCs [49]. Polycrystalline SiC fibers are used to
produce the fiber preforms. The fibers are first desized (removal of organic
coatings) at suitable temperature, generally above 700 �C. Then, the desized
fiber having roving structure is wounded onto differently sized mandrels at a
certain winding angle according to a customized winding program. During the
winding process, the roving is infiltrated with a polymeric precursor that comprises
a desired ceramic matrix material, a binder, and a sintering aid. A desired volume
fraction of powder is measured before loading in the slurry. The slurry is then dried
and made preform using a suitable precursor (polysilazane Si–C–N). The polymer
is cured (cross-linked) at 250 �C. Then, subsequently pyrolysis is performed at
suitable temperature in inert atmosphere. Conversion takes place from the liquid
polymeric precursor to a desired ceramic matrix. The produced ceramic matrix is
amorphous in nature, and significant shrinkage takes place in this process. The
shrinkage leads to formation of pores and cracks in the matrix. A defined amount of
fiber spacing is obtained due to the presence of powders between the individual
fibers introduced during slurry infiltration in the winding process. Several pyrol-
ysis and reinfiltration steps are employed in order to minimize the porosity of
matrix. A proper sintering condition(s) is(are) performed in an atmospheric furnace
at suitable temperatures depending on the product. In this process, CMCs can also
be joined or repaired. A schematic preparation route of PIP is depicted in Fig. 14.9.
Recently, C/SiC [4], SiCf–SiCN [49], and many advanced CMCs are developed
using this process. The design of combustion chamber/nozzle (thruster) component
made of this C/SiC using LPI process is complex. AVulcain subscale C/SiC nozzle
produced by LPI before and during 40-bar hot-firing test is depicted in Fig. 14.10.
It shows that the high-temperature resistance of the thruster by 40-bar hot-fire
testing using hot gas is generally used with hydrogen (H2)–oxygen (O2) propellant.

Fig. 14.8 Preparation route of liquid silicon infiltration (LSI)
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Fig. 14.10 Vulcain subscale
C/SiC nozzle produced by LPI
(a) before and (b) during
40-bar hot-firing test [4]

Fig. 14.9 A schematic preparation route of polymer infiltration pyrolysis
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In the transition range from free- to restricted-shock separation, it survives up to
2027 �C temperature, which is detected by thermography [4].

Chemical Vapor Infiltration (CVI)

The CVI method is one of the advanced industrially used techniques to manufacture
fiber-reinforced CMCs. In CVI process, a reactive gas mixture is used to expose an
antecedent porous preform material. The interconnected open porosity present in the
preforms can be filled with matrix by the MI, sol–gel, or polymer infiltration
pyrolysis methods [50]. Then, it is thermally decomposed as deposits to occupy
the close pores of the preforms. Since it has many advantages over other techniques,
many aerospace and automotive industries use the CVI for advanced complicated
CMC products [51]. The main advantages of this technique are the manufacturing of
near-net or complex net-shape components at comparatively low temperature and to
modify and control the entire morphology of the matrix. This method also allows the
product to get tough and strong composites. It is suitable for the production of CMCs
with high endurance to erosion, corrosion, and wear properties. Near-net-shape
structures made by this CVI minimize the loss of mechanical properties of the fibers
owing the use of much lower temperature and pressure compared to other processes.
The matrix produced by CVI is significantly pure compared to the other methods
such as hot pressing (where impurities come due to the sintering additives). How-
ever, this process is quite slow, takes from a day to more than a week, and has poor
reproducibility [52]. The most common CMC fabricated by the CVI technology is
SiC matrix reinforced with SiC fibers (SiCf/SiC). The CVI can produce controlled
porous preform. The microstructure of preform is important for complete infiltration.
A schematic of CVI process is depicted in Fig. 14.11. The CVI equipment consists of
mainly three systems such as reagent delivery supply, reactor chamber for preform
infiltration, and the discharged gas treatment. The reagent precursors and auxiliary
gas are supplied through the reagent delivery system to the reactor chamber. A heat

Fig. 14.11 Schematic of chemical vapor infiltration process
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energy source is attached with the reactor chamber to heat and allow the precursors
to react or decompose. The deposition of composite takes place at the bottom of the
reactor chamber. The effluent gases and volatile by-products are going out through
the discharged gas treatment system using vacuum pump. The composites are
collected through mandrels after finishing a whole cycle.

The energy source can be used by different processes such as microwave heating
(volumetric heating), radio frequency heating (induction heating), radiant heating
(halogen lamps), resistive heating (tube furnaces), ultraviolet–visible (UV–vis) light,
lasers, and so on. The energy sources are selected owing to the used precursor or
matrix materials for CVI. For example, using a standard furnace, the temperature can
be varied from 1600 to 2200 �C to develop the paralytic graphite (PyC). The hot
zones used in the CVI vacuum furnaces are made of graphite. The low-density
fibrous graphite heating elements are used for lighter and higher heat resistance
insulation.

Generally, a single ingredient is provided to the infiltrated preform with the
precursor reagent, and the volatile reaction by-products are evaporated during the
process. In special instances, more than one compound may be provided with
precursor to simplify the delivery system with minimum quantity of reactants needed
by the infiltration. In CVI, the methyltrichlorosilane (MTS), CH4, TiCl4, CH3SiCl3,
SiCl4, BCl3, AlCl3, NH3, different organometallic compounds, complexes, and
ligands are widely used as precursor materials [53].

Several kinds of ceramic matrix compounds are used in CVI such as carbona-
ceous material (C), carbides (SiC, B4C, TiC, etc.), nitrides (BN, Si3N4, etc.), borides
(TiB2, etc.), and oxides (Al2O3, ZrO2, etc.). Generally, the deposits of ceramics
develop radially on the surfaces of fiber filaments. A homogeneous fine crystalline
structure of β-SiC is deposited by the CVI process as SiC matrix. The coating of the
fibers such as carbon or BN has a similar graphitic crystal structure having planes
parallel to the surface of filament.

The common volatile by-product gases are flammable, toxic, corrosive, or explo-
sive; hence, these are discharged to the atmosphere after appropriate treatment.

The near-net-shape components with high curing temperature (>1400 �C) and
excellent mechanical properties can also be produced by CVI. Although near-net-
shape components are produced by CVI, they usually require a subsequent proper
machining to provide desired geometry up to assembling tolerance and surface
integrity. Grinding is especially required to achieve high-dimensional accuracy and
surface finish for these CVI products [26, 54].

Reaction Processing

In this reaction process, the matrix of CMCs is formed with more than one phase.
The preform of this method comprises reinforcing materials that are densely
compacted by matrix precursor. The precursor can be fabricated by various tech-
niques, such as the powder curtain process (PCP) and other slurry operations. In the
PCP, the resin powder is mechanically deposited onto the fiber tow bundles during
pulling through a series of process. The resin powder used on the fiber tow bundles
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in prepreg process overcomes the number of obstacles in the tape manufacturing for
the fabrication of a placement grade product [55]. Then, the densely packed compact
is allowed to react with the molten material, supplied gas, and/or itself at high
temperature. This reaction process can be used for powders or slurries, which have
low to moderate melting temperatures. This is a great advantage over the conven-
tional ceramic processes, which are generally employed at elevated sintering condi-
tions, and thus, it has low shrinkage. The other advantages of reaction process of
CMC fabrication are the following: it has the ability to produce near-net and
complex shapes, can densely solidify in one step, and may produce zero porosity.
Since a new matrix phase is produced upon reaction, besides the dense structure, the
volume also increases, and thus the product CMC exhibits lower density than that of
the starting materials. Near-net-shape process is a crucial part of this technique. An
example of the fundamental techniques for manufacturing a larger product with
low-dimensional change at a high yield by a near-net-shape technique is depicted in
Fig. 14.12. In the near-net-shape process, nonwoven fabric can be used for devel-
oping a product with a complex shape. It has high accuracy and dimensional
stability. The near-net-shape process can eliminate additional machining or grinding
process by producing exact precise geometry of the CMC products.

On the other hand, reinforcing fibers can be turned into disrepute at higher
atmospheric temperatures or by the exothermic reactions. The determination of
working temperatures is very important to minimize the fiber’s damage, where the

Fig. 14.12 Reaction process: basic steps of a near-net-shape technique
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chemical affinity for the fiber is very low. In some instances, the protective interfacial
layer is coated to the fibers, where the fibers are chemically bonded by the reactants.
For example, reaction-bonded silicon nitride (RBSN) is one of the widely used
protective interface coated fibers and has been used in many high-temperature
applications. RBSN is compacted by Si particles with a desired shape. Then the
porous compact is placed in a nitrogen atmosphere at 1200–1400 �C. The silicon and
nitrogen are exothermically reacted over a period of time, i.e., few days to a week to
form silicon nitride having increased weight up to 60 % owing to the growth of
Si3N4 into the porous structures. Therefore, its relative density (i.e., actual/theoret-
ical) increases to 80–85 % with a small change (<1 %) in external dimensions.
Since this reaction is exothermic, the whole process must be carefully controlled to
avoid the melting phase of silicon. Furthermore, there is possibility to damage the
reinforcing fibers during fabrication of CMC owing to excessive exposure time at
higher temperature.

Chemical Vapor Deposition (CVD)

In CVD, mainly metallic oxides are deposited on the fabric-basedmaterials. It has been
used widely to develop nitrogen-bonded silicon carbides, zinc oxide (ZnO)-coated
Nicalon fabrics, silicon-doped boron nitride, and so on [11, 56, 57]. At first, a substrate
is placed at an appropriate distance into the mullite tube. Then, a metal oxide coating is
deposited on the fabrics using a hot-walled isothermalCVD reactor (main reactor) and a
hot-walled vaporizing furnace as shown in Fig. 14.13. The main reactor consists of a
fused silica (quartz) tube (with an inner diameter of 7.62 cm) and a mullite with lower

Fig. 14.13 A schematic of CVD setup for deposition of metal oxide on the fabric
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diameter (6.35 cm). The mullite is used to protect the quartz tube from the deposited
metal oxide. Stainless steel endcap flanges of the reactor are completely sealed with
O-rings (fluoroelastomer). The mass flow controllers (MFCs) are used to control the
flow of ultrahigh purity (UHP) nitrogen and oxygen gases into the system. Two
absolute pressure transducers are used to monitor the pressure inside the reactor.
Then, a liquid nitrogen trap and a particulate trap are used to collect the by-products,
if any using a vacuum pump. The deposition parameters are to be set for a typical
experiment. A carrier metallic precursor is generally used with the target material
precursor. For example, an aluminum foil precursor boat can be filled with the
appropriate amount of zinc acetate dihydrate precursor in order to deposit ZnO on the
Nicalon TM fabrics [11]. The fabric is placed in the mullite tube, and the quartz tube
contains the zinc precursor at measured distance. Then, the tube is evacuated down to
less than 1 Torr. The main reactor and vaporizer furnaces are then brought up to the
desired temperatures. The temperature of main reactor is higher than that of vaporizing
furnace. The starting point of the reaction is considered when the UHP nitrogen is
allowed to flow over the precursor boat.

Continuous fibers have shown very high directional properties at high tempera-
tures particularly above 800 �C [11]. It is extremely advantageous for some specific
applications. In order to improve the fabrication technique for future applications of
advanced CMCs, some advantages and disadvantages of the existing techniques
should be known properly. Therefore, some typical advantages and disadvantages of
some important fabrication process of continuous fiber-reinforced CMCs are men-
tioned in Table 14.2.

Besides the above important frequently used techniques, several other fabrication
methods, which have been used to develop CMCs, are viscous phase hot pressing,
slip casting, tape casting, slurry, polymer precursor route, gas–metal reaction,
self-propagated high-temperature synthesis or combustion synthesis, reaction
sintering, pressureless sintering, low-pressure sintering, and so on. Some impor-
tant ceramic matrix materials and their important processing routes are listed in
Table 14.3.

Specific Properties, Materials, and Techniques

It has been widely accepted that nanomaterials have a very significant role on many
aspects of material properties owing to their extremely high surface areas. The
ceramic matrix nanocomposites (nanoCMCs) have shown significant improvements
of their various properties not only with respect to the respective monolithic mate-
rials but also compared to the respective micro or macro CMCs [59]. It can be seen
that the fracture strength is noticeably higher because of the higher interfacial
interaction between the particles in nanoCMCs compared with its micro counterpart.
Using up to 15 vol% SiC particles (SiCp) in Al2O3, the nanoCMC exhibits super-
ficial grooves of plastic deformation compared to the intergranular fracture observed
in monolithic materials [60, 61]. In another example, the SiCp/Si3N4 system has
strength of 1080 MPa up to 1400 �C, whereas the strength of the monolithic sample
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Table 14.2 Advantages and disadvantages of various process used for continuous fiber-reinforced
CMCs [58]

Processing
method Advantages Disadvantages Fiber Matrix

Processing
temperature
range (�C)

I. Sol–gel

Sol–gel and
polymer
processing

Good matrix
composition
control
Easy to
infiltrate fibers
Lower
densification
temperature

Low yields. Very
large shrinkage
Would require
multiple infiltration/
densification steps
No promising
results reported

Nicalon Nonoxide,
alumina,
and
silicates

800–1200,
800–1400

II. Slurry infiltration

a) Glass
ceramic
matrix

Commercially
developed
Good
mechanical
properties

Limited maximum
temperature due to
matrix
Needs to be hot
pressed, expensive
Formation of
complex shapes is
difficult

Graphite
Nicalon

Glass
ceramic

800–1000

b) Ceramic
matrix:
1. Sintered
matrix

Potentially
inexpensive
Could produce
complex
shapes

Shrinkage during
sintering cracks
matrix
Temperature limit
due to glassy phase

– Alumina
SiC,
Si3N4

800–1400,
800–1600,
800–1500

2. Cement-
bonded
matrix

Inexpensive.
Ability to
produce large
complex
shapes
Low-
temperature
processing

Relatively poor
properties to date

Graphite
Nicalon
“new”
fibers

Cements 400–1400

3. Reaction-
bonded
matrix

Good
mechanical
properties
Pressureless
densification

Required hot
pressing of Si
powder in silicon
nitride system prior
to reaction bonding
Simple shapes only

Nicalon
“New”
fibers

Si3N4 800–1500,
800–1600

III. Melt infiltration

a) Ceramic
melt

Potentially
inexpensive
Should be easy
to infiltrate
fibers
Lower
shrinkage on
solidification

High melting
temperatures would
damage fibers

Graphite
Nicalon
“new”
fibers

Alumina,
oxides

800–1100

(continued)
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Table 14.2 (continued)

Processing
method Advantages Disadvantages Fiber Matrix

Processing
temperature
range (�C)

b) Metal
melt,
followed by
oxidation

Potentially
inexpensive
Cermet-type
material

Difficult to control
chemistry and
produce all ceramic
system
Difficult to envision
in use for large,
complex parts for
aerospace
applications

Graphite
Nicalon
“new”
fibers

Alumina,
B4C,
SiC

800–1200

IV. Chemical vapor infiltration

a) General
approach

Has been
commercially
developed
Best
mechanical
properties
Considerable
flexibility in
fibers and
matrices
High-quality
matrix, very
pure
Little fiber
damage
In situ fiber
surface
treatment
Ability to fill
small pores

Slow and expensive
Requires iterative
process
Never achieved full
density
Capital intensive

Nicalon
Nextel

SiC, HfC,
nitrides,
oxides,
borides

800–1600,
800–1800

b) Lanxide Ability to
produce
complex
shapes
Properties
dominated by
ceramic
Porous grain
boundaries
Systems
include
AlN/Al,
TiN/Ti,
ZrN/Zr

Slow reaction and
growth kinetics
Long processing
time & high
temperature limits
chemistry
Wetting and reaction
are limitations

Graphite
Nicalon

Alumina,
AlN, TiN,
ZrN

800–1200

14 Current Advancements in Ceramic Matrix Composites 481



decreases considerably at high temperatures [62, 63]. Matrix failure at 1400 �C in
tension is found to occur at 0.3 % strain after 0.4 h at 200 MPa, whereas no failure is
observed in the 10 % SiC/Si3N4 nanoCMC even after 1000 h at 1.5 % strain. A
typical comparison in fracture strength and toughness between CMCs and
nanoCMCs is illustrated in Table 14.4. Advanced CMCs are also growing rapidly
in the markets along with other competitive materials. Therefore, an additional
typical comparison in specific strength as a function of temperature between
CMCs and other class of materials is necessarily and depicted in Fig. 14.14 [4]. It
can be seen from Fig. 14.14 that the specific strength of the metal matrix composites
and fiber-reinforced polymer matrix composites is very high compared to CMCs at
lower temperatures typically below 1000 �C. However, the CMCs have very high
demand in many advanced applications owing to their retention of properties at very
high temperatures, i.e., above 2000 �C. Since the ceramics are cost-effective com-
pared to the other materials, CMCs have been widely exploited in various industries.

Table 14.3 Some matrix materials and their corresponding processing techniques

CMC processing technique Matrix material

Solid-state hot pressing SiC, Si3N4

Cold pressing and cold isostatic pressing, sintering Calcium silicate

Hot pressing Oxides

Sol–gel Oxides

CVI Carbide, nitride, oxide boride

LMI Si!SiC

Reaction (gas–metal) Oxides (Al), nitrides (Al, Zn, Ti)

Polymer precursor SiC, SixNy, SixCyNz

Prepreg curing and pyrolysis SiC, Si3N4

Table 14.4 Comparisons in fracture strength and toughness between CMCs and nanoCMCs

Properties
of materials

Material
system
(processing
route)

Nanophase
(particle size)

Composites
(CMC)

Nanocomposite
(nanoCMC) Reference

Fracture
strength
(MPa)

SiCp/Al2O3

(hot pressing)
15 vol%SiC
particle
(SiCp)
(~250 nm)

106–283 549–646 [60, 61]

Fracture
toughness
(MPa.m½)

SiCp/Al2O3

(hot pressing)
15 vol%SiCp

(~250 nm)
2.4–6.0 4.6–5.5 [60, 61]

Fracture
strength
(MPa)

SiCp/Si3N4

(pyrolysis
and hot
pressing)

10 vol%SiCp

(<300 nm)
700 1300 [62, 63]

Fracture
toughness
(MPa.m½)

SiCp/Si3N4

(pyrolysis
and hot
pressing)

10 vol%SiCp

(<300 nm)
5.3 7.0 [62, 63]
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Products Made of Advanced Ceramic Matrix Composites

Various components developed by different CMCs and different processing tech-
niques for several advanced applications are given in Table 14.5. The ceramic
materials that are being replaced by advanced CMCs in various advanced fields of
applications are, namely, mechanical, aerospace, automotive, defense industry, bio-
medical, chemical processing, electrical, magnetic, nuclear industry, oil industry,
electric power generation, optical engineering, and thermal engineering [58]. The
typical applications of CMCs are explored in this section below.

Mechanical

The CMCs used in mechanical engineering applications must have high strength,
sufficient toughness, high wear resistance, low coefficient of thermal expansion
(CTE), and good lubrication or self-lubrication properties. Cutting tool is one of
the crucial materials used in machining process. CMCs exhibit significant improve-
ment in the performance of turbine engines. However, improvements in design
methodology are still needed in order to develop high-performance engine for
prolonged use. Another importation part of advanced CMCs application is machin-
ing tools. A ZrO2-based CMC drill for high-speed dry machining of gray cast iron is
depicted in Fig. 14.15. It should have high hot hardness properties because a high
temperature is always developed at cutting tip during operation owing to dynamic
and static friction. Therefore, metallic materials are not suitable as a cutting tool or

Fig. 14.14 A comparison of specific strength as a function of temperatures with different class of
materials [4]
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Table 14.5 Developed CMC components, materials, processing routes, and their test temperature

Component Reinforcement/matrix Processing route

Test
temperature
(�C) Ref.

Advanced friction
systems:
Porsche ceramic
composite brake
(PCCB) and Porsche
ceramic clutch PCCC

C/C–SiC (short fiber)
(25%SiC)

LSI 1450–1600 [12]

Advanced friction
systems:
Porsche ceramic
composite brake
(PCCB) and Porsche
ceramic clutch PCCC

C/C–SiC
(2D reinforcement)
(25%SiC)

LSI 1450–1600 [12]

Thermal shock resister Nicalon fibers/
calcium
aluminosilicate

Lamination 800 [37]

High-strength material
as ceramic gas turbine
(CGT) rotor

LRC: CF/SiC
SRC: SiCw/Si-Al-O-
N, Si3N4 is/Si3N4

W: whisker
LRC: long-fiber-
reinforced CMC
SRC: short-fiber-
reinforced CMC
is: in situ

Continuous CVD
coating method
(Reactants: SiCl4,
BCl3, CH4, NH3,
N2, and H2, reaction
conditions:
temp < 1500 �C,
press < 1 atm)

1200 [64]

CGT backplate SRC: SiCw/Si-Al-O-
N, Si3N4is/Si3N4

Continuous CVD 1200 [64]

High-temperature
oxidation-resistant
material as CGT
orifice liner extension
liner

SRC: TiB2p � CF/SiC/
SiC
LRC: Si-CF/SiC/SiC
LRC: Si-CF/Si-N-C/
SiC
p: powder

Continuous CVD 1350–1450 [64]

High-toughness
material as CGT inner
scroll support

LRC: Si-Nf, Si-CF/Si-
NC/SiC,
CF/Si-C/SiC
f: fiber

Continuous CVD 1250 [64]

Thermal conductivity
as
cathodoluminescence
(CL) spectra
semiconductor

AlN/SiC matrix Solid-state diffusion
reaction

1100 [65]

High mechanical
strength and thermal
shock absorber

SiCp/Si3N4 Powder metallurgy 1800 [66]

(continued)
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die. In contrast, the non-oxide ceramic materials, such as WC, SiC, Si3N4, and so on,
have shown better cutting properties. The CMCs with non-oxide ceramic reinforce-
ment are being used in recent advanced studies. The advanced CMCs produced by
different studies have shown higher mechanical properties, good creep resistance,
reliable thermal shock, and particle impact damage. These are suitable for potential
engine components and thermal shock absorber [26, 64].

Different components made of CMCs for mechanical engineering applications are:

• Cutting tools and dies
• Abrasives
• Precise instrument parts
• Molten metal filter
• Turbine engine components
• Low-weight components for rotary equipment
• Wearing parts

Table 14.5 (continued)

Component Reinforcement/matrix Processing route

Test
temperature
(�C) Ref.

High strength,
stiffness, and thermal
stability for future
generations of aircraft
engines

BN/SiC coated
SiC/Sylramic SiCf

CVI and MI Room
temperature;
this material
can also
work at
800–1600

[50]

High strength,
stiffness, and thermal
stability for future
generations of aircraft
engines

BN/SiC coated
Hi-Nicalon SiCf

CVI and MI Room
temperature;
this material
can also
work at
800–1600

[50]

Notch-insensitive
advanced aerospace
requires structural
component such as
turbine engine
components,
spacecraft reentry
thermal protection
systems, and
hypersonic flight
vehicles

Hi-Nicalon™/
SiC–B4C laminated
composites

CVI 1200 [67]

Nuclear applications SiCf/SiC
(continuous fiber)

– 800–1000 [68]
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• Bearings
• Seals
• Solid lubricants

Aerospace

Advanced aerospace applications of the CMCs are turbine engine components,
spacecraft reentry thermal protection systems, hypersonic flight vehicles, etc.
[67]. These are structural CMCs that exhibit superior long-term mechanical proper-
ties and retained properties under high pressure, high temperature, and different
environmental conditions, including moisture. The essential properties of CMCs
required for the aerospace applications are low density, high-temperature strength,
hot hardness, high performance-to-weight ratio (e.g., specific strength, specific
stiffness, etc.), refractoriness, high insulation, heat collection, and low thermal
conductivity. In this context, C/C–SiC composites show superior tribological prop-
erties for advanced friction systems in spacecraft applications in addition to lower
densities and higher damage tolerance [12]. Particularly in spacecrafts, different
temperatures are exposed in different parts of its surface. The descent and ascent
temperatures exposed at different surface parts of a spacecraft are depicted in
Fig. 14.16. Currently, several engine manufacturers and research organizations are

Fig. 14.16 Indication of ascent and descent temperatures in a spacecraft (Courtesy to http://
matse1.matse.illinois.edu/ceramics/prin.html)

Fig. 14.15 A ZrO2-based CMC drill for high-speed dry machining of gray cast iron (Courtesy to
https://www.mtm.kuleuven.be/Onderzoek/Ceramics/Materials)
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stepping up their activities toward the use of CMCs in rocket engine thrust chamber
components [4]. Several kinds of reinforced materials such as fibers, whiskers, and
particles with ceramics produced by CMCs have been widely used in aerospace
industries in Europe and the United States (US) as high fracture-resistant materials
for fatal defect, especially “brittleness” of monolithic ceramic materials [64]. Fiber-
reinforced CMCs (FRCMC) of C/SiC, SiC/SiC, etc. composites produced by CVI
have been widely used in aeronautic and space applications owing to their high-
temperature resistance, higher curing point (>1400 �C), very high mechanical
strength and toughness, and excellent corrosion resistance [26, 54].

Different components made of CMCs for advanced aerospace applications are:

• Fuel systems and valves
• Power units
• Low-weight components
• Fuel cells
• Thermal protection systems
• Turbine engine components
• Combustors
• Bearings
• Seals
• Structures

Automotive

Automotive industries use CMC products. The important properties such as high
strength, good toughness, high wear resistance, low CTE, good lubrication or self-
lubrication properties, refractoriness, high insulation, heat collection, and good
thermal conductivity related to automotive industries are essential for CMC prod-
ucts. The carbon fiber (CF), silicon nitride fiber (Si3N4f), silicon carbide fiber (SiCf),
silicon carbide whisker (SiCw), in situ Si3N4, and titanium boride (TiB2)/milled CF
are used as reinforcement and SiC, SiδNδC, SiAlON, and Si3N4 as matrix in CMC
composites [64].

Different components made of CMCs for automotive industrial parts are:

• Gas turbine
• Heat engines
• Catalytic converters
• Drivetrain components
• Fixed boundary recuperators
• Turbocharger rotors
• Low heat rejection diesels
• Water pump seals
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Defense Industry

The defense industries are growing rapidly with the advanced CMCs. The important
propertiesneededfordefensecomponentsarelightweight,highspecificstrength,excellent
fracture toughness, high wear resistance, good thermal conductivity, and so on [58]. The
defense industries also include the aerospace, automotive, and armor components. The
armor for structures, machines and personnel, and, more particularly, to an integrated,
layered armor incorporating FRCMCmaterial layers are few examples [69, 70].

Different components made of CMCs for defense industries are:

• Tank power trains
• Submarine shaft seals
• Improved armors
• Propulsion systems
• Ground support vehicles
• Fuel injection components
• Military weapon systems
• Military aircraft (airframe and engine)
• Wear-resistant precision bearings

Biomedical and Chemical Industries

Biomedical studies are rapidly growing with the ceramic-based advanced composite
materials. Recently, Pramanik et al. have developed newly bovine apatite-based
ceramic composites using novel impregnation technique for tissue engineering
applications [71]. Several implant materials have also been fabricated with the
CMCs [46, 72]. The desired properties of CMCs for biomedical, biological, and
chemical applications are high biocompatibility, good strength, excellent fracture
toughness, good catalysis adsorption, high photocatalytic properties, high chemical
resistance, and corrosion resistance, whereas in chemical industries, photocatalytic
properties are very important in order to degrade the organic compound. The present
trend in these materials is growing toward new CMCs [73].

Different components made of CMCs for biomedical and chemical industries are:

• Artificial teeth, bones, and joints
• Catalysts and igniters
• Heart valves
• Heat exchanger
• Reformers
• Recuperators
• Refractories
• Nozzles
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Electrical and Magnetic Engineering

CMCs have also been used in electrical application as electrical insulators. The
magnetic nanoCMCs are being used in different advanced applications [74]. The
essential characteristics of the CMCs for these applications are electrical insulation,
electrical conductivity, semiconductivity, piezoelectric, magnetic, and dielectric
properties.

Different components made of CMCs for electrical and magnetic engineering
applications are:

• Memory element
• Resistance heating element
• Varistor sensor
• Integrated circuit substrate
• Multilayer capacitors
• Advanced multilayer integrated packages

Nuclear Industry

SiCf/SiC CMCs have been widely used as refractory material in nuclear engineer-
ing. SiCf/SiC CMCs can be used in extremely harsh environments. On the other
hand, pure SiC provides exceptional stability under neutron radiation. Thus, pure
SiC can be used in advanced fission and fusion reactors. To accomplish the CMCs
in nuclear industries, the high-temperature mechanical, thermal chemical, and
radiation properties are extremely crucial. Ceramic composites made from SiCf/
SiC are used as potential materials for nuclear industries since they have excellent high
thermal, mechanical, and chemical stability and high-temperature strength, fracture,
creep, corrosion, and thermal shock resistance. Particularly, for nuclear applications,
the radiation resistance of the β-phase of SiC imparts shows excellent radiation resis-
tance. The β-SiC has a saturation swelling value of about 0.1–0.2 % at 800–1000 �C,
suggesting that SiCf/SiC CMCs have the excellent radiation stability [68]. The other
properties needed for other parts of this industry are excellent radiation resistance, high-
temperature strength, refractoriness, high insulation, heat collection, and thermal
conductivity.

Different components made of CMCs for nuclear industries are [58]:

• Nuclear fuel
• Nuclear fuel cladding
• Control materials
• Moderating materials
• Reactor mining
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Oil Industry

The main properties of CMCs that are needed for oil industries are refractoriness, high
insulation, heat collection, thermal conductivity, high strength, and low thermal expan-
sion coefficient. Several application areas of CMCs at refinery plant in the oil industries
are depicted in Fig. 14.17 [75, 76]. It can also be used in liner of furnace, coke drums,
and fractionator units.

Different components made of CMCs for oil industries are [58]:

• Bearings
• Flow control valves
• Pumps
• Refinery heater
• Blast sleeves

Electric Power Generation

The excellent electrical insulation, refractoriness, heat collection, thermal conduc-
tivity, good strength, high wear resistance, low CTE, and good lubrication or self-
lubrication properties are also needed for electrical power industries.

Fig. 14.17 Use of CMCs at oil refinery plant in oil industry
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Different components made of CMCs for electrical power generation applications
are [58]:

• Bearings
• Ceramic gas turbines
• High-temperature components
• Fuel cells (solid oxide)
• Filters

Thermal Engineering

The excellent thermal stability, low CTE, refractoriness, and good thermal conductivity
are necessary properties of CMCs that are used in the thermal engineering applications.
Commercially available CMCs have several high-temperature applications. Conven-
tional CMCs are limitedly exposed to temperatures ~ 1200 �C for a prolonged time.
However, the CMCs have lower thermal conductivity than metallic materials, and
therefore, their uses in cooling arrangements owing to manufacturing constraints are
limited. As a result, the conventional CMCs cannot be effectively cooled under
high temperatures above 1400 �C or high heat flux conditions. In this context,
several researches are continuing to develop a suitable CMC material that can be
used to insulate moderate temperature along with erosion resistant, thermal shock
resistant, and can have coefficients of thermal expansion relatively similar to that of
CMCs [77].

Different components made of CMCs for thermal engineering applications are [58]:

• Electrode materials
• Heat sink for electronic parts
• High-temperature industrial furnace lining

Optical Engineering

The most essential properties of the CMCs for optical engineering are optical
condensing, fluorescence, translucence, and optical conductivity. Wide bandgap
semiconductors are doped with rare earth elements to increase the optical properties
of the CMC materials in photonic applications [78]. A large bandgap (i.e., >3 eV)
material allows rare earth emissions in the whole visible range, covering the colors
blue (Tm3+), green (Tb3+), and red (Eu3+). The conventional semiconductors such as
silicon emit any rare earth emission at room temperature and thus are not suitable for
specific technical applications [79]. Recently, AlN/SiC CMCs which are doped with
some rare earth materials have been investigated and show a potential candidate to
overcome the abovementioned problems [65, 80]. A new class of praseodymium-
doped CMCs displays electrostriction (i.e., the conversion of electrical energy into
mechanical energy), mechanoluminescence, and electroluminescence at a time.
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These are environmentally friendly and may find application in multifunctional
sensors or devices [81].

Different components made of CMCs for optical engineering applications are [58]:

• Laser diode
• Optical communication cable
• Heat-resistant translucent
• Light-emitting diode porcelain

Concluding Remarks

Ceramic matrix composites (CMCs) exhibit significant possibility in improving the
high performance-to-weight ratio in many advanced applications enabling higher
life cycles at elevated temperatures. The high specific strength, refractoriness, and
high thermal and chemical resistances of CMCs are the most attractive properties in
the field of structural, chemical, and biomedical applications. The incorporation of
various reinforcement into ceramic matrix using selected fabrication techniques,
many properties of the CMCs can be tailored very easily in order to achieve the
desired properties. In the recent past, most components using CMCs have been
designed by “trial and error” due to the lack of mathematical models. To understand
the key parameters, controlling response, and the exact mechanics of failure, the
precise development of structural failure models is more required in future. The
addition of second phases in ceramic matrices with optimized interfacial bonding
improves the fracture toughness and decreases the sensitivity of the preexisting flaws
in the brittle matrix. The reinforced second phase has a variety of shapes, ranging
from nearly spherical particles, through whiskers, chopped fibers, and continuous
fibers with various aspect ratios and to fabrics.
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Abstract
Although the traditional ceramics cover the major production of ceramic indus-
tries (in terms of volume as well as the selling price), a variety of new ceramics
has been immersing progressively with better properties and performances. The
chapter addresses zirconia and its nanocomposites, and their performances in
thermal and chemical barrier coating, buffer layer for high temperature
superconducting films, ball heads for hip replacements, and automobiles. Specific
applications include optical systems and devices, optoelectronics, optical wave-
guides, optical data storage systems, optical communications, optical displays,
and series of optical and/or biological sensors.

Keywords
Zirconia • Composites • Thermal stability • Absorption • Emission • Polymeric
liquids • Nanogels • Thermoluminescence

Introduction

Ceramics and derivatives in forms of composites include a wide range of
advanced materials for structures, tools, devices, optical systems, biomaterials,
sensors, and catalysts for domestic usages, defense, science and technology,
medicals, and other disciplines. There is strong correlation in structure (distribu-
tion of atoms and also electrons), properties, and performance for selective
applications of a specific material, i.e., a natural product, a derived product
from the nature, or a synthetic one from preexisting elements and compounds
using known strategic methods. Since as early as civilization started, people are
using materials along with energy with progressively growing standard of our
living. Materials provide energy as well as convert energy desirably from one
form to others useable of pertinent applications. Of those which are synthesized
or developed in selective forms for specific applications at economic value are
often referred as the “engineering materials.” Constant research and development
are adding newer materials day-to-day. For the best utilization, the engineers
should be aware with the up-do-date materials (also by-products if any) and their
thermal stabilities, structures, biocompatibility, and other functional properties so
that they can explore the most suitable ones for specific purpose and be able to
develop the best processing method(s) to design or manufacture in specific shape
and size of the final form of a product, a tool, or a device. In general, in terms of
the electronic structure and applications, the engineering materials are classified
into three primary categories,

(a) Metals and alloys
(b) Polymers (and plastics)
(c) Ceramics
(d) Classical composite materials
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Metals and Alloys

A classical definition of conventional metal is that it consists of continuous
distribution of electrons in the various shells and subshells with no energy gap
between filled and valence subshells. Delocalized electrons span over an infinitely
large space. Examples are gold, iron, nickel, copper, and aluminum of infinitely
large size (bulk solid). Metals in general are good conductors of both heat and
electricity. A nonmetal (such as carbon, nitrogen, oxygen, etc.) has localized
distribution of electrons at atomic scale, and it is characterized by an optical
bandgap Eg, which separates the conduction band from the valence band of the
electrons. A metal alloy is a combination of two or more metals or a metal and a
nonmetal (s) at atomic scale, i.e., one kind of atoms distributes through other
kinds of atoms in specific sites. It may be amorphous or crystalline in nature. In
general, an alloy is short of a composite material, which behaves as metal or
nonmetal according to the final electronic structure. A metal or an alloy can retain
the metallic character only when it is sufficiently large of three-dimensional
geometrical size well above the mean electron free path, e.g., ~50 nm in noble
metals [1–3].

Polymers (and Plastics)

A polymer consists of an interconnected network from a certain molecular unit,
called “monomer,” with regular chemical bonding of the monomer. The number
of monomers “n” in such polymer structure varies over a wide range, usually
103–106, determining its molecular size. Most popular engineering polymers
consist of organic compounds. Structurally, organic polymers are often
noncrystalline of nature, but they can be recrystallized partially (using thermal
annealing, cold rolling, laser annealing, and other specific methods) [4–6],
forming a hybrid composite consisting of a crystalline phase with part of the
amorphous phase. Very few are known of inorganic polymers, e.g., some inor-
ganic gels, vitreous glasses, and vitreous ceramics such as zirconia, alumina,
and derivatives [7–9]. The polymeric structure disappears upon crystallizing such
inorganic materials. In general, polymeric materials (both organic and inorganic)
have low specific densities and relatively low softening or decomposition
temperatures.

Poor thermal stability and high biodegradability in ambient air atmosphere are a
major barrier for many applications of polymer and plastics. Because of the prom-
inent covalent chemical bonding, they are mostly poor conductors or insulators of
electricity (also heat). In view of industrial applications in electronic and optical
devices, sensors, biomaterials, and other disciplines [10–12], attempts are being
made to design novel conducting polymers with electron doping (using nonbonding
electrons, metals, or ceramics) in form of so-called a kind of “hybrid nanocomposite
materials.”
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Ceramics

Ceramics are defined as inorganic nonmetallic materials. Phenomenologically, they
consist of two kinds of metallic and nonmetallic elements in form of a simple
compound (such as Al2O3, ZrO2, SiO2, etc.), a mixed compound (such as zircon,
mullite, magnetite Fe3O4, other spinels, hexagonal ferrites, perovskites, etc.), a
complex compound (clays, minerals, cements, porcelain, feldspar), or simply a
solid solution of one ceramic phase dispersed through another ceramic phase (s),
e.g., glasses and glass-ceramics (also called vitroceramics), foams, and some mixed
oxides, or ceramic composites in a more general term. This definition of ceramics
(an extension of the Greek word “Keramos”) is wider than simply the art and science
of making and using solid articles formed merely by heating earthy materials or
derived compounds and is far broader from a common dictionary definition such as
“pottery” or “earthenware.”

Advances in newer synthetic methods of synthesizing and/or manufacturing
materials of tailored properties close to specifications for specific applications
make traditional definition too restrictive for the practical purposes. The ceramics
can be crystalline, amorphous (including conventional glass, viz., a material
obtained by rapidly cooling a homogeneous liquid so that it does not crystallize
during the cooling), or a combination of crystalline and amorphous phases in a single
material. In general, in terms of the band structure and properties, they belong to the
group of the semiconductor or insulator. Most ceramics usually stand very high
temperature with high mechanical hardness, good heat and wear resistance, low
friction, and insulative properties.

In an integral part of our daily life, ceramics cover a wide range of engineering
products in almost all disciplines of materials science and engineering (e.g., auto-
mobiles, architectures, robotics, turbine engines, electronics, ferroelectricity, electric
motors and generators, capacitors and devices, transducers, solid electrolytes, optical
systems, or photonics) including biomaterials, medicines, drug delivery agent, and
various kinds of sensors. Such wide diversity of ceramic products and application
does not permit simple classification of them neither on the basis of their properties
nor applications wise. However, for simplicity, we consider ceramics in two primary
classes as follows;

(i) Traditional ceramics
(ii) Advanced ceramics
(iii) Hybrid ceramics and composites

Traditional Ceramics
The traditional ceramics are manufactured from natural raw materials, i.e., clay
products, minerals (sands, stones, zeolites, soda ash, fly ash), and cements. Forming
wares and trolleys by firing clays in specific shapes have been practiced for quite
long from the earliest civilization. Casting silicate glasses from liquid of natural
sands are another ancient art. Portland cement is being manufactured for about the
nineteenth century. The Romans prepared natural hydraulic cement by combining
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burned lime with volcanic ash. In these days, the largest part of ceramic industries is
the production of glasses, with lime and cement products as the next largest products
(especially for architecture). White wares, structural clay products, and enamels
(which are silicate glasslike coatings on selective metals) constitute diverse group
of traditional ceramics. The materials include pottery and porcelainlike composi-
tions, bricks, tiles, and similar products such as sewer pipes. About 40 % of ceramics
in refractory consists of fired clays, and another 40 % consists of heavy refractories,
e.g., magnetite, chromite, zirconia, and similar compositions. Special refractories
such as silicon carbide, boron carbide, and aluminum oxide for abrasives impart
sizable production of ceramic industries.

Advanced Ceramics
Although we cannot deny the fact that the traditional ceramics still cover major
production of ceramic industries (in terms of volume as well as the selling price), a
variety of new ceramics has been immersing progressively with better properties and
performances as follows. Monolithic oxides such as Al2O3, ZrO2, ThO2 (thoria),
BeO (beryllia), MgO (magnesia), MgAl2O3, and Mg2SiO4 (forsterite) and some
nitrides/carbides are well-known electrical and thermal insulators and refractories.
UO2 (uranium dioxide) is an excellent nuclear fuel in nuclear reactor. Lithium
niobate (LiNbO3) and rare-earth-modified titanates provide a medium by which
electrical information can be transferred to optical information or by which optical
functions can be operated by an electrical signal. Ferroelectric titanates, having
extremely high dielectric constant, are particularly useful for capacitors and elec-
tronic devices. Spinel ferrites, hexagonal ferrites, and garnets are some of important
magnetoceramics for magnet technology, magnetic memory devices, bubble mem-
ory devices, high-frequency communications with low power loss, microwave
absorption in radar, and other applications [13–15].

A series of ceramic materials which comprise both magnetic and ferroelectric
properties in a single system (called multiferroics) are getting renewed interest
nowadays for multifunctional devices. Ceramics for superconductors, colossal mag-
netoresistance (CMR), electrodes, and gas sensors are of particular interest in
different disciplines of electronic industries. Many of such ceramics behave unusu-
ally as a ferromagnetic metal below a certain temperature, often called “half-metallic
ceramics” in view of a dual nature (metallic and semiconductor) of band structure
[13, 14, 16, 17].

Many ceramics (semiconductors and insulators) serve as a good optical host, i.e.,
facilitate optical emission of selective wavelengths (λem) from optical species (ions
and color centers), which are doped thereon purposely in a dispersed microstructure,
upon exposing to a suitable wavelength of light of excitation (λex). The best optical
host for such purpose would be an amorphous or nanocrystalline insulator of low
energy phonons, e.g., Al2O3, Y2O3, ZrO2, TiO2, zeolites, some nitrides, or SiO2 and
their derivative compounds. Trivalent rare-earth cations R3+ (also R2+) and Cr3+ and
architect defect centers (interstitial ions or vacancies) are identified optical species in
well-known optical materials or lasers. Other common hosts for efficient emission
include oxide glasses (also vitroceramics), ZnO, perovskites ABO3, perovskite-type
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fluorides ABF3, spinels AB2O4, garnets A3B5O12, silicates such as Sr2MgSi2O7 or
Sr4Al14O25, and sulfides such as ZnS, SrS, CaS, and CdS, where A and B refer to
metal cations of requisite valances.

A co-doping with two or more kinds of optical species tunes selective light
emission with desired band intensity and other properties in the above ceramics. In
particular, the silicate Sr2SiO4, Sr2MgSi2O7, or Sr4Al14O25 allows the optical signal
to glow desirably longer for several hours after removing the light source
[18–21]. Sometimes, coating optical species in thin films onto insulator particles
(a support or host) reveals surface-enhanced light emission [22–25] in discrete
structure of the optical species of our interest in this article.

The rare-earth ions with empty, filled, or a half-filled f-shell, viz., 4f0, 4f7, or 4f14

valence electronic configurations, which no longer involve so low energy 4f–4f
electronic levels in the visible or near UV regions unlike other rare-earth optical
species, can be used as a transparent light host in these specific regions. The 4f0, 4f7,
or 4f14 electrons would share cooperative magnetic interactions with selective
optical doping of the other kinds of the rare-earth ions useful for spintronics.
Moreover, they are promising wideband UV light or far UV light sources.

As will be discussed further with specific examples of light emitters, a
nanoporous host or support of either amorphous or nanocrystalline ceramics offers
similar improvements in light emission signals in a specific design of the optical
species, i.e., the rare-earth ions or the valence 4fn electrons. Spins in paramagnetic
interstitial ionic sites or vacancies assume a similar localized distribution. Especially
nanoporous ceramics such as ZnO, ZrO2, SiO2, or Al2O3 and their derivatives have
efficient light emissions in the impurity levels (color centers) [26–35]. In doped
ceramics, the electrons 4fn and 3dn0 in the dopants recombine the spins from the color
centers in the host, modifying average spin configuration in “exchange-coupled ion
pairs.” Ultimately, it is the self-localized structure of the optical species that appears
in model electronic transitions of discrete energy levels of isolated optical species
embedded in a dielectric host medium. A microstrain led by the electromagnetic
coupling between the magnetic and dielectric fields mediates the electron–phonon
coupling, which enforces the electronic transitions as per the induced mechanical
oscillation of the optical species by interaction with the light signal imposed to
induce the light emission [35, 36].

Hybrid Ceramics and Composites
These are very special ceramics with multifunctional engineering properties in a
single material applicable for multifunctional activities under selective experimental
conditions. Two or more kinds of selective properties are united one another through
cooperative interactions among them. Examples include a variety of ceramics with
structural, optical, magnetic, magnetocaloric, dielectric, and other properties which
support mutually one another in a cooperative manner. Such ceramics can be
designed in several ways which include (i) dispersing one kind of ceramic phase
into another kind of ceramic phase(s) in a specific microstructure, (ii) surface coating
ceramic particles of a specific phase by using a different material (which may be a
ceramic, polymer, or a metal/alloy) in thin layers, (iii) incorporating nanopores in a
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given ceramic phase in a specific microstructure, (iv) incorporating interstitial ions
and/or vacancies (or dislocations) of selective valence states, and (v) designing
ceramic nanoparticles of a specific core–shell structure. Basic shape and size of
small ceramic particles play a crucial role in tailoring desired properties and
applications.

In all the above possible examples of hybrid ceramics, electronic structure and
derived physical properties in the basic species (particles, ions, or vacancies)
undergo a kind of “exchange coupling,” leading to modify the final structure and
properties out of a single hybrid composite system of material. In optical materials,
the “exchange coupling” leads to alter the primary electronic levels in the optical
species and their excitation processes in part of the influence of the dielectric and/or
magnetic fields surrounding the optical species. In terms of thermodynamics, it
either suppresses or promotes the electron–phonon and the spin–phonon couplings
and thus in turn the vibrational and spin entropies in part of the internal energy
(or lattice heat energy) of the combined system.

Classical Composite Materials
According to the structure and properties, we can define a composite material as
follows. Classically, a composite material forms by dispersing one kind of phase of a
material into another distinct phase (or a system of two or more distinct phases) of
distinct materials, with strong interfacing and macroscopic interactions between the
distinct structural ingredients over an extended scale of the common interfaces or
boundaries. A physical mixture of the same origin and chemical composition differs
very distinctly from this purposely modulated structure in the sense that it involves
exclusively no such extensive interactions among the ingredients at so large scale. In
a nanocomposite, at least one of the ingredients has a finite dimension of a few
nanometers, i.e., far above the bulk equilibrium energy state. The distinct phases
(which may be from pure elements and inorganic as well as organic compounds)
may be as solid, liquid, or a combination of both the solid and liquid phases. In other
words, in terms of the structure, they may be amorphous, semicrystalline, crystalline,
or a complex system consisting of all these possible phases. As mentioned in limited
reference books and review articles, high-tech composites are being fabricated in
part of a global R&D in several interdisciplinary fields to operate simultaneously
multifunctions in many devices [37–39].

Moreover, using suitable thermal/chemical treatments, a nanocomposite (espe-
cially a nanoporous) can be explored for producing homogeneously large-grained
materials which can offer superior properties compared to the conventional bulk
materials or a conventional bulk composite. Useful functional properties of such
nanocomposites are affected sensitively by the individual properties of the ingredi-
ents according to the final microstructure and the synthetic method used in obtaining
the final product. In terms of microstructure, when average particle size decreases
below a certain critical value, the concomitant growth of the effective volume
fraction of the surface interfaces (i.e., the increase in the effective number of
atoms in the interfaces) leads to drive the final properties as per the promoted
exchange interactions among the ingredients.
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As demonstrated schematically with a model diagram in Fig. 15.1a, a classical
composite in general consists of two main phases, namely, (i) a matrix phase and
(ii) a filler. Fibers of ceramics, carbon, and polymers serve to be the best fillers for
this purpose. As the filler, limited amounts (typically 2–10 wt%) of such fibers, small
molecules, or particulates are admixed to and dispersed in a selective material of
choice in part of the primary phase, often called a matrix phase. In case of a porous
system, the pores themselves can be regarded as the fillers (Fig. 15.1b). The shape
and size of such pores can be excellent material parameters to control the final hybrid
composite structure and derived properties. In either class of these examples,
depending upon their chemistries, one structural component mediates and supports
dispersion of the other component cooperatively through each other in a thermody-
namic equilibrium.

As can be seen from a model diagram in Fig. 15.1c, in view of comprising a
significant fraction of the surface atoms, a tiny particle itself consists of two
structural components, i.e., the central part (core) and the surface region, which
does not retain the same regular distribution of atoms with the same coordination
numbers as the core. Phenomenologically, such particle can be considered as a
composite particle. Average structure and properties in such composite particles
vary depending on the shape, size, and exchange coupling in the two components.
Models (d) and (e) in this figure demonstrate formation of other two kinds of
composite particles on recombination with a pore and multiple surface layers in
part of a material with a kind of core–shell structure. In both the cases, the sample
stores effectively large microstrain and macrostrain (such kinds of strains are
described in the handbook of nanostructure materials and nanotechnology edited
by Nalwa [40]) which serve to be good variables for tailoring local structure and
hybrid composite properties for variable light emission, gas sensors, catalysts, and
other applications.

Pore

Particle

a b c

d e

Fig. 15.1 A model diagram of a composite with two main phases of the (a) fillers (the red balls)
and (b) pores (white balls) and the matrix phase (greenish background) of a continuous host, (c) a
nanoparticle with a difference surface layer of its own from the core, (d) a nanoparticle embedded in
a pore, and (e) a nanoparticle with thin surface layers of a core–shell structure
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Classification of Composites
In general, according to the chemistry, structure, properties, and applications, an
engineering composite material of interest of modern science and technology can be
classified into three major categories of materials as follows:

– Polymer matrix composite (PMC)
– Metal matrix composite (MMC)
– Ceramic matrix composite (CMC)

Let us describe them briefly with selective examples and characteristic features
for specific applications of the interest in this investigation as follows.

Polymer matrix composites: This kind of composites consists of a polymer matrix.
The fillers may be metals, alloys, or compounds which include ceramics and organic
molecules. When the filler phase is of metallic nanoparticles (dispersed phase) embed-
ded in a polymer matrix (dispersion medium) in form of small polymer molecules or
thin nanolayers, the obtained composite is called a “hybrid metal–polymer composite
(MPMC).” Similarly, ceramic–polymer and polymer–polymer composites have similar
demands in developing newer and newer materials and technologies of the future.
Evidently, it is a fast-growing area of research nowadays because of the ability of the
synthetic methods to obtain a precise control over the microstructure at nanometer or
subnanometer scale. Despite tremendous technology demands [38, 41], only very
limited number of methods have been developed so far for preparing such specific
class of nanocomposites at a large scale. In metal–polymer nanocomposites, these
techniques usually consist of highly specified approaches, which can be classified as
in situ and ex situ synthesis methods as follows.

In the in situ methods, the metal particles of desired specifications are generated inside
a polymer by chemical decomposition (using thermolysis, photolysis, radiolysis, or other
processes [39, 42]) or chemical reduction of a metallic precursor or a metal–polymer
complex dissolved into a desired polymer in a liquid medium. In the ex situ approach,
separately prepared nanoparticles are dispersed in a polymer in predetermined ratio, with
proper stirring such as mechanical structuring, sonication, etc. Usually, the preparative
scheme allows us to obtain metal particles whose reactive surfaces get passivated by a
monolayer of selective organic molecules. The surface passivation inhibits particle
aggregation, unwanted surface oxidation, and contamination reaction on small particles
in ambient atmosphere. Passivated metal particles behave to be hydrophobic easier to mix
with selective polymers. The in situ methods have advantages over ex situ methods in
exploring high-quality products. Nevertheless, a rather high level of loading of fillers is
possible only with an ex situ method to meet wider specifications.

Metal matrix composites: A metal matrix composite (MMC) is formed by
reinforcing a soft ductile metal/alloy as a matrix by using particulates or fibers of
selective ceramics or other hard materials. The reinforcement proceeds with exo-
thermic reaction between the ingredients, i.e., a metal, alloy, or compound. In this
approach, several MMCs with a wide range of hosts (such as aluminum, titanium,
copper, nickel, and iron) and a second phase of particulates (such as borides,
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carbides, nitrides, oxides, and their combinations) are being manufactured in tailor-
ing functionalized properties [43–47]. Stable reinforcements interbridging on stable
interfaces yield in situ MMCs with excellent mechanical, electrical, and other useful
properties for applications. Rigid ceramic reinforcements fixed within characteristi-
cally ductile host recombine the metallic (high ductility and bending toughness) and
hard ceramic properties of high strength and modulus, leading to modulate superior
mechanical strength and service temperature.

In particular, lightweight and tailorable physical properties make carbon or boron
fiber-reinforced aluminum and magnesium and silicon carbide-reinforced aluminum
for use in aerospace and automobiles [9, 48–50]. It includes interest of producing
MMCs that incorporate nanoparticles and nanotubes for structural applications. Such
inclusions trigger their physical and tribological properties further. Carbon nanotubes
in a metal matrix in particular, that have much higher strength, stiffness, and electrical
conductivity than many metals, can tailor such properties out of hybrid MMCs. Such
materials are being explored worldwide for novel tools and structural applications in
the defense, aerospace, MEMS sensors, energy devices, and automobiles.

Another open scope of exploring MMCs includes magnet technology such as
choke coils, magnetic valves, transformers, step motors, magnetic refrigeration,
magnetic sensors, magnetoresistance, robotics, medical diagnosis, biocatalysts for
biological reactions, cancer therapy, etc. In this case, ferromagnetic metals (also
CrO2 like half-metallic ferromagnetic ceramics [13, 14, 16, 17]) and alloys should be
taken in part of a matrix phase with magnetic ceramic particles (or fibrils) as the
fillers. Here, special polymers with magnetic or ferroelectric properties are advised
to incorporate in part of the filler (which would also serve as a binder in fabricating a
specific shape from the product). As a shape former, it helps interfacing distinct
magnetic and/or ferroelectric phases in a specific pattern of them in the final product
in a given shape (such as disk, sheet, ring, rod, wire, and other engineering shapes)
for applications. In such examples, a “spring exchange-coupled magnet” forms out
of a kind of magnetic exchange interactions between a hard magnetic phase and a
rather soft magnetic phase, evolving multifunctional properties in a single system of
device of ferroics for specific applications [13, 14, 17].

Ceramic matrix composites: A structural modification of a ceramic phase by
incorporating particulates or fibers from ceramics (of the same or different group in
terms of polymorphic structure, chemistry, and other properties), metals, alloys, or
polymer molecules can tailor useful functional properties out of a modified product
called “ceramic matrix composite (CMC).”Many monolithic ceramics are identified
as candidate materials for using as structural materials under the conditions of high
temperature, wear, and chemical attack that are otherwise too severe for virgin
metals and alloys. Inherent brittleness of ceramics however limits these widespread
applications. This is overcome to a major extend by the CMCs because they are
become rather practical with much extended flow tolerant. Self-reinforced silicon
nitrides present a good example of such toughened ceramics, which were developed
as early as 1970s [9]. Unfortunately, not much study is available on optical proper-
ties, which can be an indirect probe to develop the “toughness mechanics” in terms
of the local structural changes in such examples.
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Metal nanoparticles dispersed in a ceramic host result in a metal–ceramic
nanocomposite (MCMC) or cermet. In such examples, it is found that part of the
additives either segregate at the grain boundaries with a gradient concentration or
precipitate as molecular or cluster size particles within the grains or at the grain
boundaries [7–9]. There are reports that dispersing selective metal nanoparticles
(copper, silver, gold, Mn, Er, Eu) in Al2O3, ZrO2, silicon carbides, and silicon nitrides
improves the ductility, tensile stress, and fracture toughness [8, 38]. In MCMCs, a
wide variety of properties (e.g., magnetic, electrical, and optical properties) can be
tailored due to the size effects of the nanosized dispersions of the metal and ceramic
ingredients and the surface interfaces. Usually, powder metallurgical methods and
chemical processes like sol–gel chemistry and coprecipitation methods have been
used frequently to prepare MCMCs [7–9]. The obtained product is then sintered in a
reductive atmosphere to render homogeneous dispersions of the metal nanoparticles
within the ceramics. As described in a reference book edited by Kelsall et al. [51] in
2005, the CMCs can be grouped into three different types, i.e., (i) intragranular
nanocomposites, (ii) intergranular nanocomposites, and (iii) nano/nano composites.
In the first two kinds of the examples, the nanosized particles are dispersed mainly
within the matrix grains or at the grain boundaries of the matrix, respectively.

Light-Emitting Materials and Applications

As light-emitting materials, the semiconductors and insulative ceramics reserve their
place with large optical density important for data storage systems and other devices. As
we pointed out above in the section of advanced ceramics, an insulative host from well-
known ceramics (preferably amorphous or nanocrystalline, with and without a specific
porous structure) Al2O3, Y2O3, SiO2, ZrO2, TiO2, zeolites, CaMg2O4, SrMg2O4,
CaIn2O4, Y3Al5O12 (YAG), Sr2MgSi2O7, or Sr4Al14O25 offers the best light emission
properties after suitable optical doping. Some non-oxide semiconductors provide similar
light emission properties in visible and near-infrared regions. For example, in optical
memory systems, the storage density of compact disks (CDs) based on GalA lasers
(recording wavelength (RW) at 780 nm) is 0.25 Gbit in�2, while the storage density of
digital versatile disks (DVDs) based on GaAlInP is 2. 0 Gbit in�2 (RW = 630–650 nm),
and the storage density of high-density (HD) DVDs based on III–V nitrides is 10–20
Gbit in�2 (RW = 430–500 nm). Short-wavelength blue lasers and ultraviolet lasers play
important roles in laser printing information storage [52–56]. The shorter the wavelength
of the operating laser, the higher is the information storage density of CD.

A great shortcoming of lasers based on III–V nitrides is that nitrides get oxidized
in air. Oxides with room temperature light emission are thus preferred because they
have higher chemical stability and heat capacity. Occurring intense light emission in
ultraviolet region has renewed interest in developing oxide materials with improved
optical storage density of CDs in the near future. As ideal building blocks for such
devices, especially nanowires and nanotubes render efficient transport of electrons
and optical exitons. Furthermore, luminescent materials can be used in cathode rays
tubes, fluorescence lamp, vacuum fluorescent display devices, color plasma display
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panel, and electroluminescent flat panel displays [57–60]. There is tremendous
commercial demand to produce efficient and long-lasting blue light-emitting diodes
and short-wavelength laser diodes. It has been demonstrated that wide bandgap
oxides with short-wavelength photoluminescence emission may be used as compact
disk (CD) and read heads [54–56].

In metal–oxide–semiconductor (MOS) device scaling, moderate dielectric con-
stant (ε) oxides SrTiO3, Ta2O5, TiO2, Al2O3, ZrO2, HfO2, etc. have special attention
as potential candidates for replacing conventional SiO2 gate oxide [61–65]. As can
be seen from Table 15.1, in this purview, ZrO2-based dielectrics (ε ~25) [61] are
considered to be one of futuristic oxides for optoelectronics and other devices with
good thermal stability [66], large band offset in direct contact with a substrate such as
silicon [67], and large bandgap (~5.8 eV) [68]. In view of these specifications, heavy
metal oxides ZrO2 and HfO2 with low phonons are being studied nowadays widely
in characterizing dielectric and optical properties in light of other useful properties in
developing optical materials for multifunctional devices. Recent report from Cao
et al. [69] reveals that ionized vacancies in ZrO2 nanowires exhibit a strong light
emission at 388 nm at room temperature. It might be useful in inducing light
emission from impurity levels after optical doping with rare-earth and other species.
This is described with crystal structure in small particles as follows.

Monolithic and Doped ZrO2 of Hybrid Composites

ZrO2 Polymorphs

Let us first examine polymorphic structures of bulk ZrO2 in monolithic form in
ambient pressure. As early as 1926, Yardley reported X-ray diffraction of ZrO2 of
baddeleyite structure [83], i.e., a monoclinic (m) crystal structure of P21/c space

Table 15.1 Optical bandgap and dielectric constant in ZrO2 in selected forms

Samples Eg (eV) ε References

t-ZrO2 5.78, 5.87 – [70, 71]

m-ZrO2 5.83, 5.42 – [70, 72]

c-ZrO2 6.1 [70]

ZrO2 bulk powder 5.85 – [73]

ZrO2 thin films 5.26 25 [70, 74–76]

Rare-earth-doped ZrO2 thin film 4.88–5.44 – [77]

ZrO2-16%Y nanocrystalline thin films 5.62 – [78]

La doped ZrO2 nanocrystalline thin film 5.6 – [79]

ZrTiO4 thin films 3.72 – [76]

YSZ thin films – 27 [70]

ZrO2–Si thin films 4.75 32 [80, 81]

ZrO2 nanoparticles 5.6 – [82]

35 % ZrO2– 65 % polypyrrole 4.2 7827 [82]
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group, with z = 4 ZrO2 units. It is described as a distorted lattice of the cubic
fluorite (CaF2) structure [83, 84]. In 1929, Ruff and Ebert [85] observed that
another polymorph appears of P42/nmc tetragonal (t) crystal structure (slightly
distorted from the fluorite structure) over 1200–1950 �C during heating while
1950–900 �C during the cooling [86]. In 1961, Intrater and Hurwitt [87] observed
another high temperature ZrO2 phase of an Fm3m cubic (c) structure using high
temperature X-ray diffraction. Occurrence of a doublet peak in the (200) and (002)
lattice reflections is the best indicator of this polymorphic transformation. A single
monolithic ZrO2 cubic phase persists only above 2285 � 15 �C.

Thus, at ambient atmospheric pressure, pure ZrO2 exists in three well-identified
polymorphs, i.e., P21/c m-ZrO2, P42/nmc t-ZrO2, and Fm3m c-ZrO2. Being the
lowest Gibbs free energy equilibrium bulk structure at low temperatures, m-ZrO2 is
taken as the thermodynamic standard state of polymorphic zirconia and deriva-
tives. When heating, it transforms successively to high temperature polymorphs,
i.e., t-ZrO2 at 1170 �C followed by c-ZrO2 at 2370 �C [86–88]. These trans-
formations are irreversible. The m ! t-ZrO2 transformation involves a large
volume decrease by 3–5 %, inducing a large stress which invites cracks while
cooling [91–94]. This prevents refractory properties of ZrO2 being used in struc-
tural ceramics. Following the work of Hannink et al. [93], the atomic distribution
in these phases is given in Fig. 15.2. In c-ZrO2, the O2� ions arrange in simple
cubic packing with half interstices occupied by the Zr4+ ions. A fully ionic packing
requires that the ratio of the ionic radius of the Zr4+ to that of O2� is 0.73, which
stands larger above the real value 0.59, at room temperature. Such large misfit in
their ionic radii leads to destabilize this c-ZrO2 phase in monolithic form. At low
temperatures, the t- or m-ZrO2 structure is favored on lowered coordination
number on the Zr4+ sites.

Under pressure, m-ZrO2 transforms to a series of orthorhombic (o) phases
[94–98]. The first one (Pbca space group) starts at an applied pressure of ~3 GPa
depending upon the crystallite size and is observed to exist up to ~22 GPa when
another o-phase (cotunnite structure with Pnam space group) sets in as shown in

Fig. 15.2 Schematic representations of atomic distributions in (a) Fm3m c-ZrO2, (b) P42/nmc
t-ZrO2, and (c) P21/c m-ZrO2 [93]
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Fig. 15.3. From theoretical studies, it has been suggested that the cotunnite phase
may be the hardest phase of monolithic zirconias, at least as learned from high
value of the bulk modulus [96]. This phase also has the highest oxygen coordina-
tion [97]. A third high-pressure Pbc21 o-phase has been observed in some cases of
partially stabilized ZrO2 [97]. A metastable o-ZrO2 phase (P212121 space group) is
reported to exist also under ambient pressure [94, 99]. It is highly unstable and
converts to m-ZrO2 on heating above 300 �C or when grinding in a mortar with a
pestle. Crystal structures, lattice parameters, and density values in important ZrO2

polymorphs are given in Table 15.2. The o-ZrO2 crystal structures are very similar
to the tetragonal one but in a higher symmetry.

Limitations with Bulk ZrO2 Polymorphs

The different ZrO2 polymorphs have their own intrinsic physical and chemical
properties, which determine merits and utilities of them of selective applications.
High hardness, high wear resistance, low coefficient of friction, high elastic modu-
lus, chemical inertness, good ionic conductivity, low thermal conductivity, and high
melting point are some of their common properties. A displacive t ! m-ZrO2 phase
transformation, which encounters around 950 �C with a shear strain of ~16 and a
volume expansion of ~4 % on cooling from a high temperature [93, 103], limits
applications of m-ZrO2 as refractory or other engineering ceramics. It invokes a
catastrophic fracture. Some of these problems can be resolved to a major extent if
replacing m-ZrO2 by the other phases in so-called stabilized zirconia in small
composite particles after adequate ceramic additives. Total phase stabilization in
c-ZrO2 suppresses this disruptive transformation, but it is generally recognized that
the most useful mechanical properties arise in multiphase system, i.e., “partially
stabilized zirconia (PSZ),”

It is well established that a fine-scale m-ZrO2 precipitate in a stabilized c-ZrO2

matrix enhances the strength of PSZ [104]. In a famous article on “ceramic steel,”

: Zr : O

a b c

Fig. 15.3 Crystal structures of o-ZrO2 polymorphs of (a) Pbca (brookite), (b) Pnma (cotunnite),
and (c) Pbc21/space groups [97]
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Garvie et al. [105] pointed out that a dispersion of metastable t-ZrO2 in c-ZrO2 is
also possible, and in fact it involves more powerful transformation toughness of
mechanical strength. In view of a vast range of properties available in alloys, PSZ
can be considered a ceramic analogue of steel. Monolithic t-ZrO2 is known to exist
at room temperature only in small particles below ~30 nm diameter. As shown in
Fig. 15.4, thermal expansion exhibits no discontinuity in heating up to 1500 �C.
Length changes sensitively in m-ZrO2 present.

ZrO2 Polymorphs in Small Particles

It is quite phenomenological that high temperature polymorphs c/t-ZrO2 can be
made to persist at room temperature in small particles and that in even monolithic
state in the absence of any foreign additive in order to promoting the stabilization.
This happens simply by increasing the total surface energy Ω = σA in individual
particles (where σ is the surface energy per unit area in the particle of surface A and

Table 15.2 A comparison of crystal structure, lattice number z, lattice parameters, lattice volume
Vo, and density r in monolithic ZrO2 polymorphs

Polymorphs z Lattice parameters (nm) Vo (nm
3) ρ (g cm�3) Ref.

Ambient pressure:

c-ZrO2 4 a 0.5090 0.1319 6.21 [99]

a 0.5042

o-ZrO2 (P212121) 4 b 0.5092 0.1350 6.06 [94, 100]

c 0.5257

a 0.3340

o-ZrO2 (pmnb) 4 b 0.5535 0.1177 6.96 [101]

c 0.6364

t-ZrO2 (P42/nmc) 2 a 0.3596 0.0671 6.10 [102]

c 0.5189 (0.0662) (6.13)

a 0.5143

m- ZrO2 (P21/c) 4 b 0.5194 0.1396 5.86 [101]

c 0.5298 (0.1405) (5.82)

High pressure:

a 0.5067

Orth-I Pbca 8 b 0.5156 0.2590 6.32 [102]

c 0.9915

a 0.5068

Orth-III Pbc21 4 b 0.5260 0.1353 6.05 [97, 101]

c 0.5077

a 0.3328

Orth-V Pmnb 4 b 0.5565 0.1204 6.80 [99]

c 0.6503

Vo and ρ values in the parentheses in the ambient pressure phases are reported from Ref. [102]
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volume V) when decreasing the size (r) below a certain critical value Rc, i.e., the
bulk demission. In thermodynamics, the surface-to-volume ratio minimizes in as
compact particle structure as possible. A model spherical particle of radius (r) thus
assumes a specific surface area

Sp ¼ 3σ

r

� �
1

ρ
: (15:1)

In given r, an equilibrium Sp-value (minimal) involves a maximal ρ-value of
specific density (Eq. 15.1). As a result, a high ρ-value polymorph develops on a kind
of a lattice compaction or surface hardening, i.e., a high-pressure effect in small
particles, r < Rc. Note that Sp ! 0 when r ! 1, i.e., the bulk value Rc. In other
words, a bulk particle has negligibleΩ-value in comparison to the volume Gibbs free
energy Gv. Obviously, a decreasing r-value in a particle arises in a monotonically
increasing G-value as follows (Eq. 15.2):

G ¼ ΔGvð ÞVþ Ω (15:2)

which meets selective values in the high temperature (also high-energy kT, with k the
Boltzmann constant) ZrO2 polymorphs. Consistent to the ρ-values in Table 15.2 in
the various ZrO2 polymorphs, it occurs with modification (decrease) in average
coordination number in zirconium sites in the lattice.

In addition to decrease of r-value, another way of increasing average G-value in a
sample is to involve (i) structural architect defects (which include ionic inclusions,
oxygen vacancies, lattice imperfections, and lattice strain as per the shape, size, and
topology of the crystal lattice) which raise average ΔGv value, (ii) small pores which
increase effective V-value, and (iii) surface coating in form of core–shell composite
particles that increases average Ω-value on the additional surface interfaces. This is
exactly what is obtained in a doped sample of stabilized zirconias with selective

Fig. 15.4 Dilatometer traces
obtained from PSZ with the
secondary phase from
(a) t-ZrO2 and (b) m-ZrO2

[105]
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dopants such as MgO, CaO, Y2O3, Y2O3, CeO2, Mg3N2, AlN, etc. [91, 106–110]. A
model energy diagram in Fig. 15.5 describes the sequence in which the various ZrO2

polymorphs can occur in small particles and bulk particles in stabilized zirconias when
increasing their average size by thermal annealing. In thermodynamics, an amorphous
polymer precursor Ga

p as well as a nonpolymer precursor Gn
p has a further larger

G-value as included in this figure. Note that at an effectively small processing
temperature, a polymer structure of precursor (especially stabilized through small
pores in an interconnected network) undergoes a self-controlled phase transformation
to final ceramic particles. As we proposed earlier, it is a necessary condition in order to
operate a phase transformation from a precursor to one of the metastable ZrO2

polymorph states by releasing the excess structural energy when heating at elevated
temperature in air [111]. These results help in understanding and designing the
ceramic processes of formation and existence of selective polymorphs out of stabilized
ZrO2 of hybrid composite particles with adequate doping or surface coating.

Stabilized ZrO2 with Small Inclusions

In general, a suitable ceramic additive to a sample of ZrO2 particles through an in situ
chemical method controls the size and morphology of surface-modified ZrO2 in a
high-energy hybrid composite microstructure. Different kinds of inclusions are

Nonporous precursor

Porous precursor

Self-controlled rate

m-ZrO2

t-ZrO2

o-ZrO2

c-ZrO2

m-ZrO2

t-ZrO2

o-ZrO2

c-ZrO2

BULK

ΔG
P
aG

P
nG

NANOCRYSTALS

Fig. 15.5 Schematic Gibbs free energy level diagram in selective polymorphs in bulk and ZrO2

nanoparticles. High-energy composite particles appear in the high-energy polymorphs as a better
stable structure in processing from an amorphous precursor of a further higher energy value
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classified in Fig. 15.6. According to ionic size and chemistry, such inclusions can
be broadly classified in three different groups as follows: an oversized or under-
sized dopant (or inclusion) in general occupies the positions in grain surfaces or
grain boundaries of primary phase. In this case, it is called an intergranular
dopant or inclusion. In another case, it favorably occupies the interstitial sites
in the final lattice, and hence it is called an interstitial inclusion or dopant. In
general, a primarily intergranular doping is more effective in stabilizing a high-
energy phase of c- or t-ZrO2. The third possibility is that a major part of the
additive is utilized in coating individual ZrO2 particles in the form of a thin
adhesive layer. A coating material of interest in this case may be a metal,
polymer, or a ceramic gel. It is important especially to design camouflage in
part of surface-enhanced optical properties of selective colors in the surface
species. As mentioned above, vacancies and tiny pores serve another kind of
inclusions useful to stabilizing specific ZrO2 polymorphs with tailored color
centers and other useful properties.

For example, Lee et al. [112] studied the influence of the size, distribution, and
interparticle distances of Al2O3 inclusions (under sized) on the grain boundary
conduction in 15 mol% CaO-stabilized ZrO2. The Al2O3 inclusions (1 mol%) had
gradually dissolved into grain boundaries on heating at 1600 �C for 2 h. They play
two different roles of (i) improving grain boundary conduction, at temperature below
1500 �C by scavenging siliceous phase, while (ii) deteriorating it by forming a more
ion blocking intergranular phase at temperatures above 1550 �C. As shown in
Fig. 15.7, a modified ZrO2 in this example undergoes a phase transformation
process. The c ! t-ZrO2 transformation is displacive and of non-martensitic type
[113, 114], while the t ! m-ZrO2 is displacive and martensitic in nature [93, 95,
106]. The transformation type retains in other kinds of the inclusions. Three forms of
stabilized ZrO2 can be achieved. Generally, the addition of more than 16 mol%
MgO, or 8 mol% Y2O3, into ZrO2 is needed to form a fully stabilized c-ZrO2

Tailor size & morphology 
on a high-energy microstructure

Inclusions

Intergranular Interstitial
substitution

Surface coatingVacancy

* Reinforcing (particles/pores) 

* Chemical doping (ions) 

Fig. 15.6 Classification of four major groups of inclusions explored in stabilizing selective ZrO2

polymorphs to exist at room temperature
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[115]. A partially stabilized ZrO2, sometimes also called “t-ZrO2 polycrystals
(TZP),” occurs with fine t-ZrO2 crystallites embedded in c-ZrO2 matrix [116,
117]. Usually, in this example, such PSZ consists of larger than 8 mol% of MgO,
8 mol% of CaO, or 3–4 mol% of Y2O3 in form of a transformation-toughened
material of “ceramic steel.” Understanding and modeling the stabilization mecha-
nisms of metastable ZrO2 polymorphs with selective inclusions at moderate temper-
atures is still a subject of debate. Accepted processes proposed by different groups of
research are described as follows.

Influence of Particle Size and Surface Energy

In Eq. 15.1, the validity of a smaller Sp-value in a metastable ZrO2 phase relative to
the equilibrium m-ZrO2 phase implies that the metastable phase must be of a
relatively smaller σ-value. Garvie [118] proposed that t-ZrO2 in order to occur
over m-ZrO2 at low temperature requires satisfying the relation (Eq. 15.3)

Gt-Gmð Þ þ Atσt-Amσm � 0: (15:3)

Here, Gt and Gm are the molar Gibbs free energies, and At and Am are the surface
areas in crystallites in the two t- and m-ZrO2 phases, respectively. An analysis of the
variation of the total surface and Gibbs free energy as a function of size in model
spherical particles predicts that the t-ZrO2 phase would exist only below 5 nm of
crystallite size (D). Experimental σt = 0.77 J m�2 and σm = 1.13 J m�2 values are
used in the respective phases [119, 120]. Bailey et al. [121] tested the validity of this
conjuncture by milling m-ZrO2 with the observation that it undergoes a progressive
polymorphic transformation to t-ZrO2. Murase and Kato [122] have studied the
influence of water vapor atmosphere in the t ! m- ZrO2 transformation, and that
favors the D-value and reduces the critical size Dc of the transformation. The effects
are explained in terms of the reduction in the difference in σ-values in the two

: Oxygen : Zirconium ion
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Fig. 15.7 A model t ! m-ZrO2 phase transformation
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phases. Al3+-stabilized c-ZrO2 (5–30 mol%), prepared by hydrazine method,
encounters due transformation c ! t-ZrO2 at 1000 �C [107]. This can be analyzed
using the thermodynamic parameters as follows.

The Gibbs free energy change in forming an ideal crystallite (spherical shape and
free from any constrain) in a specific polymorph i following an amorphous precursor
can be written in a simple form as (Eq. 15.4)

ΔGi ¼ 4

3
πr3 ΔGvð Þ þ 4πr2σ; (15:4)

in which ΔGv is the Gibbs free energy of formation of the crystallite of infinite size.
The difference in the values ΔGt-m in two polymorphs t- and m-ZrO2 is expressed as
(Eq. 15.5)

ΔGt-m ¼ 4

3
πr3 ΔGvð Þ þ 4πr2 σt- σmð Þ: (15:5)

Assuming the fact that σt < σm in relation (15.3) allows to reduce the 2r-value to
the critical value Dc at which ΔGt-m ! 0 at some temperature below the normal
transformation temperature Tb, i.e., the t-ZrO2 phase regime (ΔGt-m � 0). At
ΔGt-m = 0, a Dc-value can be rewritten in this approximation as follows (Eq. 15.6):

Dc ¼ 6 σt - σmð Þ
ΔHt-m 1 - T=Tbð Þ ; (15:6)

where ΔHt-m is the heat of t ! m-ZrO2 transformation of an infinite crystal. Using
σt = 0.77 J m�2, σm = 1.13 J m�2, ΔHt-m = �2.82 � 108 J m�3 (determined from
calorimetry), T = 27 �C and Tb = 1175 �C, Garvie had estimated a Dc = 10 nm
value. First principle study of ZrO2 surfaces provides that the (111) and (111) facets
are the most stable surfaces in these two t-/m-ZrO2 phases, respectively, and also that
the σ-value is anisotropic [123]. This is well supported with HRTEM images in these
two phases [124].

Influence of Structural Similarities
Several authors attribute t-ZrO2 metastability to structural similarities between the
precursor amorphous phase used and the t-ZrO2 phase which forms when heating the
precursor at an elevated temperature [125–127]. X-ray or neutron diffraction anal-
ysis of amorphous ZrO2 gives similar Zr–Zr and Zr–O interatomic distances as those
in the t-ZrO2 structure [126]. According to it, as also proposed by Tani et al. [126], at
moderate temperature, a kind of a topotactic t-ZrO2 crystallization occurs in support
over a template of amorphous ZrO2 precursor, forming self-stabilized t-ZrO2 of
small crystallites. Mondal and Ram [101] prepared a metastable o-ZrO2

(D = 15 nm) from a mesoporous precursor ZrO(OH)2�xH2O. No other additives
except mesopores have been used in part of foreign inclusions. It is a modified
skeleton which appears on slowly relieving H2O molecules by heating the precursor
at effectively low temperature such as 500 �C for 2 h in air.
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Stabilization by Lattice Strain
It is suggested that high angle domain boundaries (which impose a lattice strain
on the lattice enclosed by the boundaries) inhibit t ! m-ZrO2 transition over
extended temperatures [111, 128]. Existence of an active nucleation site and
mobility of grain boundaries are strongly controlled in the presence of inclusions
from pores, dopants, and particles of a secondary phase. The concept of the
stabilization by internal pressure has been used extensively for the stabilization
of high-pressure ZrO2 phases of nanocrystallites [129–131]. Highly curled sur-
faces of ZrO2 particles that occur in support with tiny pores in a specific
mesoporous structure involve a similar kind of internal pressure. It is a novel
structural parameter to design monolithic ZrO2 in high-energy polymorphs for
selective applications such as oxygen conductors, gas sensors, catalysts, biomate-
rials, and optical materials.

Stabilization by Oxygen Vacancies
The most straightforward mode of a dopant inclusion into a ZrO2 lattice is in the
form of a substitutional ion at the Zr4+ sites with compensating oxygen vacancies.
Such process of dopant substitution can be represented by the following defect
Eqs. 15.7 and 15.8 [132]

MO þ ZrxZr þ Ox
O ! M

00
Zr þ VþþO þ ZrO2 and (15:7)

M2O3 þ 2ZrxZr þ Ox
O ! 2M

0
Zr þ VþþO þ 2ZrO2; (15:8)

where MZr
00 and MZr

0 represent di- and trivalent dopant substitutions. Osendi
et al. [129] postulated that the initial nucleation of m-ZrO2 is favored by anionic
vacancies with trapped electrons. Srinivasan et al. [133] developed m-ZrO2 particles
of much smaller D-value (10–20 nm). This is against the concept of the t-ZrO2 phase
stabilization in smaller particles on lowered σt value. According to them, anionic
O2� vacancies present on the surface control the t ! m-ZrO2 transformation on
cooling and that an oxygen adsorption triggers t-ZrO2 formation. The t-ZrO2 stabil-
ity can be described by the interaction between neighboring O2� species rather than
the covalency of Zr–O bonds [93, 134].

In general, two conditions are thought to be necessary for stabilizing c-ZrO2.
Firstly, inclusion of a cation that has a larger ionic radius ri, such as Ce

4+ (ri = 0.097
nm) or U4+ (ri = 0.100 nm) than the Zr4+ [126, 135, 136]. Such doping leads the
c-ZrO2 lattice to expand with an increased ratio in their ri values. Secondly, a more
notable cubic-stabilizing effect occurs from doping with cations of lower valency
such as rare earths than that of Zr4+ cations [137–139]. This involves O2� vacancies
to maintain the charge neutrality. Ho [140] pointed out that c-ZrO2 stabilized with
CaO or Y2O3 involves decreased coordination number on Zr4+ sites. Li et al. [141]
analyzed crystal structure of Y3+-stabilized ZrO2 with extended X-ray absorption
fine structure spectroscopy and confirmed that the O2� vacancies are created at the
nearest site to Zr4+ rather than Y3+. This supports that the stabilization occurs on
decrease of the coordination number.
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As shown in Fig. 15.8, a set of clusters involves an O2� vacancy located at either
a nearest-neighbor (NN) or a next-nearest-neighbor (NNN) site to the dopant ion. In
general, oversized dopants are more strongly bound to an O2� vacancy at the NNN
site, whereas the smaller trivalent metal ions generally favor the cluster with a NN
vacancy. The bigger dopants prefer to be eightfold coordinated and thus impose a
cubic symmetry on the surrounding anion sublattice. This is one of the reasons why
the bigger dopants act as good stabilizer for the c-ZrO2 phase. Chemical factors such
as adsorbed atoms and purity of raw materials play important roles in the stability of
small ZrO2 crystallites, and they may completely alter the original surface energy
consideration. As a matter of fact, apparently, none of the above proposed mecha-
nisms of stabilization seem to obey a general validity especially in monolithic ZrO2

of small crystallites.

Source of ZrO2 and Composites

Natural Source of ZrO2 and Derivatives

Commercial ZrO2 is extracted from two major ores (i) baddeleyite (ZrO2) and
(ii) zircon (ZrO2 � SiO2). Both are found abundant in India, Australia, the USA,
Brazil, and South Africa. Beneficiation process involves separating away undesirable
components, e.g., silica in the case from zircon and low-level impurities such as
titanium and iron from baddeleyite. Breaking down refined ores through a reaction
with sodium hydroxide is the most versatile method of extracting pure ZrO2 [142,
143]. Well-known methods of producing pure ZrO2 can be briefed as follows.

NN

NNN

Dopant ion

Zirconium ion
Oxygen 
Zirconium vacancy

a

b

Fig. 15.8 Displacement of ions: (a) an O2� vacancy at NN site to the dopant and (b) an O2�

vacancy at a NNN site to the dopant [132]
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Chlorination of Zircon
Refined zircon (ZrO2 � SiO2) is heated with carbon at 800–1200 �C in the presence
of Cl2 gas in the simple chemical reactions (Eq. 15.9),

ZrO2 � SiO2 þ 4Cþ 4Cl2 �����!800�1200�C
ZrCl4 þ SiCl4 þ 4CO " : (15:9)

After chlorination, the product ZrCl4 is separated by liquid–liquid extraction process
and then allowed to react with H2O (Eqs. 15.10 and 15.11) [143, 144],

ZrCl4 þ 9H2O ! ZrOCl2 � 8H2Oþ 2HCl (15:10)

ZrOCl2 � 8H2O ! ZrO2 þ 2HCl þ 7H2O : (15:11)

By-product hydrochloric acid goes away into the atmosphere along with water vapor.

Alkali Reaction of Zircon
In this process, ZrO2 � SiO2 (ore) is transformed into sodium zirconate and sodium
silicate (frit) by a chemical reaction with NaOH or Na2CO3 as follows (Eqs. 15.12 and
15.13) [143, 145]:

ZrO2 � SiO2 þ 4NaOH ! NaZrO3 þ Na2SiO3 þ 2H2O (15:12)

ZrO2 � SiO2 þ 2Na2CO3 ! Na2ZrO3 þ Na2SiO3 þ 2CO2 ": (15:13)

In hot water used in these reactions, the frit is leached out leaving behind the zirconate,
which is then hydrolyzed to hydrated ZrO2 on reaction in the water (Eq. 15.14)

Na2ZrO3 þ nH2O! ZrO2 � n� 1ð ÞH2Oþ 2NaOH
# Calcination

ZrO2 þ n� 1ð ÞH2O:
(15:14)

Thermal Dissociation of Zircon
Thermal decomposition of zircon is the simplest way of producing bulk zirconia. In
open air, it starts at temperature as early as 1800 �C. The process completes at
2126 �C, resulting in a pure ZrO2 (Eq. 15.15) [143, 146]

ZrO2 � SiO2 ! ZrO2 þ SiO2 ": (15:15)

Usually, the by-product SiO2 is separated as a slag. It is also possible to recover in a
value-added by-product such as oxide glasses. Using boron oxide during the process
may help to separate ZrO2 out of a glass by-product at moderate temperature.

Method of Synthesis of Zirconia and Composites

A number of synthetic methods have been developed within the last three decades in
an attempt to obtain ZrO2 ceramics of controlled particle size and/or morphology.

15 Advanced ZrO2-Based Ceramic Nanocomposites for. . . 519



Selective ZrO2 polymorphs of functional properties for pertinent applications are
derived from calcinations of inorganic or organometallic precursors, usually zirco-
nium hydroxide Zr(OH)4 � xH2O, oxyhydroxide ZrO(OH)2 � xH2O, zirconium alk-
oxides, or derived polymer precursors at an elevated temperature 300–200 �C in air.
In general, the following methods are used for the synthesis of monolithic ZrO2 or
derived ceramic composites;

– Mechanochemical process
– Vapor phase reactions
– Hydrothermal method
– Sol–gel method
– Pechini or Pechini method
– Combustion or autoignition method
– Spray pyrolysis method
– Precipitation method
– Emulsion precipitation method
– Chemical reduction method

Each of these methods has its own merit in designing the product in specific forms
and properties. A chemical route which operates with a solution leads to form an
amorphous precursor. Formation of a gel-like sample inhibits any phase separation
during the processing. When heating a recovered precursor in air, at crystallization
temperature with reaction species from the precursor, diffusional constraints promote
resulting product to pass through series of metastability and intermediate microstruc-
tures. The initial precursor structure and thermodynamics of the reaction species render
the kinetics of the process in a specific structure following the final temperature and
other experimental conditions. Specific methods can be briefed one by one as follows.

Mechanochemical Process
In this process, a chemical precursor is subjected to mechanical milling in a closed
container. Milling induces chemical reaction on refined species from the precursor. If
necessary, subsequent heat treatment is given to complete the reaction at low temper-
ature, forming refined nanocomposite ceramic particles embedded within a salt matrix
[147, 148]. Sometimes, the ceramic part is recovered by a simple washing procedure,
and then heating at an elevated temperature leads to transform desired ZrO2 polymorph.
Using such processing, Y2O3‐, CaO‐, and MgO-stabilized c-ZrO2 (D = 10–20 nm)
had been prepared successfully [149]. In another experiment, 5 mol% Cr3+/Cr4+ easily
stabilized c-ZrO2 (D ~ 18 nm) [150] on milling (20 h) dispersed CrO3 in amorphous
ZrO(OH)2 � xH2O followed by heating at 500 �C for 2 h in air. Inclusion of impurities,
sample agglomeration, and long milling period are major demerits in this process.

Vapor Phase Reactions
This process deals with dissociation vaporization of precursor followed by vigorous
quenching of the vapors onto a cold metal surface (template) in a refined deposit of the
sample, which is removed periodically from the deposition zone to avoid further
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aggregation and coalescence in the particles. Generally, the rate and the temperature of
decomposition determine the reaction kinetics and rates at which the resulting product
can crystallize on the templates [101, 110, 151].D ~ 5 nm ZrO2 nanoparticles appeared
by oxidation of zirconium tertbutoxide in O2 gas at 1000 �C. In gas condensation
method, zirconium monoxide is evaporated in a helium atmosphere (250–1500 Pa
pressure) and then oxidized of deposited ZrO2 particles (D = 4–8 nm). Xia
et al. [109] prepared t-ZrO2 (near-spherical particles, D = 5.8 nm) by vapor phase
hydrolysis of ZrCl4 and H2O at 320 �C and 530 �C in a carrier gas N2 and dry air.

A limitation with this method is that it applies only to selective precursors that easily
disperse and polycondense at desired temperature. It is not easy to obtain a high purity
and high consolidation level of the product. Monolithic ZrO2 can be prepared in this
method easily, but selective phase stabilization is not so easy to achieve [152]. It is too
expensive process for commercial applications. Inert gas condensation [153], sputtering
[154], laser ablation [155], and plasma spraying [156] include important vapor phase
reaction methods. Chemical vapor reactions are receiving special attention in producing
high-grade zirconias of selective phases in electronic industries [157].

Hydrothermal
In hydrothermal process, a precursor of reactants – often metal salts, oxides,
hydroxides, or metal powders in a solution or a suspension in a solvent such as
water – is heated at specific temperature and pressure in a sealed vessel. This process
successfully yields nanocrystalline ZrO2 from ZrOCl2 � 8H2O [158], zirconium
alkoxides [91], zirconium hydroxide [159], or hydrous ZrO2 [160] in acidic [91,
161] or alkaline solutions [158, 159]. Alkaline medium is preferred in preparing
stabilized ZrO2. Y3+-stabilized ZrO2 was prepared with D ~ 10 nm and
170–220 m2 g�1 surface area in such medium (pH ~ 14) [161]. Monolithic
m-ZrO2 (D = 12 nm) grows in (111) direction on refluxing an acidic 1 M ZrCl4
solution at 1–2.5 pH [100]. D = 6 nm m-ZrO2 forms on heating a Zr(NO3)4 solution
in HNO3 at 150 �C for two days [162]. Komarneni et al. [163, 164] proposed that
using microwaves during hydrothermal synthesis promotes the kinetics of crystalli-
zation by 1–2 orders of magnitude. A t-ZrO2 nanopowder has been obtained by
adding NaOH to an aqueous ZrOCl2 in this process [123]. Well-crystallized 3 mol%
Y2O3-stabilized c-/t-ZrO2, D = 11.6 nm and surface area 100 m2 g�1, has been
obtained by hydrothermal precipitation at 220 �C under 7 MPa for 5 h [160]. A pure
t-ZrO2 turns up on heating at 800 �C in air.

Other similar processes used in preparing ZrO2 powders include hydrothermal
decomposition, hydrothermal oxidation, hydrothermal electrical method, hydrothermal
electrochemical method, hydrothermal reactive electrode submerged arc method, etc.
[165–168]. They offer many advantages: (i) crystallization temperature is lower than
that in the heat treatment process, (ii) particle agglomeration is suppressed because the
sample forms under high pressure, (iii) as-received product prior to calcinations or
milling may guarantee a high-quality sample, and (iv) it allows preparing nanosized
particles of selective size and shape. However, this is a slow process limited to only
small-scale production. In case the sample forms at or below the boiling points of water,
open reaction vessels can be used at economic cost and safety purpose.
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Sol–Gel Method
In conventional sol–gel method, metal ions are dispersed and bonded in a specific
amorphous structure with the help of a polymeric medium of interconnected net-
work. A metal compound(s) is taken in form of a liquid solution in a proper solvent
or a suspension of very tiny particles in a liquid (referred to “sol”), in part of a
starting precursor. After proper mixing, chemical treatment, aging, and polyconden-
sation, a viscous gel forms. As briefed in Fig. 15.9, general procedure proceeds in
steps as follows:

(a) Synthesis of a homogeneous precursor solution by dissolving either (i) a requi-
site metallorganic compound(s) in an organic solvent that is miscible with water
or (ii) an inorganic salt(s) in water as per the final ceramic composition

(b) Forming a sol from the precursor solution with a chemical treatment
(if necessary) by using a suitable reagent of acidic or basic nature

(c) Aging of the sample during which the sol changes into a gel by polycondensa-
tion or self-polymerization process as per the sample chemistry

(d) Shaping the gel in a desired form such as thin films, fibers, spheres, etc.
(e) Firing the ceramic gel in specific conditions in air (or any other desired atmo-

sphere) in producing the ceramic product of amorphous or crystalline state

Controlled hydrolysis of zirconium alkoxide, e.g., isopropoxide, propoxide,
butoxide, etc., is often used in preparing ultrafine ZrO2 ceramics. A gel ZrO(OH)2
� xH2O hydrolyzed from ZrOCl2 with ethylene oxide C2H4O yields m-ZrO2

(D ~ 12 nm) after firing at temperature as low as 600 �C, i.e., sufficient to burn
out the by-products [169]. ZrO2-Al2O3 solid solutions (m-, t-, and c-ZrO2 phases)
have been prepared by co-hydrolysis of aluminum tri-sec-butoxide and zirconium
propoxide in 2-propanol (at ~7 pH) [170]. 3 mol% Y3+-doped ZrO2-Al2O3

(0–40 mol%) nanopowders have been prepared successfully [171]. α-Al2O3 appears
along with t-ZrO2 at 1000 �C. Stabilized t-ZrO2 (up to 73 wt%) is obtained by
co-doping 2 mol% Sm2O3 or Tb2O3 by annealing at 1000 �C [172].
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Fig. 15.9 General proceeding in the sol–gel synthesis of ceramic materials
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The sol–gel method is highly capable of fabricating coatings. Major advantages
include a simple process, an excellent control of stoichiometry, a maintenance of
homogeneous film over a large area, a relatively low cost method, and flexible
deposition parameters [173–177]. High-quality films are being prepared of nano-
crystalline rare-earth-stabilized ZrO2 [178–180]. Sol–gel method makes possible to
design shape of such ceramics without a powder processing. Nevertheless, it
involves an organic precursor, which is highly moisture sensitive and hydrolyzes
so quickly that it is difficult to check the same at the “sol” formation, and a phase
separation encounters immediately in some metal oxides. In this situation, a chelat-
ing ligand used to facile the replacement of the alkoxide groups, bonded to the
cations, slows down the hydrolysis process undesirably to the stage of “sol” forma-
tion. Chelating ligand invites high cost, a long processing time, and a large shrinkage
with possibility of forming hard agglomerates.

Pechini or Pechini Method
This method was developed long ago in 1967 by Pechini in preparing titanates and
niobates for capacitors [181]. After slight modification it is also referred to a citrate
gel process or an amorphous citrate process. Metal cations from starting materials,
e.g., carbonates, nitrates, chlorides, or alkoxides, are complexed using
α-hydroxycarboxylic acids such as citric acids in aqueous medium [182]. A trans-
parent gel turns up, on heating with a polyhydroxy alcohol such as ethylene glycol,
which is then subjected to autocombustion (in solid form) to burn out organic
species. Resin as a template renders microstructure and properties of resulting
ceramic particles.

This method is capable of engineering good chemical homogeneity of so obtained
product. It is applied in preparing Al2O3-, CaO-, MgO-, CeO2-, Y2O3-, Gd2O3-, or
Sc2O3-stabilized c-/t-ZrO2 [182–187]. δ-Al2O3 precipitates were shown in Al2O3-
modified t-ZrO2 at temperatures below 1000 �C. Citric acid was added to aqueous
solution in ZrOCl2 � 8H2O and AlCl3 � 6H2O. The usage of water modifies this
method over the Pechini-type process in which ethylene glycol is used as the solvent.
A partial t ! m-ZrO2 transformation encounters with α-Al2O3 at temperature as
early as 1200 �C in air. Substantially stabile Sc3+:c-ZrO2 over 1000–1400 �C has
been synthesized in three independent Pechini-type gel routes, viz., polyvinyl
alcohol (PVA)-containing process, polyethylene glycol- and formic acid-containing
process, and in situ polymerizable complex method. m-ZrO2 impurities persist in the
first route [187]. Stabilized t-/c-ZrO2 with 10 mol% Gd2O3 forms from a polymeric
precursor.

Combustion or Autoignition Method
The basic principle of this process is of using a redox mixture to induce a self-
ignition of it at a temperature during which the reaction species from the ignition
recombine instantaneously in the form of a finely divided loose ceramic powder. A
gel combustion route follows gelling and subsequent combustion of an aqueous
solution consisting of desired metal salts (usually nitrates which serve to be oxidizer)
and some organic fuel (e.g., urea, carbohydrazide, oxalic dihydrazide, citric acid,
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glycine, alanine, camphor, etc.). Self-ignition propagates as soon as the sample is
being evaporated to dryness following preheating near 150 �C in open air. An
exothermic redox reaction between nitrate ions and the fuel drives the combustion
process [188, 189]. Large volume of gases which evolve during this reaction causes
the precursor to disintegrate into very tiny species and those ultimately reform only
small ceramic particles. Sometimes, post-thermal annealing leads to tailor-desired
microstructure and properties.

Spray Pyrolysis Method
This method is applied in synthesizing selective ceramics and composites in selec-
tive forms. It consists of (i) preparing a salt solution, (ii) removal of part of solvent
from a precursor solution, and ultimately (iii) formation of aerosol droplets. A
ceramic powder appears when aerosol droplets are decomposed in a stream in a
reactor under specific conditions. Monolithic and doped ZrO2 using Y2O3 or Al2O3

has been obtained from ZrOCl2�8H2O, Zr(NO3)4�5H2O, or zirconium oxalate in this
method [190–193]. Spraying a solution or sol onto a substrate followed by heating
the specimen at elevated temperature performs the experiments. The final product
consists of t-ZrO2 and γ- or α-Al2O3 at temperatures up to 1400 �C [88]. t-/m-ZrO2

forms on heating hydrolyzed Zr4+ sols with aluminum sulfate (0–90 mol%) at
500–1300 �C [138]. Organometallic precursors such as Zr(C5H5O2)4 and Zr(n-
OC3H7)4 have been deposited as ZrO2 films on glass, alumina, stainless, or carbon
steel [194, 195]. These precursors of alkoxides are relatively expensive, highly
moisture sensitive, flammable, and irritant. Avoiding such technicalities, a complex
[Zr(C2O4)4]

4� solution is being used to deposit ZrO2 films [196]. Below 600 �C,
c-ZrO2 is the only phase. A partial c ! m-ZrO2 conversion encounters over
700–1000 �C. This process has several advantages, e.g., relatively simple apparatus,
simultaneous deposition and densification processing, and easily available precur-
sors – not limited to volatile compounds unlike in the chemical vapor deposition.

Precipitation Method
This is a common method for separating inorganic species out of a salt or complex
dissolved in a solvent such as water. Ametastable compound forms on such species that
separates from the solution and ultimately precipitates in insoluble product. This occurs
under specific conditions of concentration, pH, and temperature. In case if it is required,
two or more kinds of cationic species can be precipitated in situ, in a so-called
coprecipitation method. Desired salts are dissolved in a common solution in requisite
contents. Adding NH4OH, NaOH, ethylenediamine, oxalic acid, citric acid, etc. induce
the precipitation. A specimen of mixed metal hydroxides or oxyhydroxides precipitates
on controlled reaction with NH4OH. Calcining recovered precipitates (after washing
out by-product species in distilled water) results in a ceramic powder.

For example, Hong et al. [197] prepared Al2O3–ZrO2 composites via a reaction of
chlorides with NH4OH. On calcining, the coprecipitate transforms to γ-Al2O3 with
amorphous ZrO2 over 400–700 �C. c-/t-ZrO2 develops along with γ ! δ !
θ-Al2O3 transformations in steps followed by a α-Al2O3 and t-/m-ZrO2 solid solu-
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tion at 800–1500 �C. t-ZrO2 forms with a small amount of δ-Al2O3 when heating a
coprecipitate of hydroxides, with Al2O3 up to 40 mol%, at 600–1000 �C in air
[198]. Vasylkiv et al. [199, 200] developed Y3+-stabilized ZrO2 by a coprecipitated
oxalate. Gutzov et al. [201] observed incipient m-ZrO2 in 1 mol% Eu2O3:t-ZrO2 at
350–1000 �C. A single t-ZrO2 phase appears only on as large Eu2O3 as 9.4 mol%
[202]. Ishida et al. [107] explored a new method using hydrazine and reported
c-ZrO2 solid solution with Al2O3 up to 40 mol% at 900 �C or lower temperatures.
An independent Al2O3 grows at 1200 �C [107].

This widely used method of preparing most of ceramics offers a high yield in
small period of the processing adequate for mass-scale production in industries.
Sometimes, part of some precipitates dissolve back in the mother solution. As a
result, only selective ceramics can be prepared and those on merely limited compo-
sitions. It is hard to keep homogeneous dispersion in a multicomponent precursor.

Microemulsion Precipitation Method
This method of forming ceramic particles such as ZrO2 is used so that (i) a hydroxide
formation and water removal are done under controlled conditions and (ii) the
ceramic particles primarily formed are stabilized against aggregation by a specific
combination of surface-active agents. For example, Fiona et al. [203] used water-in-
oil emulsions (in preparing dense t-ZrO2) which stand pretty stable against phase
inversion with increasing temperature and different compositions of dispersed phase.
Formation of zirconium hydroxide is induced by mixing two emulsions: one
containing ZrCl4 and the other the precipitation reagent urotropine, hexamethylene-
tetramine (HMTA), which decomposes into ammonia and formaldehyde near 60 �C.
Surface-active compounds Arkopal 40, nonylphenoltetraethyleneglycolether,
didodecyldimethylammonium bromide (DiDAB), and poly(octadecyl methacrylate)
(PODMA) as a 25 % solution in toluene were used. Two emulsions were made by
dispersing 1.0 g Arkopal 40 (nonionic surfactant), 1.0 g DiDAB (ionic surfactant),
60.0 g decane oil, and 40.0 g 0.02 M ZrCl4 solution in water, or 0.025 M HMTA,
using a specific dispersion device. After mixing two emulsions were kept at 60 �C
for 15 min to decompose HMTA, leading to form zirconium hydroxide inside the
emulsion droplets. Before removing the water by azeotropic distillation, 40.0 mg
PODMA solution was added in stabilizing the particles. Other details of precipitation
of the emulsions are well-described in an article by Sager et al. [204].

Forced Co-hydrolysis Method In this method, hydrolysis of dispersed metal
cations is promoted in a hydrolyzing medium with in situ chemical reduction on
part of the metal ion species used thereby of a precursor. For example, Ram [111]
prepared a polymer precursor with dispersed Zr4+ and Cr3+/Cr4+ species in a specific
ratio by reaction of (i) ZrO(OH)2 � xH2O, (ii) (NH4)2Cr2O7, (iii) sucrose, and
(iv) PVA in water. A freshly prepared ZrO(OH)2 � xH2O by hydrolyzing ZrO(Cl)2 �
8H2O with NH4OH in water is used. The hydrolysis reaction follows (Eq. 15.16) as

ZrOCl2 þ 2� xð ÞH2O! Zr OHð Þ2 � xH2Oþ 2Hþ þ 2Cl�: (15:16)
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According to it, both the 2H+ and 2Cl� ion concentrations are as large as twice the
initial concentration, which was ~0.5 mol dm�3 in ZrO(Cl)2 � 8H2O solution. This
reaction proceeds only if the species react. NH4OH thus has been added dropwise in
order to probe the influence of the 2H+ and 2Cl� ions produced by the hydrolysis on
the formation processes of ZrO(OH)2 � xH2O in an amorphous structure. It reacts with
HCl and forms NH4Cl, which is soluble in water and thus goes to the solution.
Average ionic strength of the solution with ZrO(OH)2 � xH2O sol or gel thus way
does not increase much to govern a controlled reaction in cold water at room
temperature. As the ZrO(OH)2 molecules appear, they recombine one another via
oxobridging in an amorphous network structure in association with H2O molecules.

As summarized in Fig. 15.10, a recovered ZrO(OH)2 � xH2O after washing in
water was pulverized and dissolved in nitric acid in a 0.5 mol dm�3 solution. Cr6+

species were added in a predetermined ratio through an aqueous (NH4)2Cr2O7

solution in 0.5 mol dm�3 concentration with a continuous magnetic stirring. Addi-
tion of sucrose and PVA (mw 1,25,000) by 50–70 % in a batch of 25 g sample yields
a polymer precursor solution – a transparent light green color. A molar ratio 13:1 is
maintained in sucrose and PVA. It prevents unwanted phase separation in metal
cations. The obtained solution is dried as a precursor mass (a dark black character-
istic color) at 50–80 �C in air. That is pyrolyzed into a fluffy powder (a light brown to
deep blue color depending upon the Cr3+/Cr4+ contents) by heating on a hot plate at

ZrOCl2·8H2O
in water 

Stabilized ZrO2
nanopowder

Sucrose/PVA in water

Polymer precursor
(Light green color)

Adding NH4OH

Hydrolysis
ZrO(OH)2·xH2O

Filtered, washing in water
& dissolved in nitric acid

ZrO(OH)2·xH2O  solution
(Transparent colorless)

Adding Cr6+ species
(NH4)2Cr2O7 in water

Zr4+ /Cr6+ sol-gel
(Orange color) 

Fig. 15.10 Schematic
diagram of forming a polymer
precursor with metal cations
in an aqueous sucrose-PVA
solution and its decomposition
to ZrO2 nanopowder
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250 �C in air. A further calcination at 600–900 �C yields a stabilized c-/t-ZrO2 of a
nanopowder. Samples with Cr3+/Cr4+ contents up to 30 at.% thus have been obtained
from an amorphous precursor.

Thermal Stability

Let us examine occurrence of successive phases of stabilized ZrO2 in the presence of
chromium ions following a metal ion–polymer complex precursor prepared from a
forced hydrolysis described in above forced co-hydrolysis method. To obtain small
oxide particles of few nanometers, the precursor is first heated onto a hot plate at low
temperature such as 250 �C in air. At this temperature, insufficient to induce its
spontaneous combustion, it slowly disintegrates by a dynamic reconstructive organi-
zation with polymer molecules in small groups or particles in a self-controlled manner.
As such the ZrO2 composite particles so obtained have thin surface layers of
decomposed polymer molecules (mostly carbon in specific allotropes which include
graphene) in a dark blackish color.

As demonstrated with a model in Fig. 15.11, each ZrO2 particle consists of a
core–shell structure. We believe that there is a compositional gradient on the ionic
species from the interior core to the shell of a specific pattern, which is highly
constrained. It helps to design and tailor thermodynamic stability, functional prop-
erties, and phase transformation of such systems of composite particles. At higher
temperatures, part of the surface layer (shell) reacts with oxygen in air and goes away
as oxidized gas species, leaving off modified ZrO2 composite particles free from
agglomerates with light brownish to bluish visible color as per the dispersion of the
Cr3+/Cr4+ species in a hybrid composite structure. A continuous release of part of the
material in a gas from unstable surfaces (keep the particles separated apart) inhibits
the stable ceramic particles to recombine and grow at a strictly controlled manner at
900 �C or lower temperatures used here.

A reconstructive molecular decomposition of porous precursor sols (Fig. 15.11a)
at controlled combustion is highly effective in shaping the product ZrO2 composite
particles. This is not possible with an adiabatic combustion process. For instance,

Surface modified ZrO2

ZrO2

Carbon
layer

Heating

Mixed oxides

Modified ZrO2 
ZrO2

Surface
layer

Mixed oxides 

a b c

Fig. 15.11 Model structures demonstrating phase transformation of (a) porous precursor particles
to stabilized ZrO2 of core–shell particles upon thermal heating a metal ion–polymer complex
precursor in air; (b) before and (c) after leaching out a parent carbon surface layer
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combustion of a precursor of metal salts dispersed in oxalic dihydrazide yields only a
mixture of yttria-stabilized c-/t-ZrO2 in 1–5 μm particles [205]. No particles of so
controlled size appear. In combusting a polymer precursor, the organic part
(a reductant) initiates and drives a redox reaction in oxidizing the salt species. A
large amount of heat and gas evolve rapidly in a very short period of time. The local
heating leads the precursor to disintegrate instantaneously into smaller particles. The
gas which relieves readily there from promotes precursor disintegration, but it lasts
over a very short period of a few seconds only, and by the time most of the gas
escapes, unable to take active part in inhibiting recombination of particles even in a
fast cooling after the combustion.

Figure 15.12 shows (a) DTA and (b) TG curves in thermal decomposition and
combustion in a continuous heating of 25 mg of a polymer precursor (10 at.% Cr3+/
Cr4+ content and dried at 80 �C over a water bath) at 5 �C/min in air. A molecular
decomposition with a predominant combustion occurs with an exothermic peak in
combustion at TPC = 445 �C in the DTA with a total mass loss ΔM = 59.0 % in the
TG curve. A total 22.6 % mass loss lies in ZrO(OH)2 � H2O ! ZrO2 + 2H2O molec-
ular decomposition while 12.8 % in the case of anhydrite ZrO(OH)2 or 22.6 % in
anhydrite Zr(OH)4. A hydrous zirconia, ZrO2 � xH2O, x ~1.9, has 21.5 % mass loss
[206]. Thus the additional value in this polymer precursor imparts primarily from the
polymer matrix with the structural H2O molecules. As marked over the TG curve
(Fig. 15.12a), the mass loss in the polymer precursor proceeds in three successive
steps I, II, and III between the points A, B, C, and D. Signal I, which involves a very
small ΔM ~2 % value and lasts to ~150 �C, indicates desorption of part of H2O and/or
interstitial gases adsorbed during the processing. Generation of CO, CO2, and NH3

gases are common in processing of a polymer precursor with metal cations in an acidic
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Fig. 15.12 (a) DTA and (b) TG curves in a polymer precursor (with 10 % Cr3+ and Cr4+ additives)
dried over a water bath at 80 �C. The data are collected by heating the sample at 5 �Cmin�1 in air. A
schematic diagram in thermal excitation of the precursor by absorption of enthalpy ΔH followed by
dissociation and combustion is given in the inset [111]
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medium in this example. Signal II has ΔM ~38 % and extends to 430 �C, while signal
III, ΔM ~19 %, lasts to point D at TCC ~ 470 �C. No further loss in mass appears in
continuing the heating over higher temperatures above 470 �C in air.

In principle, an endothermic process of desorption or decomposition involves
absorption of heat (or enthalpy ΔH) by excitation of the system through a series of
energy levels (as shown in the inset in Fig. 15.12) in a molecular rearrangement to the
limit of its thermodynamic stability from which it ultimately occurs. This is very much
reflected in by desorption of the H2O and interstitial gases in the endothermic signal I
in Fig. 15.12. Also the molecular decomposition of the polymer precursor at early
temperatures in signal II begins with an altogether endothermic heat output in the
DTA. A monotonically increasing rate of heat output leads to a spontaneous combus-
tion of the sample in a prominent exothermic signal III at subsequent temperatures.

As portrayed in Fig. 15.13, the value is decreasing in TCC with an increasing value
of Cr3+/Cr4+ content (δ). Extrapolation of the curve to δ ! 0 yields a maximal value
TCC
m = 662 �C in the virgin polymer with Zr4+ species. The present value is as large

as 52 % of those of 385 �C and 437 �C, respectively, observed in the precursor with
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Fig. 15.13 (a) A plot of complete combustion (constant weight) temperature TCC in TG with a
function of Cr3+/Cr4+ content in the polymer precursor. Curve (b) is the simulation to that in (a). An
extrapolation of a linear plot over the early data points of ABCD intersects their tangents at points C
and D at (a) 12.0 % and (b) 12.5 % of Cr3+/Cr4+ contents [111]
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δ ~ 30 %. The effect of δ on diminishing the TCC value seems to be the most
prevalent at a specific value of it around 13 %. In the TPC versus δ curve
(Fig. 15.4, [111]), it thus reflects in a peak in TPC at 407 �C at this specific value.
As marked by point P, the TCC versus δ curve in Fig. 15.13 changes significantly in
its slope at around this value (TCC ~ 490 �C). In an inorganic precursor with
hydrazine (NH2)2 � H2O [207], Cr3+ species are rather shown to improve the tem-
perature of the crystallization TC into ZrO2 nanoparticles. A large TC = 477 �C
value (which can be treated as our T m

PC value) thus appears at δ = 5 % and that
shifts further to 615 or 713 �C at δ = 20 or 30 % [208].

A simulation to the experimental TPC data points with a function of δ, i.e.,

TPC ¼ f δð Þ (15:17)

with
f δð Þ ¼ TPC 0ð Þ - αδ - β (15:18)

represents the results, qualitatively, at δ in the 0–0.30 range (Eqs. 15.17 and 15.18).
Here, β is a parameter which governs an induced combustion in refined polymer
molecules according to their thermal history developed at lower temperatures in
heating as a function of temperature at a given rate. Obviously, it is operative only
over a specific range of temperature (i.e., 415 to 440 �C according to the observed
data [111]) over which the polymer refines in smaller units in support of the Cr3+/Cr4+

additives in process to the spontaneous combustion. If we ignore it, for a time being,
the relation (15.17) simplifies to the equation of a straight line (Eq. 15.19),

Fig. 15.14 TEM images in
10 % Ag–ZrO2 annealed at
(a) 300 �C and (b) 500 �C in
air, (c) 800 �C in H2 (all at the
same magnification), with (d)
part of a (c) close-up [209]
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TPC ¼ c - αδ (15:19)

with the constant c = TPC (0), the value of TPC at δ =0. It reproduces the results
(shown by the solid line in Fig. 15.13) with c = 465 �C and α = �5.3 �C per unit
value of δ. In a realistic case, β is a function of temperature in the region in question
such that it passes through a maximum in superposition with the straight line
function to accord with the observed cure (marked by the dots). It can be ascribed
in terms of an exponential function as often used to describe a first-order phase
transformation [208].

Similarly, an empirical exponential function (Eq. 15.20),

TCC ¼ γTm
CCexp�

FCr

FZr

� �n
þ f Ti

CC

� �
(15:20)

with FCr and FZr as the effective fractions of the Cr3+/Cr4+ and Zr4+ cations in the
polymer structure, may be used to ascribe the δ-dependent TCC in this example. It
reproduces (Eq. 15.21)

TCC ¼ γTm
CC ¼ Tm

CC (15:21)

at FCr = 0 with γ =1 the ideal value in the polymer before the Cr3+/Cr4+ additives.
The second term, f(TCC

i ), in Eq. 15.20 describes a manifestation in the instantaneous
TCC value (which is denoted as TCC

i ) by the internal heating which initiates at a
specific FCr and FZr combination. It is a complex function of TCC

i which varies from
point to point according to the heat produced during the process and the average heat
capacity. Assuming it to be negligibly small relative to the first term, the above
relation simplifies (Eq. 15.22) as

TCC ¼ γTm
CCexp�

FCr

FZr

� �n
: (15:22)

Substituting the values for FCr = δ and FZr =1 � δ, in the assumption that all of the
Cr3+/Cr4+ and Zr4+ metal cations in the specimen formed a polymer structure with
the PVA and sucrose polymer molecules, relation (15.22) represents

TCC ¼ γTm
CCexp�

δ

1� δ

� �n
: (15:23)

It describes well the TCC versus Cr3+/Cr4+ content plot in the solid curve in
Fig. 15.13. A best fit (the dashed curve b) to the experimental data is obtained
with an empirical 0.95 value (i.e., close to the ideal value 1) for the correlation
constant γ with a value for the exponent n = ½. A small difference in the two curves
dictates the f (TCC

i ) contribution, especially on Cr3+/Cr4+ contents above 10 at.%. It
determines a so-called delayed combustion of the precursor at manifested
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temperatures. This factor is dominating in the case of an inorganic precursor with
hydrazine so that the TCC value increases with Cr3+/Cr4+ content in an opposite
trend. An extrapolation of a linear plot of the initial data points of ABCD intersects
the tangents to the two curves a and b at points C and D at 12.0 % and 12.5 % of
Cr3+/Cr4+ contents, respectively. This straight line ABCD represents the Cr3+/Cr4+

limited dynamics of TCC in the spontaneous combustion of the precursor. A deviation
from the experimental curve (a) starts in autoignition as early as ~5 % Cr3+/Cr4+.

The above model variations of the TCC and TPC values with the Cr
3+/Cr4+ contents

demonstrate the fact that the metal cations impart the polymer structure of precursor
and in turn influence the kinetics of (i) its combustion process and (ii) formation of
stabilized ZrO2 by reaction of its decomposed species of metal cations during the
combustion. The Cr3+/Cr4+ species behave as an internal catalyst in facilitating
combustion at moderate temperature. This is a reason that they function as a
stabilizer in forming stabilized ZrO2 in small particles at moderate temperature
insufficient to induce their growth further by a surface diffusion-controlled recom-
bination reaction.

Gonella et al. [209] observed a distinct core–shell structure in 10 mol% silver-
modified c-/t-ZrO2 after annealing at 500–800 �C in air, H2, or N2 gas. TEM images
in Fig. 15.14 shows marked variation in annealed samples at 300 �C, 500 �C, or
800 �C for 30 min in air or H2 gas. Selected area electron diffraction (SAED) patterns
in Fig. 15.15 characterize the phase evolution. A closer inspection of these images

Fig. 15.15 SAED patterns of 10 % Ag–ZrO2 annealed at (a) 300 �C and (b) 500 �C in air, (c)
700 �C in N2, and (d) 800 �C in H2 [209]
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clearly reveals a shell (few nanometers thick) surrounding the Ag particles
(Fig. 15.14d). A sample annealed at 300 �C in air is amorphous with two diffraction
halos of positions matching with the values in the (111) and (220) reflections of
c-ZrO2, with some diffraction spots in part from fcc-Ag being precipitated in rather
large crystallites (100–200 nm clusters are visible in TEM images in Fig. 15.14a). A
weak (011) diffraction ring develops on an m-ZrO2 phase transition especially on
annealing at temperature as early as 700 �C in N2 or 800 �C in H2.

Absorption and Emission

Polymeric Liquids and Nanogels

Colored inorganic and/or organic polymeric liquids and nanogels consisting of
zirconium ions with selective doping of metal nanoparticles, molecules, or ionic
species (of transition and/or rare-earth metals) in a dielectric host, such as water,
exhibit useful optical absorption and emission bands for several applications,
including color pigments, microbarcodes, nanoink, optical devices, camouflage,
pharmacy, biological sensors, catalysts, etc. For example, Fig. 15.16 compares
absorption spectra obtained in the 200–800 nm range on Cr3+/Cr4+:ZrO(OH)�
xH2O gels in distilled water. In the presence of PVA polymer molecules (serve as
a reductant) in water, the initial ionic state Cr6+ (added through CrO3 in water) in part
of the reactants (used to obtain these hydrogels) gets converted into Cr4+/Cr3+ states,

Fig. 15.16 Optical absorption spectra in (a) 2 mol%, (b) 5 mol%, (c) 10 mol%, and (d) 15 mol%
Cr3+/Cr4+:ZrO(OH)�xH2O gels
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resulting in a modified electronic absorption spectrum. That occurs in groups over
250–400 nm intrinsic of the 3d–3d electronic transitions in the Cr3+ (3d3) and Cr4+

(3d2) species. Both the bandgroups in this example arise from Cr4+ (3d2) in the
250–320 nm 3T1 ! 3T2 (P) and 340–400 nm 3T1 ! 3T1 (G) of two transitions. No
such absorption spectrum appears in this region in a bare hydrogel gel on Zr4+(4d0)
species, which absorb at still lower wavelengths. A doublet bandgroup is occurring
over 220–230 nm or still lower range in a pure ZrO2 (hydrated) or polymorphic
zirconias according to the optical bandgap (Table 15.1).

The bands from Cr3+ (3d3) are observed in relatively weak intensity in
bandgroups at 300–340 nm (4A2g ! 4T1g transition). It is observed that on increas-
ing the Cr3+/Cr4+ concentration from 2 to 15 mol%, the bands position shift over
longer wavelengths by as much as 30 nm in spectra (a) and (d). All these transitions
are spin-allowed so that they reflect in sufficiently large intensity. Loss of part
absorption intensity has been observed on interaction between the optical species
in these gels so that the value is not increasing proportionately to their contents.
Individual bands observed in selective gels are given in Table 15.3. Result infers
Cr3+ ! Cr4+ transformation in growing c-/t-ZrO2 nanoparticles. It is important in
designing Cr4+/Cr3+-modified ZrO(OH)2�xH2O gels and derived c-/t-ZrO2 of small
particulates and hybrid composites.

Figure 15.17 shows emission spectra in selective Cr3+/Cr4+:ZrO(OH)2�xH2O
hydrogels in which the Cr3+/Cr4+content is varied from 2 to 15 mol%. The four spectra
are measured under identical conditions on exciting at 250 nm from a xenon lamp. The
emission bands occur over extended 330–700 nm region of the absorption bands in
Fig. 15.16. The prominent bandgroup 430–500 nm is characteristic of the Cr4+ (d2)
species (3T2g  3T1g transition). Another weak band of Cr

4+ species is arising around
340 nm. The characteristic weak band for Cr3+ species (4A2g  2E1g transition) lies in
the 660–670 nm region. Both of these low intensity bands disappear on increasing the
chromium species. In general, the emission bands shift over higher wavelengths similar
to the absorption bands. No emission appears from bare Zr4+ species in the parent gel.

In another example of optical polymeric liquids, obtained by a chemical route as
demonstrated in Fig. 15.10 following the work of Ram [111], an addition of sucrose
followed by PVA (dissolved in water) to a transparent mixed solution (say A) of
Zr(OH)4 � xH2O and (NH4)2Cr2O7 in a specific ratio results in a specimen of
dispersed metal cations in a polymer matrix of sucrose and PVA polymer molecules.
The sucrose reacts with (NH4)2Cr2O7 in the solution and reduces its oxidation state

Table 15.3 Absorption bands in the various Cr3+/Cr4+:ZrO(OH)2�xH2O hydrogel samples

S. No. Samples

Absorption bands (nm)

1 2 3

(a) 2 mol Cr4+:ZrO(OH)2 gel 258 (1.4) 294 (1.3) 351 (1.1) 4–5

(b) 5 mol Cr4+:ZrO(OH)2 gel 270 (2.5) 311 (2.5) 373 (2.3) 4–5

(c) 10 mol Cr4+:ZrO(OH)2 gel 286 (4.0) 320 (3.9) 376 (3.7) 4–5

(d) 15 mol Cr4+:ZrO(OH)2 gel 286 (5.0) 378 (4.8) 4–5

The absorbance values are given in the parentheses
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of chromium Cr6+ ! Cr4+/Cr3+ with a change of its initial color from orange to a
light green one. The light green equilibrium color becomes stable at a stable Cr4
+$Cr3+ configuration in the polymer as per the experimental conditions. A similar
change in color also appears on a reaction of PVAwith solution A but that reverts in a
characteristic light orange color within a period of 5–10 h of the reaction in cold
water at room temperature in open air.

Phenomenologically, a characteristic orange color in (NH4)2Cr2O7 in water
occurs in a ligand–metal (L ! Cr6+) charge transfer band, otherwise the Cr6+(3d0)
species has no optical absorption or emission spectrum in this region. Here, the
ligand L is formed by O2� anions surrounding the Cr6+ cations. The original Cr6+

oxidation state is thus reduced to Cr4+ or Cr3+ on dispersing in sucrose or PVA
polymer molecules in water. This is analyzed by a chemical test as follows. In a
20 ml of (NH4)2Cr2O7 solution (with PVA or sucrose) in water is added 0.1 g of KI
followed by 5.0 ml CH3COOH in a beaker. The sample is covered with a watch
glass, to avoid its oxidation with air, and stirred for a few min to let the iodide oxidize
by the Cr4+ species in the sample as per the I� + Cr4+ ! I2 + Cr3+ chemical
reaction. The I2 gas turns color of the sample from light green into violet, which
changes in an intense blue color if added with starch. The blue color disappears
instantaneously on adding sodium thiosulfate, reduces iodine gas to iodide, I2 +
S2O3

2� ! I� + S4O6
2�, again. The intense blue color in the so-called charge

transfer band disappears as the I2–starch complex breaks down.
Now let us comment on the above chemical transformations in terms of the

optical absorption spectra of the optical solutions achieved after selective chemical
reactions of (NH4)2Cr2O7 with PVA and sucrose molecules in water. For example,

Fig. 15.17 Photoluminescence (on irradiating at 250 nm from a xenon lamp) in Cr3+/Cr4+:ZrO
(OH)2 gels; (a) 2 mol%, (b) 5 mol%, (c) 10 mol%, and (d) 15 mol% Cr3+/Cr4+ species
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the electronic absorption spectra of Cr6+ species in (NH4)2Cr2O7 before (a) and after
adding (b) sucrose or (c) PVA (Fig. 15.18) in the acidic solution in water confirm the
transformation of the initial Cr6+ species to (b) Cr4+ or (c) Cr4+/Cr3+ species. As
summarized in Table 15.4, two absorption bands at 440 and 350 nm in spectrum
(a) arise in the 1A1g ! 3A2g and 1A1g ! 1T2g electronic transitions of Cr6+(3d0)
species.210,211 Other two bands, which appear at much lower wavelengths (or higher
energy) at 258 and 224 nm, arise from the L ! Cr6+ charge transfer bands which
occur through a ligand with the O2� anions in an oxygen polyhedron with the cation
Cr6+ at the center. As expected on the Cr6+ ! Cr4+ chemical reaction with the
organic species in the solution, two distinct bands due to the resulting Cr4+(3d2)
species are developed at 336 nm (3T1 ! 3T1) and 274 nm (3T1 ! 3T2) in spectrum
(b), and those are shifted at 319 nm and 273 in spectrum (c). A third characteristic
band of the Cr4+ species (3T1 ! 3A2) has developed at 578 nm in spectrum (c).

Furthermore, in Fig. 15.18, the absorption bands from the Cr3+ (3d3) species in
spectrum (c) are observed at 625 nm (4A2g ! 2Eg), 437 nm (4A2g ! 4T2g), and
300 nm (4A2g ! 4T1g) in relatively poor intensities. All the electronic transitions,
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Fig. 15.18 Electronic absorption spectra in (a) Cr6+ in 0.0002 M (NH4)2Cr2O7 in water and that of
transformed into Cr4+ and Cr3+ after adding 2 vol.% of (b) sucrose or (c) PVA in 10 % solution in
water. �Charge transfer bands [111]
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except the 4A2g ! 2Eg in Cr3+ species, in the above examples of optical liquids are
spin-allowed and thus appear with pretty large band intensities. Rather easier 3d–3d
excitation in three free 3d-electrons in Cr3+ species occurs in the bands over
relatively lower energy in comparison to those in the Cr4+ species with a lesser
number of only two free 3d-electrons. The sharp (and weak) absorption bands
observed between 250 and 200 nm in the absorption spectra (b) and (c) in
Fig. 15.18 are possibly vibronic bands, which co-occur in strong electron–phonon
coupling in the local oxygen polyhedron with the chromium ions.

All the electronic transitions, except the 4A2g ! 2Eg in the Cr3+ species, in these
examples of the optical liquids with chromium ions in polymer molecules in water
are spin-allowed and thus appear with reasonably large band intensities. Rather
easier 3d–3d electron excitation in three free 3d-electrons in Cr3+ species occurs
over relatively lower energy of the bands in comparison to those in the Cr4+ species
with a lesser number of only two free 3d-electrons. The sharp (and weak) bands
observed between 250 and 200 nm in absorption spectra (b) and (c) in Fig. 15.18 are
possibly vibronic bands.

It should be mentioned that sucrose promotes PVA molecules cross-linking in form
of a copolymer with dispersed metal cations in water. The sucrose plays a
multifunctional role. At first, it forms an inorganic–organic complex with metal
cations by coordinating through hydroxyl groups in small groups of a kind of micelles.
The micelle circumvents selective precipitation of encapsulated cations within it while
evaporating part of the water in the solution in obtaining a dried polymeric precursor
mass. Sucrose, being in excess to the cations, behaves as a strong chelating agent and
ensures an atomistical distribution of cations in a polymer structure. As soon as added

Table 15.4 The electronic absorption bands in modified Cr6+ ! Cr4+/Cr3+ oxidation states in
(NH4)2Cr2O7 dissolved in sucrose and PVA polymer in water

Band positions (nm)

Transitions(NH4)2Cr2O7

(NH4)2Cr2O7

in sucrose
(NH4)2Cr2O7

in PVA

625 (vw) 2A2g ! 2E g (Cr
3+)

578 (vw) 3T1 ! 3A2 (Cr
4+)

440 (vw) – – 1A1g ! 1T2g (Cr
6+)

– 437 (vw) 4A2g ! 2T2g (Cr
3+)

350 (ms) – – 1A1g ! 3A2g (Cr
6+)

336 (vs) 319 (w) 3T1 ! 3T1 (Cr
4+)

– 300 (ms) 4A2g ! 4T1g (Cr
3+)

274 (s) 273 (vs) 3T1 ! 3T2 (Cr
4+)

258 (vs) 250 (ms) 247 (vs)

224 (s) – – Charge transfer bands

231 (vw) –

216 (vw) 217 (vw) Vibronic band

201 (vw) 206 (vw)

Relative band intensities are given in the parentheses: vs, very strong; s, strong; ms, medium strong;
w, weak; and vw, very weak intensity values
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to the solution, the sucrose gets hydrolyzed to fructose and glucose, which ultimately
oxidizes to gluconic acid or a polyhydroxyl acid as follows (Eq. 15.24)

C12H22O11 sucroseð Þ þ H2O

#
C6H12O6 glucoseð Þ þ C6H12O6 fructoseð Þ

#
C6H12O7 gluconic acidð Þ:

(15:24)

Gluconic acid, with a carboxylic acid group in one end of the carbon chain and five
linear hydroxyl groups, easily forms a metal ion complex with chromium and
zirconium ions. It forms a branched polymer with PVA in water [111, 212]. A
dried sample obtained with sucrose in the presence of PVA in a small 10 % amount
results in a desirably crushable, fluffy powder. In addition to dispersing and bonding
the metal cations in a specific network structure, a polymer matrix serves as an
internal fuel to decompose and burn out organic part of the sample spontaneously
into a refined powder in Cr3+-/Cr4+-stabilized ZrO2 of composite nanoparticles. The
ceramic particles nucleate and grow in support with a template (or electrode) from
the organic species during this combustion process in air. A modified carbon
skeleton retains on early stages of the burning in reaction with air.

ZrO2 and Composites

Monolithic ZrO2 Particles
Cao et al. [69] studied absorption and emission spectra in monolithic t-ZrO2 pre-
pared in form of nanowires with 80 nm average diameter and length of over 10 μm at
room temperature. A typical absorption spectrum measured in the 200–800 nm range
from a sample which was dispersed in a NaOH solution is shown in Fig. 15.19. It
consists of a peak at 232.5 nm (5.33 eV in photon energy) in the electronic transition
from the valence band (VB) to the conduction band (CB). This is caused by an
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Fig. 15.19 Absorption
spectrum of t-ZrO2 nanowires
in NaOH solution [69]
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O2�(2p) ! Zr4+ (A1g) charge- transfer transition in the excitation of electrons from
VB (mainly has O2� 2p character) to the CB (mainly having Zr4+ 4d0 character). As
expected, no d–d transition is observed in the longer wavelength region because the
configuration of Zr4+ ions is 4d0. The photon energy 5.33 eV is comparable to the
optical bandgap 5.2 eV observed in bulk ZrO2 [213]. Note that ZrO2 is a direct
bandgap insulator with two direct band-to-band transitions at 5.20 and 5.79 eV
[213]. As a result, it serves as an active and typical photon absorber and
photocatalyst among wide bandgap metal oxides.

Figure 15.20 shows the PL emission spectra (in the 330–450 nm range) of the
t-ZrO2 nanowires in a NaOH solution measured at room temperature by exciting at
selective wavelengths 230, 235, 240, and 244 nm from a xenon laser as the
excitation source. Varying the excitations on these four wavelengths produces the
emission peaks at 388, 388, 390, and 384 nm, respectively. The excitations with light
of 230 and 235 nm, i.e., close to the absorption band of 232.5 nm in Fig. 15.19,
produce the emission peaks of the same value 388 nm. This is evidence of the
“normal photo-physical behavior” and rules out the possibility of this emission band
arising from any impurity.

The PL emission band in ZrO2 nanowires possibly arises due to the oxygen
vacancies which can induce the formation of new energy levels in the bandgap.
Formation of an oxygen vacancy in such oxides can be described as follows
(Eq. 15.25):

ZrO2 $ ZrO2-n þ n

2
O2 gð Þ; (15:25)

which can undergo several modifications such as (Eqs. 15.26, 15.27, and 15.28)
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Fig. 15.20 PL emission spectra from ZrO2 nanowires measured by exciting at selective wave-
lengths 230, 235, 240, or 244 nm by a xenon laser [69]
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Ox
o $ 1

2
O2 gð Þ þ Vo; (15:26)

Vo $ V •
o þ e�, and (15:27)

V •
o $ V • •

o þ e� (15:28)

where Vo represents a neutral oxygen vacancy, Vo
• a singly ionized oxygen vacancy,

Vo
• • a doubly ionized oxygen vacancy, Oo

x an oxide anion in a regular lattice site, and
e� an electron in the CB in the Kröger’s notation [214]. In general, the emission
spectrum in this example can be divided into two major categories, i.e., the near-
band-edge (NBE) emission and deep-level (DL) emission [69, 215]. The position
and intensity of the emission band depend upon the kinds of the optical species and
their relative concentrations. Especially in nanowires, high shape anisotropy and
quantum confinement are two major factors which render intense emission of
ultraviolet light at room temperature in ZrO2 and other similar wide bandgap oxides,
e.g., ZnO [216, 217], Al2O3 [218, 219], or SiO2 [220, 221]. Primarily, singly ionized
oxygen vacancies or interstitials are responsible for exhibiting an intense light
emission in the ultraviolet region. The transition involves a radiative recombination
of a photo-generated hole with an electron occupying such sites in the lattice. In c-/t-
ZrO2 nanoparticles, Emeline et al. [73] observed a similar PL emission band of
387 nm as of those described above in t-ZrO2 nanowires, which are believed to be
better suitable for devising building blocks in optical CDs or other nanodevices.

Hybrid ZrO2–Polymer Nanocomposites
Dey and De [82] studied optical and dielectric spectra in hybrid nanocomposites of
t-ZrO2 nanoparticles reinforced polypyrrole (PPY) at room temperature. An opti-
mized t-ZrO2 content 34 wt% leads the dielectric constant to be improved dramat-
ically, i.e., as large value as 12,000 (at 0.7 kHz) relative to a value 570 in pure PPY.
Such conducting polymer composites have several applications, e.g., solid electro-
lytes, microwave devices, and microelectronics. They offer architectural flexibility
useful to shape the final product according to the requirement of the particular
device. Figure 15.21 compares plot of (αhν)2 versus photon energy (hν) for
(a) ZrO2 nanoparticles and (b) a derived ZrO2–66 wt% PPY nanocomposite. The
absorption spectra of (a) the bare ZrO2 nanoparticles and (b) dilute and (c) colloidal
dispersion of two ZrO2–PPY nanocomposites (66 and 88.6 wt% PPY) are included
in the inset in this figure. In virgin ZrO2, a strong absorption starts at around 3.8 eV,
and the bandgap corresponding to the band edge structure gives an activation energy
4.0 eV, which stands relatively smaller than the Eg-value 5.2 eV reported above in
bulk ZrO2. The absorption band below 5 eV implies some extrinsic states, such as
surface trap or defect states (possible due to Zr3+ species and/or oxygen vacancies)
formed within the bandgap. The bonding and antibonding states of polaron and
bipolaron of PPY show absorption peak over 2–2.5 eV [222]. Hence, there occurs a
great overlap of optical transition between PPY and extrinsic states of t-ZrO2.

A simple α = 2.303 � 103Aρ/Cl relation [223] is used to determine the absorp-
tion coefficient α in the three samples, where A is the absorbance, ρ is the density,
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C is the concentration in g l�1, and l is the optical path length of the sample. The
α-value near the absorption edge of a semiconductor sample is described as
(Eq. 15.29) [224]

αhν ¼ A hν - Eg

� �m
(15:29)

where hν is the photon energy and m is the nature of the transition, which has
different values such as 1/2, 2, 3/2, or 3 for allowed direct, allowed indirect,
forbidden direct, or forbidden indirect transition, respectively. For allowed direct
transitions, one can plot (αhν)2 against hν as presented in Fig. 15.21 and extrapolate
the linear portion of it to α = 0 value to obtain the corresponding Eg-value. In this
case, m = 1/2 and so the interband transition is allowed direct. The estimated
Eg-values for pure ZrO2 are 5.6 and 5.1 eV corresponding to two direct band-to-
band transitions. The first one decreases to 4.2 eVand the second one to 4.0 eV with
increasing PPY content. Combined experimental [70, 225] and theoretical [226]
observations reveal that the valence and conduction bands of ZrO2 are separated by
5–6 eV. The valence band consists of O2� 2p states and the conduction band is
primarily of 4d0-Zr4+ states. The absorption bands arise due to the transition from
occupied O2� 2p bands to unoccupied 4d0-Zr4+ bands of t-ZrO2.

In another example of organic–inorganic ZrO2 hybrid composites, Marusaki
et al. [227] studied optical absorption and emission in spin-coated films of (a) poly

Fig. 15.21 Plot of (αhν)2 versus photon energy (hν) for (a) ZrO2 nanoparticles and (b) ZrO2–66 wt%
PPY nanocomposite. The inset shows the absorption spectra of (a) ZrO2, (b) ZrO2 dispersed in
66 wt% PPY, and (c) 88.6 wt% PPY [82]
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(di-n-hexylsilane) (PDHS) dispersed in a zirconia matrix. Thermochromism is
suppressed usefully in the composite films. Poly(di-n-alkylsilanes) are known for
applied electronic and structural properties. Many of such polymers have an
order–disorder phase transition (known as thermochromism) slightly above room
temperature that is accompanied by changes in the optical properties. In PDHS, the
optical absorption shifts from 317 nm in the high temperature disorder phase to
374 nm in the low temperature ordered phase. The polysilane films used here were
prepared from the copolymers [(P(DHS-co-AAEM)] using Zr(O-n-C4H9)4 in a
sol–gel method. A polysilane copolymer has been synthesized by photopoly-
merization of 2-(acetoacetoxy)ethylmethacrylate (AAEM). Figure 15.22 compares
absorption spectra of (a) P(DHS-co-AAEM) and (b) PDHS–ZrO2 films at selective
temperatures 20 �C, 30 �C, 40 �C, 50 �C, 60 �C, and 70 �C. The absorption peak in P
(DHS-co-AAEM) of 3.4 eV at 20 �C shifts to 4.0 eV upon heating above 40 �C,
indicating that the sample undergoes an order–disorder phase transition. The Si–Si
main chain conformation of P(DHS-co-AAEM) changes from “transoid” to “disor-
der” at 30–40 �C. This is because of the presence of AAEM blocks and
thermochromism [228, 229]. No such spectral shift occurs in PDHS–ZrO2 films
(Fig. 15.22b) with increasing temperature.

Evidently, the thermochromism of PDHS is completely suppressed in the ZrO2

matrix in these ZrO2–PDHS hybrid composite films. The Si–Si main chain con-
formation of PDHS–ZrO2 hybrid has the “disorder” form because the hybrids were
baked at 150 �C, i.e., the main chain conformation is fixed in at this temperature. A
similar suppression of the order–disorder phase transition has been also observed
in liquid crystals containing dispersed nanoparticles of silica of spherical
shapes [230].

0.5

0

1

0.5

0
3 4

Photon Energy (eV)

A
bs

or
pt

io
n 

(a
rb

. u
ni

ts
)

5

1 20 °C

40 °C

a

b

50 °C
60 °C
70 °C

20 °C
30 °C
40 °C
50 °C
60 °C
70 °C

30 °C

Fig. 15.22 Optical
absorption spectra of (a) P
(DHS-co-AAEM) and (b)
PDHS–ZrO2 hybrid thin films
at different temperatures [227]

542 S. Ram and G.P. Singh



Figure 15.23 shows PL spectra of (a) P(DHS-co-AAEM) and (b) PDHS–ZrO2

hybrid composite thin films measured at selective 20 �C, 30 �C, 40 �C, 50 �C, 60 �C,
and 70 �C temperatures by exciting at 270 nm. In P(DHS-co-AAEM) thin films, the
PL peak position shifts from 3.3 eV at room temperature to as large value as 3.6 eV
on raising the temperature to 40 �C or larger, while in PDHS–ZrO2 hybrid thin films,
the PL peak position stands essentially the same over the entire temperature range
20–70 �C. In both the samples, the PL intensity is decreasing in example of thermal
quenching of PL emission in charge carriers. As described in a reference book
“Survey of semiconductor physics: Electrons and other particles in bulk semicon-
ductors” by Böer [229], this is quite a common phenomenon in semiconductors. The
same authors had also studied PDHS–SiO2 and PDHS–TiO2 hybrid composites of
similar thin films but those do not have suppression of the thermochromism of
PDHS. Furthermore, refractive index n of PDHS–ZrO2 films decreases linearly
(instead of undergoing an abrupt change at the order disorder phase transition in
PDHS) with increasing temperature, showing a value �4 � 10�4 K�1 for dn/dT,
i.e., the temperature coefficient of n or thermo-optic (TO) coefficient. Such high TO
value makes such composite films candidate material for optical devices such as TO
switches, cross-connects, and optical deflectors. The optical devices play a key role
in communication network because they control the optical path. Currently used
materials of TO switches are silica and optical polymers such as poly(methyl
methacrylate).

Metal-Doped ZrO2 Nanocomposites (Cermets)
Metals, particularly noble metals (copper, silver, gold) are very useful in modifying
electronic, optical, and other properties of high-k (dielectric constant) metal oxides
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such as SiO2, Al2O3, Ta2O5, TiO2, HfO2, ZrO2, etc., for several applications. High
electrical conductivity in the bulk and unusual optical properties that depend on size
and shape in small particles are important in engineering novel properties by
selective inclusions in such metal oxides in form of a hybrid composite of cermets.
As mentioned above in Sect. 1.2, a cermet of engineering properties can be designed
in several ways including (i) dispersion of small metal particles in a ceramic host,
(ii) coating ceramic particles using a metal, (iii) dispersion of ceramic particles in a
metallic host, and (iv) coating small metal (or alloy) particles using a metal oxide. In
all these four kinds of cermets, a core–shell structure governs the hybrid composites
properties. Confining electron distribution in metal of a nanostructured region results
in surface plasmon resonance (SPR) bands which fall in ultraviolet, visible, or near-
infrared region as per (i) the shape, surface–interface and size of the basic nano-
structure, and (ii) the crystal field imposed by the surrounding. In cermets, high-k
metal oxide sensitively tailors the electronic energy levels in the counterpart metal
nanostructure and vice versa [230–234]. Moreover, the metal species invite new
color centers and/or modify the color centers in the oxide species engineering
especially useful optical properties for applications.

For example, following the work of Gonella et al. [209], Fig. 15.24 shows optical
absorption spectra obtained for a 10 mol% silver-modified c-/t-ZrO2 of nanoparticles
which were annealed at 200 �C, 600 �C, 700 �C, 800 �C, and 900 �C in H2 gas for
1 h. Annealing ensures silver metal particles occurring with stabilized c-/t-ZrO2

phase. Two bands are observed in the as-grown sample (annealed at 200 �C) at
270 and 482 nm. The first band ascribes to the ceramic matrix c-/t-ZrO2 in agreement
with the work of Jana et al. [173] and Morell et al. [235] on Y3+-stabilized zirconias,
while the second band which is characteristically broad arises from the silver
nanoparticles. When the annealing temperature reaches 600 �C, the silver band
reveals a blue shift to 419 nm. In the Mie theory [236], such a shift can be explained
only assuming a reduction to about n = 1.8 of the refractive index of the host with
respect to the pure ZrO2 value of n ~ 2.
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Fig. 15.24 Optical
absorption spectra of ZrO2:Ag
nanoparticles annealed at
200 �C, 600 �C, 700 �C,
800 �C, and 900 �C in H2 for
1 h [209]
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Palpant et al. [237] suggested two possible mechanisms for a change in the n-
value in a hybrid silver–ZrO2 composite. The first is related to the nature of the
metal–oxide interface. The different chemical properties of silver and ZrO2 imply the
possibility of defects around the silver particles that develop as a locally enhanced
porosity between silver particles and matrix. Thus, a dielectric screening of the host
is reduced in this local effect, describing a blue shift of the overall band on a
phenomenological ground equivalent to reducing the n-value of the matrix. The
second mechanism is related to the structural evolution of silver-modified ZrO2

particles at selective temperatures. As described above in Sect. 4, above 300 �C,
an amorphous-to-crystalline transition takes place with subsequent c/t-ZrO2 phase
transitions, which involve significant volume changes [209, 238]. Different struc-
tural arrangements develop in varied annealing conditions, leading to varied dielec-
tric and optical properties.

It has been found that an effectively high annealing temperature anneals out
possible structural defects, restoring the theoretically expected dielectric behavior
of the silver–ZrO2 interface. Indeed, when the annealing temperature is raised at
700 �C in H2 gas, the absorption band in Fig. 15.24 increases in intensity and
red-shifts again, with as large value as 487 nm (458 nm after 700 �C) achieved
after annealing at 800 �C, i.e., precisely the Mie SPR band in silver nanoparticles in
ZrO2. On increasing the temperature further, bulk silver particles grow readily,
showing diminished intensity of absorption band near 510 nm. Argon and other
annealing atmospheres are not so effective in precipitating silver nanoparticles out of
zirconia with such varied optical properties. In another example, De et al. [239]
studied optical properties in silver, copper, and silver–copper nanoclusters in a silica
matrix after annealing (over 500–1000 �C) in air, argon, or a mixture of N2 and H2.
Ag nanoparticles have strong SPR bands over 300–550 nm. Cermets with metal
particles embedded in glasses have enhanced nonlinear optical properties, with large
values of the intensity-dependent refractive index, which is related to the real part of
the third-order susceptibility (useful for optoelectronics).

ZrO2 cermets, with ferromagnetic metal nanoparticles such as nickel, cobalt, iron,
etc., can offer new properties for magnet technology, magnetoresistance, robotics,
and also solid oxide fuel cells. The metallic part extends to design a mechanically
strong tool or device with desirably improved ductility, toughness, and heat transfer
[240–242]. Such kinds of superior mechanical and magnetic properties also develop
in ferromagnetic cermets consisting of Al2O3 and other oxide ceramics. Unfortu-
nately, not many reports are available on optical properties in such kinds of cermets.
Occurrence of magnetic and optical properties with good heat transfer in a single
hybrid composite material of cermets of specific shapes opens a window for new
materials and applications.

Rare-Earth Oxide-Modified ZrO2 Composites

There are several reasons to believe that ZrO2 serves as an excellent optical host for
engineering highly intense light-emitting nanocomposite materials (subject to
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suitable irradiation on ultraviolet, visible, and near-infrared regions) as follows. It is
chemically highly inert and stands to be highly stable against any unwanted photo-
chemical change in ambient atmosphere. A high value of refractive index n = 2.02
and low phonon energy under 800 cm�1 control part of the energy loss in the
electron ! phonon energy transfer and other nonradiative processes [36, 243,
244]. In accordance with energy law, a large separation between emitting and
terminal energy levels inhibits probability of nonradiative decay of the excited
optical species. Lower host phonon energy has a greater number of phonons
connecting the emitting level with the next lower level. Suppressed nonradiative
energy loss on large numbers of phonons needed to gap the energy facilitates the
radiative light emission. Using a heavy host lattice of low energy phonons over-
comes the problem of the electron ! phonon energy transfer. Moreover, ZrO2

provides an ideal dielectric medium that promotes the light emission of highly
luminescent material.

Furthermore, ZrO2 allows desirable foreign chemical doping using rare-earth ions
and other similar optical species essential for incorporating the light emitters of
selective wavelengths in form of an efficient luminophor. As a promising dispersive
medium, it disperses such optical species uniformly at length scale as small as single
species and that offers a monodispersed design of the optical centers within the host
ZrO2 with their ideal single microscopic electronic energy levels. It occurs with a
specific molecular designing with selective polyhedral units ZrOr in part of the
matrix (r 	 4, as per average Zr4+ coordination number which varies in amorphous
and crystalline ZrO2 phases). As a result, the local host structure stipulates the
surface interface as well as the effective shapes and topologies in the optical centers
and those modulate very effectively the dielectric and optical properties out of a
hybrid composite structure.

Within the recent past few years, limited studies (in comparison to those using a
ceramic host of silica, alumina, or other oxides) have been carried out concerning the
photoluminescence emission in doped ZrO2 with selective rare-earth ions
[244–250]. For example, Savoini et al. [245] studied Pr3+-doped and Pr3+-stabilized
c-ZrO2. Other studies include luminescence of Eu3+, Tb3+, and Sm3+ in amorphous
and crystallized t-/m-ZrO2 [244, 246–249], Er3+:t-ZrO2 [250], or Mn2+: t-ZrO2

[251]. In all these cases, the optical and other spectroscopic properties highly depend
on the crystalline structure of the host ZrO2. Gosh and Patra [243] studied
photoluminescence emission (550–700 nm) in Eu3+-doped and Eu3+-coated ZrO2

nanocrystals (42 nm diameter). The volume fraction of t-ZrO2 phase increases
considerably from 28.08 to 91.56 % on the surface coating with 1.0 mol%
Eu2rO3, with a core–shell structure. The intensity of the prominent band at
611–617 nm (5D0 ! 7F2 transition) of Eu

3+ species has been found to be sensitive
to the environment in both kinds of these samples. Eu3+-doped ZrO2 exhibits larger
intensity in this band relative to a coated sample.

It is quite phenomenological to argue that, in a Eu3+-coated t-ZrO2 of
nanocrystals in the above example, a strong shell (Eu3+) ! core (ZrO2) energy
transfer renders smaller intensity of radiative emission in the Eu3+ species
(5D0 ! 7FJ, J = 1, 2 transitions). Decay time of doped ZrO2 increases upon
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increasing Eu3+ content (0.05–1.0 mol% Eu2rO3) and/or the temperature
(900–1100 �C in air for 1 h) of heating [243]. Average decay times were found to
be 770 and 488 μs for the 1.0 mol% Eu2rO3-doped and Eu2rO3-coated ZrO2 (heated
at 1100 �C). The local site symmetry of the optical species plays most important role
in engineering the radiative and nonradiative relaxation processes in a hybrid
composite of core–shell nanoparticles on limited shell thickness.

As an illustration, Fig. 15.25 shows a typical emission spectrum measured from a
2 mol% Eu2O3-doped t-/m-ZrO2 of nanocrystals (~30 nm diameter) after exciting at
395 nm. The sample has been prepared by a combustion method from Zr(NO3)4 � 5
H2O and Eu2O3 (dissolved in nitric acid) with urea as a fuel at 400 �C in air. As
marked over the bands, sharp emission bands are observed in orange–red and red
regions of the spectrum in three major bandgroups in the 5D0 ! 7F0,

5D0 ! 7F1,
and 5D0 ! 7F2 transitions of the Eu

3+ ions. As expected, the 5D0 ! 7F0 transition
appears in a single band with a poor intensity at 580 nm, i.e., a forbidden transition in
all respects of the selection rules in 4f–4f intraband transitions in rare-earth ions.
This is an electric dipole forbidden, magnetic dipole forbidden, as well as an electric
quadrupole forbidden transition [252]. The 5D0 ! 7F1 transition (magnetic dipole
transition) consists of two distinct bands of 593 and 599 nm. Five bands at 607, 616,
619, 627, and 632 nm constitute the most intense transition 5D0 ! 7F2 (forced
electric dipole transition) of the spectrum. The Stark splitting of the ground state
level 7F2 into “2 J + 1” = 5 distinct sublevels as per the J = 2 value demonstrates
that the Eu3+ ions occupy the possible lowest local site symmetry in the lattice c-/t-
ZrO2. A lower number of J-splitting represents higher site symmetry of the Eu3+ ions
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Fig. 15.25 Emission spectrum (recorded after exciting at 395 nm) in 5D0 ! 7FJ (J = 0 ! 4)
transitions of Eu3+ ions in t-/m-ZrO2 nanocrystals [254]
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in the host lattice. In ZrO2, the site symmetries for Zr4+ ions are C2h, D4h, and Oh in
the m-, t-, and c- phases, respectively [244, 253]. Other weak bandgroups in
Fig. 15.25 arise near 665 nm 690 nm in the 5D0 ! 7FJ (J = 3, 4) in the Eu3+ ions.

Mondal and Ram studied similar samples of 2 mol% Eu3+-doped t-ZrO2 of
nanocrystals (average size varies from 16 to 49 nm as per the final annealing
temperature 650–1200 �C) after dehydrating an oxalate gel at 200 �C followed by
2 h of heating at 650 �C, 1000 �C, and 1200 �C in air [244]. As per the X-ray
diffraction, a modified t-ZrO2 of nanocrystals persists of a single-phase compound
after annealing at these temperatures. The t-ZrO2 phase, whose X-ray diffraction
hardly differs from c-ZrO2, has confirmed unambiguously in terms of the Raman
spectrum that consists of six Raman active modes (A1g, 2B1g, 3Eg) of vibration –
only a single vibration F2g (triply degenerate) merges on increasing the symmetry in
c-ZrO2 [69, 255, 256]. These six bands observed of 150, 265, 318, 468, 609, and
640 cm�1 are very similar to those of pure t-ZrO2 [255], except slightly increased
values on the lattice expansion with modified oxygen vacancies upon the Eu3+

species present. As shown in Fig. 15.26, an unusually enhancement of the
photoluminescence emission of Eu3+ species is observed in the 5D0 ! 7FJ
(J = 0 ! 4) bands over 550–730 nm as follows.

The four bandgroups observed in Fig. 15.26 in Eu3+:t-ZrO2 arise in the
(i) 560–600 nm, (ii) 600–645 nm, (iii) 645–680 nm, and (iv) 680–730 nm regions in
the four well-known 5D0 ! 7F1,

5D0 ! 7F2,
5D0 ! 7F3, and

5D0 ! 7F4 transitions,
respectively, in the Eu3+ (4f6) species. The relative peak intensities in the four bands are

Fig. 15.26 Surface-enhanced 5D0 ! 7FJ (J = 0 ! 4) photoluminescence emission (recorded on
exciting at 465.8 nm from an Ar + laser) in a Eu3+:t-ZrO2 nanoparticles (heated at 650 �C for 2 h in
air) following an oxalate precursor [244]
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67, 100, 51, and 93 %. These bands differ markedly from those in Fig. 15.25 in a similar
sample of average chemical composition but prepared by using a different method. In
general, the bands are broadening considerably in a magnified intensity. Both the electric
dipole forbidden and magnetic dipole forbidden 5D0 ! 7F0 transitions are not visible in
this example. The 5D0 ! 7F1 bandgroup (near 592 nm) retains its features of moderate
intensity characteristic of the magnetic dipole transition. The 5D0 ! 7F3 bandgroup with
average position of 658 nm arises out of a forbidden transition by the electric dipole as
well as the magnetic dipole moments. It is the weakest band in intensity of the present
spectrum as expected in the parent selection rules in the 4f–4f transitions. Nevertheless,
also this much intensity stands pretty larger if comparing to the value in this band in
Fig. 15.25. The D0 ! 7F2 bandgroup over 600–645 nm follows the general trend of the
most intense bandgroup of the spectrum. It represents a hypersensitive band in a kind of a
forced electric dipole transition in a specific structure of hybrid nanocomposite particles.

In Fig. 15.26 in Eu3+:t-ZrO2 nanoparticles, the 5D0 ! 7F4 bandgroup over
680–730 nm appears in the second most intense bandgroup of the spectrum. Like
the 5D0 ! 7F2 bandgroup, this is another forced electric dipole transition in Eu3+

species that is highly sensitive of the surface topology of core–shell Eu3+:t-ZrO2

nanoparticles. No so enhanced intensity occurs in either Eu2O3-doped or Eu2O3-
coated ZrO2 of nanocrystals when prepared through a sol–gel method using zirconium
alkoxide [243]. The above results altogether confer the fact that part of the Eu3+

species occupies very low symmetry sites without an inversion center. This is very
much feasible in core–shell Eu3+:t-ZrO2 nanoparticles in which majority of the Eu3+

species constitute the shell which suffers from a high level of constrain. X-ray
diffraction data reveals a significant Eu3+ ! Zr4+ substitution in the Eu3+:t-ZrO2

lattice, and it causes significant microstrain in the lattice [244]. All these factors induce
a surface-enhanced light emission in Eu3+ species in a kind of a forced 5D0 ! 7FJ
(J = 0 ! 4) transition. Microstrain is a major source of enhanced electron–phonon
coupling30,35,36 and that is believed to result in promoted light emission intensity in the
forced electric dipole transitions, especially in core–shell nanoparticles.

In rare-earth ions, the electron–phonon coupling induces intermixing of the 4f
energy levels that modifies optical transition probabilities in selective transitions in
the rare-earth-doped materials [245, 257]. Zr4+ ion has an average sevenfold coor-
dination with O2� ions in m-ZrO2 (Cs Zr

4+-site symmetry) and eightfold coordina-
tion in t-/c-ZrO2 phase (nearly D4d Zr

4+-site symmetry).12,13,16 An analysis of site
symmetry in Eu3+ species as a probe thus allows analyzing site symmetries for the
Zr4+ species in ZrO2 as a host in various polymorphous and/or in various environ-
ments. A low Eu3+-site symmetry according to the light emission infers a partial
Eu3+ ! Zr4+ substitution in Eu3+: ZrO2 in the low symmetry sites. We can use the
Judd–Ofelt parameter Ω2 to express the intensity in the 5D0 ! 7F2 band
(a hypersensitive transition) in terms of the ratio of its intensity I21 with respect to
the 5D0 ! 7F1 band, i.e., a rather local environment insensitive transition. The ratio
between the electric dipole and the magnetic dipole (e/m ffi I21) in these bands is a
measure of the site symmetry in the Eu3+ species. As large I21 value as 1.71 is
observed in Eu3+:t-ZrO2 nanoparticles in Fig. 15.26. Gosh and Patra [243] observed
as large Ω2 -value as 2.41 in 1 mol% Eu3+-doped t-/m-ZrO2 (heated at 1100 �C for
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1 h), describing a markedly increased covalent Eu3+_O2� character when m-ZrO2 is
present. A still larger Ω2-value 2.81 is shown in a porous 2 mol% Eu3+:t-/mZrO2

powder (Fig. 15.25). The pores seem to increase the Eu3+_O2� covalent character
further. Similar spectral features are observed in Eu3+-doped silicate glasses [258].

In this conjuncture, an ionic doping in ZrO2 or a similar ceramic host is supposed
to reduce the e/m value. This is what has been shown when co-doping (stabilizes the
t-/c-ZrO2 phases) ZrO2 using 5 and 8 mol% Ca2+ with 2 mol% Eu3+. The e/m value
2.81 (before Ca2+ addition) has dropped to 1.65 and 1.62 at 5 and 8 mol% Ca2+,
respectively [254]. Sequentially, a value 3.19 is observed in a melt glass 1 mol%
Eu3+:30BaO-70P2O5 which consists of a covalent network interbridging Eu3+–O2�

through the P5+–O2� bonds [259]. The 5D0 ! 7F1 and
5D0 ! 7F2 bandgroups have

three and five distinct bands, respectively, in the 7F1 and
7F2 Stark splittings. The

Eu3+ species in the different sites have the same type of ligand structure, but are not
located in the different phases.

Reisfeld et al. [179] observed strong light emission on incorporating Eu2O3 and
dibenzoylmethane chelate Eu(DBM)3 into zirconia xerogel glasses. The DBM
chelate was the most efficient in luminescence intensity. The intensity was even
stronger in hybrid xerogels prepared out of a nonaqueous precursor. Aromatic and
heteroaromatic β-diketones are good sensitizers for the light emission in rare-earth
ions (especially Eu3+ and Tb3+) upon ultraviolet excitation. These authors studied
light emission in ZrO2, Eu

3+-doped ZrO2, and Eu(DBM)3-doped ZrO2 films. A
dramatic enhancement of the signal, a doublet of two distinct bands of 590 nm
(5D0 ! 7F1) and 618 nm (5D0 ! 7F2), occurs in the complex. A combination of
organic and inorganic compounds in a hybrid xerogel designs hydrophobic domains
in which H2O molecules are expelled out to a major extent. This is well demon-
strated with a value of intensity further enhanced roughly by an order of magnitude
in Eu(DBM)3 in ZrO2-3-glycidoxypropyl-trimethoxysilan films.

Nanoporous ZrO2 with Optical Inclusions
A nanoporous ZrO2 is expected to present an efficient optical host of current interest
with a new kind of local environments on rare-earth ions or other possible optical species
used as a dopant in form of a hybrid nanocomposite in comparison to a nonporous
amorphous or polymorphic ZrO2. Small pores invite kinds of structural defects in
selective sites of the host that facilitate desired doping in selective sites according to
their local structure, stability, and chemistry. They can be treated a co-dopant or a
sensitizer in tuning the dynamics of the optical parameters. Such effects can be observed
very sensitively in terms of the optical signals such as light emission from the dopants,
the doping modified nanoporous composite structure, or a combined effect of these two
components. Considering copious reports on porous powders and films using an Al2O3

or silica host, not many reports are available on zirconia system. As described above
(Figs. 15.19 and 15.20), a porous ZrO2 absorbs ultraviolet light in a strong band of
233 nm and emits strongly in a broad band over 340–450 nm (due to ionized
oxygen vacancies) [71], useful to promote light emission from selective impurity
levels after proper doping, chemical modification, or thermal annealing in selective
atmospheres.
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Fig. 15.27 Absorption spectra in (a) as-prepared u-ZrO2, (b) phosphoric acid-treated u-ZrO2

(heated at 500 �C in air), (c) ZrP2O7, and (d) ZrO2 nanocrystals [260]

Fig. 15.28 PL emissions (�Em) and excitations (�Ex) spectra from (a) u–ZrO2, (b) ZrP2O7, and
(b) phosphoric acid-treated u-ZrO2 (heated at 500 �C in air). (c) The excitation spectrum c-Ex1 was
recorded for 390 nm emission, and the excitation spectrum c-Ex2 was recorded for 440 nm emission
[260]
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For example, Fig. 15.27 shows absorption spectra of (a) an as-prepared
mesoporous ZrO2 (u-ZrO2) from a combustion method, (b) phosphoric acid-treated
u-ZrO2 after heating in flowing air at 500 �C for 6 h to remove the surfactant,
(c) ZrP2O7, and (d) ZrO2 nanocrystals. As demonstrated by Chen et al. [260], the
acid-treated sample consists of a specific phosphate surface layer. In u-ZrO2, the
absorption band has red-shifted to 233 nm with considerably reduced intensity
relative to a reference of ZrO2 nanocrystals at 223 nm. Marked modification arises
of the band edge absorption in u-ZrO2 on forming a mesoporous structure, which
accounts in several factors such as the interfacial chemical condition, ambient
circumstance around ZrO2, a change in oxidation state, and/or a coordination
number in the surface zirconium ions. A phosphoric acid-treated u-ZrO2 (heated)
shows a distinctive blue shift and stronger absorption band at 217 nm. A further
smaller value 206 nm of absorption band stands in ZrP2O7, supporting the fact that a
distinctive blue shift is arising in this example from the incorporation of phosphate
groups. Further, strong band edge absorptions from the onset absorption near 410 nm
involve more absorption states in defect energy bands in the acid-treated u-ZrO2

sample. This could be a reason for strong light emission in this sample (Fig. 15.28).
Figure 15.28 shows excitation and emission spectra from (a) u-ZrO2, (b) ZrP2O7,

and (c) phosphoric acid-treated u-ZrO2 (heated at 500 �C in air). Sample (c) exhibits
two emission bands at 390 nm 440 nm on exciting at selective wavelengths. The
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Fig. 15.29 The energy levels in observed transitions in absorption, emission, and excitation
spectra in mesoporous u-ZrO2 treated with phosphoric acid and heated at 500 �C in air. The phonon
levels account for the multiple structure in the 390 and 440 nm emission bandgroups
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390 nm emission could be exited at 233 nm, 283 nm, and 335 nm (spectrum c-Ex1),
while the 440 nm emission was mainly excited at 283 and 383 nm (spectrum c-Ex2),
suggesting the presence of two kinds of optical centers. The 390 nm emission in ZrP2O7

and 440 nm emission in u-ZrO2 reproduce the two distinctive emission bands of this
sample (c). Also the excitation bands of these two samples are matching to those of
the acid-treated u-ZrO2. Both the intrinsic optical defects from the oxo-phosphors in a
model tetrapodal zirconium framework and the oxygen vacancies in a mesoporous
u-ZrO2 itself impart the light emission in a recombined material. The stronger
light emission shown over those in u-ZrO2 and ZrP2O7 is possible in the presence
of many absorption states or kinds of defects, owing to the pore structure with a high
surface area according to the absorption bands. The probability of the transition
between energy levels is greatly enhanced as a result of their interactions in a hybrid
mesoporous composite.

The two emission bandgroups of 390 and 440 nm in sample (c) in Fig. 15.29 have
different decay times 0.935 ns (also 2.565 ns) and 2.010 ns, respectively, character-
izing two different kinds of the emission centers. A proposed energy level diagram in
Fig. 15.29 describes possible transitions in such centers lying in between the
conduction band (at 217 nm according to the absorption band) and the valence
band. Two distinct decay rates measured in the 390 nm emission describes that it
involves two bands, which are clearly seen in Fig. 15.29c at 390 and 365 nm. A
phonon spectrum clearly spans over longer wavelengths to the 440 nm primary
emission. We believe that two distinct intermediate levels ν1 (1750 cm�1) and ν2
(3380 cm�1) mediate the emission in two distinct bandgroups. The level ν1 stands
very close to the valence band, and level ν2 nearly doubles the ν1 -value in a strongly
correlated electronic band structure with the e-p coupling.

Thermoluminescence

Thermoluminescence (TL) is associated with the properties of materials to glow when
heating at elevated temperature. The TL signal is obtained through the following steps: a
sample of insulator or semiconductor is excited by radiation, X-rays, or ultraviolet light;
when the sample is heated, luminescence (after glow) is emitted. Life times τl of the
glow distribute in the range from minutes to 4.6 � 109 years, and the applications are
radiation dosimetry, age determination, geology, etc. [261, 262]. The impurities and
defects, i.e., the traps of localized energy levels in the bandgap, are the source of the TL
signal. Some traps are deep located at a considerable distance from the valance or
conduction band. Such levels play the role of traps for charge carriers. For electron, at
such level to be able to recombine with a hole, it should first be excited to the conduction
band. The process can be stimulated by an electric field, light, or simply heating the
sample. A light emission coming out of a pre-excited sample stimulated by heating is
TL. It reveals the nature of the defects produced in such materials by radiation in general
of all wavelengths. High-energy irradiation such as X-rays or γ-rays (which add such
traps according to the sample) promotes and tunes the final TL signal and its dynamics.
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Ultraviolet irradiation-induced TL in ZrO2 has been known for many years [263,
264]. The Curie model [265, 266] describes trap centers exhibiting TL peaks at
135, 190, 200, and 285 K in TiO2-doped ZrO2. A new trapping level of activation
energy of order 1.29 eV appears in TL in rare-earth oxide-doped ZrO2 after X-ray
irradiation [267]. Let us describe TL spectra with a typical example of ZnO-doped ZrO2

after the work of Hsieh and Su [268]. Figures 15.30 and 15.31 compare TL recorded
from (a) 1 mol% ZnO:ZrO2 and (b) pure ZrO2 (sintered at 1100 �C and 1300 �C for 7 h)
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Fig. 15.30 TL spectra recorded after 302 nm irradiation at 12,000 pJ cm�2 exposure; (a) 1 mol%
ZnO:ZrO2 and (b) pure ZrO2 sintered pellets at 1100 �C [268]
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Fig. 15.31 TL spectra recorded after 302 nm irradiation at 12,000 pJ cm�2 exposure; (a) 1 mol%
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by irradiating at 302 nm at 12,000 pJ cm�2 exposure. In 1100 �C sintering, pure ZrO2

has two peaks at 45 �C and 90 �C, which are shifted to 40 �C and 85 �C on doping.
Intensity is increased in the 85 �C peak roughly by three times on the doping. High
temperature peak at 210 �C (relatively weak compared to the low temperature peaks)
has an order of lowered value of the intensity in pure ZrO2. On increasing sintering
temperature at 1300 �C, only two peaks persist, i.e., 40 �C and 85 �C before doping and
45 �C and 90 �C after doping. Increasing ZnO content, such as 20 mol%, results in a
minor shift in the TL peaks near 85 �C over higher temperatures with a further
enhanced intensity, with no significant change in the 210 �C peak.

Figure 15.32 shows TL spectra induced by ultraviolet irradiation in sol–gel-
synthesized m-ZrO2: (a) pure, (b) with 1 wt % silver nanoparticles (heated at
1000 �C in air), and (c) with 1 wt% impregnated silver (via a solution having AgI
and m-ZrO2 and then dried at 300 �C in air). Two peaks, which arise at 334 K and
417 K in m-ZrO2 before and after silver impregnation, shift to 336 and 423 K in
m-ZrO2 with added Ag nanoparticles. Commercial ZrO2 also has two peaks at
343 and 403 K [268, 269], while an Er2O3-doped t-ZrO2 has modified peaks at
363 and 483 K [270]. Since the wavelength of ultraviolet radiation does not alter the
position of the TL peaks and the quantity of radiation (dose) does influence the signal
intensity, these spectral changes arise primarily in variation of sample crystallite size
(also morphology) and TL reading condition (heating rate).

Figure 15.33 portrays the fading characteristics of the integrated TL signal of the
m-ZrO2 measured after ultraviolet irradiating for 30s at different storage times
(a) 0.25, (b) 0.50, (c) 1.0, and (d) 24 h. A strong decrease (~20 %) occurs in
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Fig. 15.32 TL spectra induced by ultraviolet irradiation in m-ZrO2; (a) pure, (b) with added Ag
nanoparticles, (c) with impregnated Ag (exposition time: 30 s) [271]
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integrated TL signal during the first hour after irradiation (Fig. 15.33c), showing
stable features afterwards (Fig. 15.33d). The strong fading observed during the first
hour is mainly associated to the fade of the low temperature peak at 334 K in pure
m-ZrO2. A similar behavior has been observed in Ag-doped m-ZrO2. Table 15.5
summarizes the data for the TL intensities studied on the three kinds of the m-ZrO2

samples exposed to γ-radiation for 30 s. The curves were obtained by plotting the
integrated TL intensity as a function of the γ-radiation in the 0.5 50 Gy range. The
integration of the TL signal was carried out 15 min after sample irradiation in order
to standardizing the fading effects.
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Fig. 15.33 TL fading characteristics of pure m-ZrO2 after ultraviolet irradiation for 30 s, with
storage time (a) 0.25, (b) 0.50, (c) 1.0 and (d) 24 h [271]

Table 15.5 TL glow curve areas of pure and doped m-ZrO2 exposed to g-radiation

Dose (Gy) ZrO2 ZrO2:Ag(s)
a ZrO2:Ag(I)

b

0.5 73.81 � 5.47 68.89 � 8.35 4.70 � 0.50

1 152.60 � 14.52 138.14 � 10.74 9.08 � 0.91

2 300.16 � 10.92 326.81 � 27.17 18.40 � 1.77

3 598.53 � 64.09 583.28 � 49.62 33.14 � 2.58

5 1188.72 � 82.17 1066.50 � 94.17 68.44 � 6.26

7.5 2248.27 � 158.12 1871.33 � 130.17 133.55 � 7.35

10 3125.78 � 261.91 2537.44 � 277.57 199.41 � 12.53

15 4995.94 � 197.99 3855.77 � 320.44 305.76 � 27.83

20 6617.45 � 595.79 4854.10 � 430.34 398.98 � 34.16

30 8484.17 � 436.51 6750.30 � 422.28 548.36 � 23.78

50 13960.74 � 810.35 10709.69 � 903.87 967.42 � 91.95
aMonoclinic ZrO2 with added Ag nanoparticles
bMonoclinic ZrO2 with impregnated Ag nanoparticles
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Figure 15.34 shows the TL signals obtained from m-ZrO2: (a) pure, (b) with
1 wt% Ag nanoparticles, and (c) with 1 wt% impregnated silver after 15 min
γ-irradiation with a dose of 30 Gy. As shown with ultraviolet irradiation, two TL
peaks occurring at 342 K and 397 K in m-ZrO2 before and after silver impregnation
are shifted to 349 K and 404 K in ZrO2 with added Ag nanoparticles. The intensity
patterns in these samples stand in the same order as those shown above with
ultraviolet irradiation (Fig. 15.32). It is important to analyze the role that Ag
nanoparticles in m-ZrO2 are playing on the TL signal. When Ag nanoparticles are
added during synthesizing m-ZrO2, the TL intensity diminishes slightly; however,
there is a noticeable shift toward higher temperature values (Fig. 15.34b). On the
other hand, when silver is impregnated on m-ZrO2 surfaces, the TL intensity suffers
a considerable decrease despite no change in the peak values (Fig. 15.34c). Thin
films of 5 mol% Eu3+-doped t-ZrO2 exhibit two TL peaks at 120 �C and 290 �C
[272]. The first peak, which is prominent, corresponds to the main peak shown in
m-ZrO2.

Applications

Growing demand for ZrO2 and hybrid nanocomposites is based on their unique
properties, which make them indispensable to many high-performance applications
such as in thermal and chemical barrier coating, buffer layer for high temperature
superconducting films, ball heads for hip replacements, and automobiles. Doped
ZrO2, using selective oxides of rare earths, alkaline earths, or transition metals, offers
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nanoparticles, (c) with impregnated Ag (dose 30 Gy) [271]
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several other multifunctional properties, which include a high refractive index, a
high degree of luminescence, catalytic activities, superior mechanical toughness, and
high wear resistance. Specific applications include structural tools, medical tools,
and turbine blades, dielectric formulations in electronic chips such as multilayer
ceramic capacitors for almost all kinds of printed circuit boards and electronic
devices. In view of optical properties, the efforts of developing rare-earth and/or
transition metal oxide-based ZrO2 of ceramics, glasses, and hybrid nanocomposites
stem from unusually self-confined vibronic structure (strong e-p coupling) with
support of low energy phonons in a special kind of materials of insulators or
wideband semiconductors. Novel materials include mesoporous composites wherein
the pores in spite of generating new optical centers mediate designing a discrete
structure of the optical (or also the spin) centers of self-minimized energy loss in the
concentration quenching, the cross-relaxations, and other possible processes. Spe-
cific applications include optical systems and devices, optoelectronics, optical wave-
guides, optical data storage systems, optical communications, optical displays, and
series of optical and/or biological sensors.

In brief, polymorphic ZrO2 and hybrid composites offer widespread high-tech
applications in numerous disciplines as follows:

(i) Monolithic ZrO2 polymorph
• Transparent windows for near ultraviolet, visible, and near-infrared regions
• Ultraviolet filters � 250 nm
• Catalysis for producing heavy alcohols
• Thermoluminescence
• Biomaterials and medial tools
• Gas sensors

(ii) Stabilized ZrO2 and composites
• Ultraviolet filters
• High temperature solid fuel cells
• Catalysis
• Optical materials and lasers
• Camouflage and color pigments
• Micro barcodes
• Dosimeter
• Memory devices
• Ferroics and applications
• Structural tools, medical tools, and biomaterials
• Porous membranes for hot gas filters
• Quantum cutting
• Down energy conversion
• Automobile industries
• Substrates
• Solar energy conversion
• Optoelectronics
• Power gates
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• Thermoluminescence
• Robotics
• Bone replacements (Al2O3- and MgO-based lightweight composites)

Concluding Remarks

In recent years of development, rare-earth ions-doped polymorphic ZrO2 as light-
emitting materials are found to be highly commensurate for excellent optical and
other properties and applications under varied experimental conditions of tempera-
ture and pressure. Oxide glasses and polymer–ceramic composites, which offer
extended shape formability, are especially important for designing and fabricating
varieties of products of desired shapes and sizes of thin films, quantum dots, sheets,
plates, rings, rods, thin wires, or coils for specific engineering applications. A
core–shell nanostructure supports superplasticity which promotes useful mechani-
cal, optical, electronic, and other desired properties of functionalized materials of
hybrid nanocomposites.
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Abstract
Superionic conductors are special class of materials, which conduct electricity via
movement of ions. They are popular due to their various applications and for
many physical phenomena, which are still to be understood fully. Phosphate glass
is a good candidate in this category, and it is necessary to explore its practical
application and rich science of super ionic conductors as they are easier to prepare
and contain nontoxic elements.

Keywords
Superionic conductors • Solid electrolytes • AC conductivity

Superionic Conductors

Superionic conductors (SICs), fast ionic conductors (FICs), or solid electrolytes are
materials in which the ionic conductivity is very high and in some cases it can be
comparable to that of molten salts and ionic solutions. It is found that the high ionic
conductivity in these materials is related to the high degree of disorder. For example,
the extraordinarily high ionic conductivity (~1.3 S cm�1) reported in α-phase of
silver iodide (α-AgI) (which is stable above 150 �C, until melting point) is compa-
rable to its liquid phase, whereas most of ionic solids have an ionic conductivities of
the order of ~10�8 S cm�1 at moderate temperatures (e.g., sodium chloride (NaCl) at
200 �C) [1]. Compound α-AgI is the first super ionic conductor ever discovered. The
stable phase below 150 �C is β-AgI, which has hexagonal wurtzite structure (space
group, P63mc). There is another low-temperature phase, i.e., γ-AgI, which is stable
below 135 �C and has cubic symmetry having a zinc blend structure (space group,
F-43 m) [1]. Both of these phases transform to a bcc structure (α-AgI, space group,
Im3m) at 150 �C. This phase change is accompanied by a considerable volume
contraction (5.4 %). In this high conducting phase, iodide ions form a bcc
sub-lattice, while the two silver ions of the unit cell are distributed over 42 equipoints
with equal probability. It is assumed that the silver ions flow like a liquid because of a
very high number of vacant sites. The structure of α-AgI is shown in Fig. 16.1 [2,
3]. Out of 42 sites available to 2 Ag+ ions, 6 are octahedral, 12 are tetrahedral, and
24 are trigonal bipyramidal sites. The phase transition in AgI is close to the melting
of cationic sub-lattice, and the entropy change during the transition is comparable to
that of melting solid [4]. Soon after the discovery of α-AgI, superionic phases of
many other materials have been reported like α-silver sulfide (α-Ag2S), α-silver
selenide (α-Ag2Se), α-silver telluride (α-Ag2Te), etc. [5].

Apart from the superionic α-phases of AgI, there are other materials also, which
show very high ionic conductivity. Based on the structure, crystalline superionic
conductors may be classified into three categories [7]:

(i) Type-I: In this category, these are solid electrolytes, which show superionic
conduction after a first-order (order ! disorder) phase transition. At phase
transition, a rearrangement of immobile ion sub-lattice and complete disorder
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of mobile ion sub-lattice take place. Examples: silver iodide (AgI), silver
sulfide (Ag2S), copper sulfide (CuS), silver selenide (Ag2Se), silver mercury
(II) iodide (Ag2HgI4), lithium sulfate (Li2SO4), silver telluride (Ag2Te), etc. [7].

(ii) Type-II: In this case, the immobile sub-lattice remains the same in both phases,
but a gradual mobile sub-lattice disorder takes place at the phase transition.
Examples: lead fluoride (PbF2), calcium fluoride (CaF2), sodium oxide (Na2O),
potassium sulfide (K2S), etc. [7].

(iii) Type-III: Here, no phase transition takes place, though high ionic conductivity is
noticed. Due to their favorable structure of cationic transport, these materials show
a high ionic conductivity. Examples: sodium beta alumina (Na-β-Al2O3), potas-
sium beta alumina (K-β-Al2O3), lithium nitride (Li3N), etc. [7]. A list of some
crystalline fast ionic conductors is given in Table 16.1. The room temperature
conductivity is also given in the same Table 16.1. Figure 16.2 shows the electrical
conductivity as a function of inverse temperature for some selected crystalline
superionic conductors. It also includes concentrated sulfuric acid (H2SO4) for
comparison. While searching for the new superionic conductors, one aims for the
top right-hand corner of the diagram (i.e., high conductivity at low temperatures).
It is clear from the diagram that most of the crystalline superionic conductors
except rubidium silver iodide (RbAg4I5) (which has σ ~ 10�1 S cm�1 at room
temperature) have very low room temperature conductivity. The early work in the
field of superionic conductors has been aimed to stabilize the high-temperature
phase at room temperature, which is responsible for such high conductivity. The
highly disordered structure is the central feature of the crystalline superionic

Fig. 16.1 Crystal structure of
α-AgI. There are 6 octahedral
sites, 12 tetrahedral sites, and
24 trigonal sites, which are
available to two Ag+ ions [2,
3, 6]

Table 16.1 Some crystalline fast ion conductors with their room temperature (unless stated)
conductivities

System σmax (S cm�1) System σmax (S cm�1)

α-AgI [1] 1.31 (148 �C) Ag6I4WO4 [12] 4 � 10�2

RbAg4I5 [8, 9] 0.27 Li3N [13] 1.2 � 10�3

Ag3SI [10] 10�2 α-Li2SO4 [14] 0.86 (550 �C)
Ag2HgI4 [11] 1.5 � 10�3 (60 �C) Li10GeP2S12 [15] 1.2 � 10�2
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conductors (especially type-I superionic conductors). So the obvious choice is to
stabilize these α-phases in amorphous/glassy matrix. Since α-AgI has the highest
ionic conductivity till date in any known solid electrolyte, most work has been
concentrated on AgI-based conducting glasses. In many glass matrices, doping of
AgI has been studied earlier, and room temperature conductivity of ~10�2 S cm�1

has been reported in glasses containing high amounts of AgI [16]. The AgI does
not show crystalline nature in many glass matrices and gives an X-ray diffraction
(XRD) pattern similar to glass.

Examples of Glassy Superionic Conductors

A list of some fast ion-conducting glasses is given in Table 16.2 along with their
room temperature conductivities.

Phosphate Glasses

Among glass-based solid electrolytes, phosphate glasses have been of interest
among researchers because of their many unique properties. They have high trans-
mission in ultraviolet region and are suitable material for high power lasers
[33]. These glasses are biocompatible also. When these glasses are doped with
suitable inorganic salts, they become fast ion conductors at room temperature with
conductivities up to ~10�2 S cm�1. Materials with such high conductivity have
found several applications in energy storage devices, solid state batteries, sensors,
etc. [34–37]. AgI-AgPO3 glasses of high ionic conductivity have found applications
in nanotechnology, such as growing silver nanowire within glass [38], resistive
switching devices based on nanocrystalline AgI-AgPO3 [39], AgI nanowire-based
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conductivity of various
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from Solid State Chemistry
and Its Applications [17])

574 D.P. Singh et al.



nano-devices [40], electrochemical nanoimprinting [41], etc. Phosphate glasses with
Cu2+ ions can display semiconducting properties, and with trivalent rare earth ions,
these glasses have luminescent and magnetic properties [42].

Synthesis of Phosphate Glass

The conventional technique for preparing the ion-conducting glasses is the melt
quenching. In this method, appropriate amounts of chemicals are first melted in a
crucible at high temperatures, and then the molten salt and glass mixture is quenched
by pouring it into liquid nitrogen, by pressing it in between two metal plates, or by
pouring between fast rotating twin rollers. Various quenching techniques have different
quenching rates. The obtained flakes of the glasses are crushed using mortar and pestle
and a fine powder is made. Figure 16.3 shows the twin roller assembly used in sample
preparations. The powdered samples are pressed into pellets of thicknesses 1–1.5 mm
and diameter 10 mm for electrical measurements by using a hydraulic press. Electrodes
are made on the surfaces of the pellets by applying a mixture of electrolyte and silver
powder (1:1 ratio) during pellet preparation. This method of electrode preparation
removes the electrode polarization substantially.

The processing temperature for preparing silver metaphosphate and lithium
metaphosphate is given in Table 16.3.

The typical heating rate is kept at 100 �C/h. The reactions for AgPO3 and LiPO3

glasses are shown below (Eqs. 16.1 and 16.2).
For AgPO3:

AgNO3 þ NH4H2PO4 ! AgPO3 þ 3H2Oþ 1

2
N2 þ NO (16:1)

For LiPO3:

NH4H2PO4 þ 1

2
Li2CO3 ! LiPO3 þ 1

2
H2Oþ 1

2
CO2 þ NH3 (16:2)

Table 16.2 Selected glassy fast ion conductors with their room temperature conductivities

System
σmax

(S cm�1) System
σmax

(S cm�1)

60Li2S-40SiS2 [18] 5.1 � 10�4 55Ag2S-45GeS2 [19] 2.0 � 10�3

50Li2S-50GeS2 [19] 2.0 � 10�4 52.3AgI-48.7 (Ag2S-GeS2) [19] 1.0 � 10�2

40Li2Se-60GeSe2 [20] 1.8 � 10�4 70AgI-10Ag2Se-20-P2Se5 [19] 2.0 � 10�2

14SiS2-9P2S5-47Li2S-30LiI [21] 2.1 � 10�3 80AgI-20Ag3AsO4 [27] 1.4 � 10�2

37Li2S-18P2S5-45LiI [22] 1.0 � 10�3 80AgI-20Ag2CrO4 [28] 1.5 � 10�2

67.67AgI-25Ag2O-8.33P2O5 [23] 2.0 � 10�2 75AgI-25Ag2SeO4 [28] 3.0 � 10�2

70AgI-15Ag2O-15B2O3 [24] 9.7 � 10�3 Ag2S-Sb2S3 [29] 5.6 � 10�2

75AgI-25Ag2MoO4 [25] 1.0 � 10�2 50AgI-50LiPO3 [30] 7.4 � 10�4

67.67AgI-25Ag2O-8.33V2O5 [26] 5.3 � 10�2 19CdI2-81AgPO3 [31] 1.0 � 10�2

90.1AgI-9.9Ag3BO3 [16] 1.0 � 10�1 57.5AgI-42.5AgPO3 [32] 1.5 � 10�2
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The evolved gases and water are removed during the final stage of heat processing.
In the case of composite glasses, appropriate amount of salt (AgI) is added in the
initial mixture, and powder is mixed thoroughly before keeping in the furnace. The
molten glass-salt mixture is quenched by using twin roller as explained earlier.

It is observed that a large amount of silver iodide (up to 76 mol%) can be amorphized
in AgPO3 glass matrix [43]. Above this composition, extra silver iodide is precipitated in
the form of β-AgI crystallites. However, in LiPO3 glass, a relatively less amount
(<20 mol%) of silver iodide can be amorphized, and above this composition, excess
silver iodide is precipitated in the form of γ-AgI nano-crystallites [30]. The maximum
room temperature conductivities achieved in AgPO3 and LiPO3 systems upon AgI
addition are 10�2 S cm�1 and 10�3 S cm�1, respectively, which are obtained by adding
50 mol% of silver iodide to the glass matrices.

Structural and Thermal Characterizations

The structure of phosphate glasses (P2O5) is consisted of PO4 tetrahedra connected
by corners, which makes a three-dimensional network by connecting three of their
four corners. The fourth corner is the terminal/non-bridging double bonded oxygen.
The introduction of network modifiers, such as Ag2O, Li2O, etc., to the base glass
results in the breaking of some of the bonds and in creating new terminal oxygen

Fig. 16.3 Twin-roller
assembly

Table 16.3 Processing temperature for different compositions

System Processing temperature (�C)
AgPO3 At 300 for 2 h and 5 h at 500

xAgI-(1-x)AgPO3 (x = 0.1–0.5) At 300 for 2 h and 5 h at 700

LiPO3 At 300 for 2 h and 5 h at 750

xAgI-(1-x)LiPO3 (x = 0.05–0.5) At 300 for 2 h and 5 h at 750
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atoms. This terminal oxygen can form ionic bonds with the metallic elements of the
added modifier. Depending upon the number of bridging oxygen atoms, the phos-
phate tetrahedral is termed as Qi, where i represents the number of bridging oxygen
atoms and may have a value of 0, 1, 2, or 4. A structure built up by Q3-type
tetrahedra denotes a fully polymerized structure, while a structure formed by Q2-
type units gives a two-dimensional structure made of chains and rings. Q1 means two
tetrahedra connected by a corner, whereas Q0 implies isolated tetrahedra. The
different Qi units are shown in Fig. 16.4. The structure of AgPO3 and LiPO3 glasses
ideally consists of infinite long-chain corner-shared Q2-type PO4 tetrahedra, and the
metal ions are associated with two non-bridging oxygen atoms. Several studies on
the glass structure of doped and undoped phosphate glasses have been done by using
infrared and Raman spectroscopy techniques [33, 42, 44–63].

In the IR spectra of phosphate glasses (Fig. 16.5), different bands appear at certain
wave numbers, which are due to the presence of corresponding vibrational modes in
the polymeric phosphate chains. The main features of IR spectra of phosphate
glasses are as follows: asymmetric vibrations due to terminal oxygens νas(P-Ot) in
the long polymeric chains P-O-P at 1225–1260 cm�1. Asymmetric ionic stretching
band νas(PO3

2�) is observed around 1055–1105 cm�1. In the range of
900–920 cm�1, a band appears due to asymmetric vibrations νas(P-Obr) of bridging
oxygens in the long chains. Two bands due to asymmetric vibrations νas(P-Obr) of
bridging oxygen atoms in the rings of different sizes are seen in the range
463–473 cm�1 (bending mode) and 515–535 cm�1 (bending mode), respectively.
Apart from these, some symmetric vibrations of oxygen atoms in the ring and chain
structures are also observed in the IR spectra of phosphate glasses. In the range of
717–731 cm�1 and 765–773 cm�1, two bands are observed, which are due to
symmetric vibrations of bridging oxygen atoms in the rings of different sizes. A
band in the range 370–390 cm�1 is also noticed, which is due to the symmetric
bending mode of bridging oxygen atoms in large rings. These peak assignments are
taken from references mentioned earlier in this section [44, 55, 59].

The Raman spectra of phosphate glasses (Fig. 16.6 for Raman spectra of LiPO3

glass) are dominated by two bands at 1140 and 680 cm�1, which are due to
symmetric vibrations of terminal and bridging oxygen atoms in the long polymeric
chains, respectively. The asymmetric counterparts of these bands are also seen in the
IR spectra around 1230 and 900 cm�1, respectively. There are other bands due to
ring structures, which are observed in the Raman spectra of phosphate glasses and
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Fig. 16.4 Different tetrahedral phosphorous sites that can be formed in phosphate glasses [51]
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are much weaker in scattering strengths. The IR and Raman studies of silver
metaphosphate glasses have suggested that the glass structure largely consists of
polymeric chains with small fraction of rings, and the AgI added to this glass
decouples the glass network, and at higher AgI, long chains are converted to rings
[58, 59, 64]. It has also been found that as the amount of AgI increases in the base
glass, the Raman mode at 1140 cm�1 redshifts as can be seen from Fig. 16.7. This
shows that the network steadily softens and the interchain spacing increases with an
increase of AgI. A unique feature of Raman spectra of phosphate glasses is the
observation of so-called Boson mode near 29 cm�1. The origin of this peak is not
clear. In the metaphosphate glasses, it has been found that different glass modifiers
affect the rigidity of the glass network [42]. The prominent Raman modes in LiPO3

are found to be blue-shifted in comparison to AgPO3. This suggests a more rigid
structure of LiPO3 glass in comparison to AgPO3 glass. Again this is due to the

Fig. 16.5 FTIR spectra of xAgI-(1-x)LiPO3 composite glass electrolytes [44, 55, 59]
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Fig. 16.6 Raman spectra of LiPO3 glass [58, 59]

Fig. 16.7 Raman spectra of xAgI-(1-x)AgPO3 glass electrolytes [65]
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strong ionic character of Li+, which makes bond with O2�. Ag+ has sufficient
covalent contribution. As the two bands in Raman spectra represent the vibrations

of bridging and terminal oxygen in the polymeric chain, the relative intensity I P�Obrð Þ
I P�Otð Þ

of these peaks can provide the information about the decrease or increase of
covalence character in the chains [65]. In the Raman spectra of glassy materials,
symmetric vibrations are seen more prominently than asymmetric vibrations. A shift
of 1143 cm�1 band toward left (to lower wave numbers) is easily observed for
x > 0.1 which is an indication of softening of glass network upon AgI addition.

A number of structural studies on AgI-doped phosphate glasses have been done
using X-ray diffraction [66–68], inelastic and quasi-elastic neutron scattering
[69–79], extended X-ray absorption fine structure (EXAFS) [71, 80] and NMR
[81], etc. The conductivity of glasses generally increases upon doping with suitable
salts. The increase in conductivity of AgPO3 upon addition of AgI has been
attributed to the formation of AgI microdomains or clusters in the glass matrix.
The structure of AgI microdomains is considered to be similar to α-AgI, which has
very high ionic conductivity, due to its highly disordered and open structure. The
presence of AgI microdomains in AgI-AgPO3 glass electrolytes is supported by
X-ray and neutron scattering, which show that the AgI does not alter the short range
order of the glass network [66]. Moreover, AgI does not enter into the chain structure
of the glass network. The atomic distances of P-O, P-P, and O-O bonds obtained by
X-ray diffraction do not change with composition [67]. This is consistent with results
obtained by neutron scattering [82] and Monte Carlo simulation [83]. In the X-ray
and neutron scattering of these glasses, a sharp diffraction peak is observed at
Q ~ 0.6–0.8 Ǻ. Here,Q ¼ 4π sin θ

λ and θ are the half scattering angle between incident
and diffracted beams and λ is the wavelength of X-ray. This peak is known as first
sharp diffraction peak (FSDP) (Fig. 16.8) and is attributed to the medium-range
order (<10 Ǻ) present in the glass [67] or to the AgI clusters in the glass
[75]. However, some objections are raised on the explanation based on AgI

0.0
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Fig. 16.8 First sharp diffraction (FSDP) peak for xAgI-(1-x)AgPO3 glass electrolytes, which is
due to medium-range order. This peak shifts to lower Q value with increasing AgI content indicating
more open structure with increasing x (see text for details). The lower cure is for x = 0, middle
x = 0.2, and upper x = 0.5. The figure is taken from literature [71]
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clusters, and alternative explanations are given by others [71]. It is proposed by
Wicks et al. that the polymer chain density gives rise to FSDP. In xAgI-(1-x)AgPO3

system, the intensity of FSDP increases, and its position shifts to lower value of Q
with an increase of x [70, 75]. The shift of FSDP at lower value of Q for high x is
attributed to chain density fluctuation as the chains are pushed apart by the addition
of AgI to the glass matrix. Thus, it is advised that the AgI addition leads to more
open structure in the expanded glass network, which helps in achieving the high
silver ion conductivity. The Debye-Waller temperature factor of these glasses also
increases with an increase of x, just like conductivity showing a connection of
conductivity enhancement with composition [68]. In a recent letter, a correlation
has been reported between the conductivity enhancement and I-Ag distance in
AgI-doped glasses by using EXAFS technique [80]. This technique is important to
study the local environment of an X-ray absorbing atom. They have argued that a
pathway volume is formed in which majority of silver ions, which contribute to ion
conduction, have mixed oxide and iodide coordination [84]. The pathway volume
is similar to free volume, but they have said that the conductivity enhancement in
the glass depends on the spatial distribution of surrounding ions. They have also
reported the local structure using EXAFS around iodine atom in a number of
AgI-doped glasses. They have found that the glasses with longer I-Ag distances
show high ionic conductivity, which is independent of their host glass matrix.
Moreover, progressive AgI addition to the glass leads to an increase I-Ag distance
from 2.77 to 2.85 Ǻ, where short I-Ag distance glasses possess high activation
energy and low conductivity, and glasses with long I-Ag distance possess low
activation energy and high conductivity. This progressive increase in I-Ag distance
leads to increase in pathway volume for ionic conduction. A correlation between
medium-range order, conductivity enhancement, free volume, and FSDP wave
number can also be obtained [78, 85]. The length scale d ¼ 2π=Q characterizes
the medium-range order. By doping the glass with AgI, the characteristic length d
increases (due to the decrease in corresponding FSDP wave number). This increase
of d (intermediate-range order) termed as the glass network expansion or increase
of free volume [71] adds to the enhancement of conductivity.

Electrical Characterization

There are several techniques from which motion of ions in the solid can be probed
indirectly. AC conductivity is one such technique used to indirectly probe the ion
dynamics. A review of various dynamic processes in glasses and experimental
techniques has been given by Angell [86]. The AC conductivity of the system is
measured by applying an AC electrical signal with varying frequency and measur-
ing the system response by using impedance analyzer/LCR meter. The time-
dependent mean square displacement of ions is directly related to the AC conduc-
tivity via Fourier transform as shown in the following Eq. 16.3 [87]:
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r2 tð Þ� � ¼ 12kBTHR

Nq2π

ðt
0

dt0
ð1
0

σ0 νð Þ
ν

sin 2πνt0ð Þdν (16:3)

In this equation, hr2(t)i is the time-dependent mean square displacement of mobile
ions, kB is the Boltzmann constant, T is the temperature, N is the mobile ion density,
q is the ionic charge, σ0(ν) is the real part of AC conductivity, and ν represents the
frequency of applied AC signal voltage. HR is the Haven ratio, which takes into
account the strength of ion-ion correlations. HR is also defined as the ratio of tracer
diffusion coefficient to conductivity diffusion coefficient (HR ¼ D�=Dσ). For low ion
concentrations, HR is close to unity and for high ion concentrations it can be as low
as 0.3. In the limit of high frequencies, it approaches to unity, independent of ion
concentrations [87].

The ionic transport and frequency-dependent conductivity of conducting glasses
are still not understood fully. In comparison to crystalline materials, the ion transport
process in glasses is more complicated and difficult to understand due to the
disordered structure of the glass. The mechanism of ion transport is affected by
glass structure. Apart from the glass structure, ion transport is also affected by the
correlations between the surrounding mobile ions. When some dopant or network
modifier is added, an increase of mobile ion concentration and changes in the glass
network are expected. The correlated motion of ions gives the dispersive conduc-
tivity [88]. When an ion leaves a preoccupied site in the glass network, it leaves an
uncompensated charge attached to that site. After the positive ion has moved, this
site will keep the memory of that ion as long as there is negatively charge attached to
it. After the ion goes, the environment around this site relaxes back to the initial state.
This process decreases the backward movement of the ion after the jump, and this
motion is considered as correlated motion and gives strong dispersion in the AC
conductivity. This correlated motion of ions is very common to ionic conductors and
gives “universal dynamic response” (UDR) or “first universality.” The real part of
the complex AC conductivity, σ0 (c.f. σ� νð Þ ¼ σ0 νð Þ þ iσ00 νð Þ) in the UDR regime,
has a power law dependence on frequency. This behavior is also known as Jonscher
power law (JPL) behavior [89]. The form of this equation is represented by the
following Eq. 16.4, known as Almond-West formulism [90]:

σ0 νð Þ ¼ σdc 1þ ν
ν�

� �nh i
(16:4)

In this Eq. 16.4, σdc represents the DC conductivity. The quantity ν* represents a
characteristic frequency mark, i.e., the onset of AC conduction. The AC conduction
is assumed to begin when σ0 ν�ð Þ ¼ 2σdc. The frequency ν* separates the long-time
(or low-frequency) dynamics from the short-time (high-frequency) dynamics. Long-
time dynamics is diffusive and is due to the random motion of ions over long ranges;
whereas, short-time dynamics is sub-diffusive which is due to the correlated motion
of ions over the short distances. Frequency index, n, has weak temperature depen-
dence and is usually less than 1 (n < 1). The conductivity spectra of ion-conducting
glasses are shown in Fig. 16.9 for sodium tellurium oxide (0.1Na2O-0.9TeO2) and
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Fig. 16.10 for 0.2AgI-0.8LiPO3 glasses at various temperatures. The transition
points separating the dispersive behavior (AC) from DC conducting (plateau) part
are also shown in the former. For this system, these points do not fall on the line of
slope 1 as seen in the figure (i.e., DC conductivity is not linearly proportional to the
hopping frequency). An equivalent form of Eq. 16.4 is written as

σ0 ωð Þ ¼ σdc þ Aωn (16:5)

In Eq. 16.5, A is the temperature-dependent constant, ω ¼ 2πν and n < 1.
A comparison of Eqs. 16.4 and 16.5 gives A ¼ σdc

ν�ð Þn.
The dispersive (AC) conductivity is less temperature dependent than DC con-

ductivity. DC conductivity has the following relation with the mobile ion density
N and mobility μ:

σdc ¼ Nqμ (16:6)

By the use of Nernst-Einstein relation D ¼ μkT=q , and D ¼ a2Γ
6

for random ion
hopping, Eq. 16.6 can be written as follows:

σdc ¼ Nq2a2Γ
6kBT

(16:7)
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Fig. 16.9 Conductivity spectra of 0.1Na2O-0.9TeO2 glass at different temperatures. The filled
circles on the plot, acquired by imposing the condition σ0 ν ¼ ν�ð Þ ¼ 2σdc , represent the onset of
dispersive (AC) conduction [91]
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where N is the mobile ion density, q is the charge on each ion, a is the jump distance,
T is absolute temperature, and Γ is the hopping rate for random ion hopping.

The hopping rate has exponential temperature dependence as

Γ ¼ Γ0exp �ΔEh=kBTð Þ (16:8)

DC conductivity is also exponentially dependent on temperature through hopping
rate,

σdcT ¼ σ0exp �ΔEdc=kBTð Þ (16:9)

The activation energies for hopping rate (ΔEh) and DC conductivity (ΔEdc) are
nearly equal when carrier concentration is independent of temperature [92] and
they are different when carrier concentration is temperature dependent. The hopping
distance, a, and mobile ion concentration, N, in fast ion conductors are nearly
independent of temperature in a wide range of temperature [93]. Most glasses
including phosphate glasses obey Arrhenius temperature dependence of DC con-
ductivity as shown in Fig. 16.11 for xAgI-(1-x) LiPO3 glasses. Some glasses such as
alkali borate [94] and alkali silicate glasses [95] have shown deviations from the
Arrhenius Eq. 16.9 at high temperatures (but well below their glass transition
temperature). In these glasses, structural changes are noticed, which give rise to

Fig. 16.10 AC conductivity of 0.2AgI-(0.8) LiPO3 glass at various temperatures. This type of
behavior is known as universal dynamic response behavior as it is observed in a vast variety of
materials including glass, semiconductors, polymers, etc. [30]
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non-Arrhenius DC conductivity. These structural changes are sensitive to composi-
tion, temperature, and thermal history. A vacancy like transport mechanism is
suggested in these glasses. The non-Arrhenius temperature dependence of DC
conductivity is shown in Fig. 16.12 for alkali silicate glasses.

The mobile ion concentration (or mobile ion density), which is seen in Eq. 16.7, is
not a well-defined quantity, since in the very long-time limit every ion can be thought
of as being mobile. So to define mobile ion density, the time consideration is
necessary. One natural choice is the time scale corresponding to the crossover
frequency, ν* which separates DC conductivity from dispersive AC conductivity
[96]. This crossover frequency has been identified as hopping rate (or hopping
frequency) in the literature [97]. With this assumption Eq. 16.7 can be written as

σdc ¼ nmobq
2a2ν�

6kBT
(16:10)

Equation 16.10 defines the mobile ion density, nmob as the number of ions, which has
moved from its initial position in the time of τ (=1/ν*). Solid-state NMR techniques
such as motional narrowing experiments provide the information about the mobile
ion density [98]. If mobile ion density nmob is comparable to the total ion density,
then the electrolyte is called as strong electrolyte [28]. In such a case, the doping salt
dissociates completely in the glass matrix and most of the ions take part in the
conduction process. This is the case of many fast ion-conducting glasses. If the nmob

Fig. 16.11 Arrhenius temperature dependence of DC conductivity in xAgI-(1-x) LiPO3 glasses.
Most of the glass electrolytes show this behavior [30]
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is very small in comparison to total ion density, then it is a weak electrolyte [99]. In
the weak electrolytes, ion transport proceeds via vacancy mechanism [100]. Here
(normally in crystalline materials), the number of vacancies is strongly temperature
dependent, whereas in glasses the vacant sites are determined by the history of glass
formation, and their number in glasses is significantly higher than crystals
[101]. Because of higher vacancy concentration, interactions between them take
place, and in turn ion transport in glasses becomes very complex. In deriving the
Eqs. 16.7 and 16.10, ion-ion correlations have been ignored and it is assumed that all
ions make equal jump distances. Also similar jump rates have been assumed for all
ions. Equation 16.10 gives a good estimate of mobile ion density by the measured
DC conductivity. When there is a distribution of jump rates (as in the case of random
barrier model), the mobile ion density is less than that given by Eq. 16.10. To a good
approximation, Eq. 16.10 gives an upper limit to the mobile ion density [96]. If
ion-ion correlations are considered, Eq. 16.10 would become

σdc ¼ nmobq
2a2ν�

6kBTHR
(16:11)

where HR is the time scale-dependent Haven ratio. The value of HR lies in between
0.3 and 1.

The transformation of Eq. 16.4 gives the following time dependencies for hr2(t)i
in the long- and short-time limits

Fig. 16.12 Arrhenius plots
of DC conductivity of alkali
silicate glasses. The departure
from Arrhenius behavior is
observed at higher
temperatures (see text for
details) [95]

586 D.P. Singh et al.



r2 tð Þ� � �
a2t

τ
, t > τ ! dc

a2 t
τ

� �1�n
, t < τ ! ac

8<
: (16:12)

where τ ¼ 1= ν�ð Þ. Equation 16.12 states that mean square displacement hr2(t)i is a
linear function with time for t > τ. In this regime, the ion motion can be modeled by
the classical random walk model of diffusion. This motion is known as the diffusive
motion. For the time intervals t < τ, the mean square displacement of ions is
nonlinear with time function. In this regime, the correlated motion of ions takes
place up to a relatively short distances and the motion is called as sub-diffusive to
distinguish it from diffusive motion. The correlated motion in the sub-diffusive
regime is best understood as a motion in which the ions perform several “unsuc-
cessful” back-and-forth jumps [88] before any “successful” jump takes place.
Equation 16.12 clearly states that for t > τ, DC conduction dominates, whereas
for t < τ, AC conduction dominates. But there can still be AC conduction for t > τ
(at low frequencies). This equation wrongly predicts a continuously increasing
dielectric constant with decreasing the frequency instead of a low-frequency plateau.
If the AC contribution to root mean square displacement is also considered for t > τ,
this error is removed. For t > τ, the AC contribution to mean square displacement is
given by r2 tð Þ� �

ac
� a2 [102]. Experimentally observed length scale that separates

diffusive transport from sub-diffusive transport is a � 2Ǻ. The ion movements over
the long ranges (>2Ǻ) are considered as diffusive, and the ion movements over the
short ranges (<2Ǻ) are considered as sub-diffusive [102].

In the time domain, Eq. 16.5 is equivalent to a stretched potential ϕ(t) known as
Kohlrausch-Williams-Watts (KWW) potential [103]

ϕ tð Þ ¼ exp �t=τð Þ1�n
(16:13)

where ϕ(t) represents the decay of the electric field within the material after a fixed
polarization that is applied at t = 0 and τ is the relaxation time. The ionic conduc-
tivity may be obtained by taking the Fourier transform of Eq. 16.13.

Current Issues

Ion conduction phenomenon in glasses, polymers, crystals, etc. plays a highly
significant role in various technologies. The application of ion-conducting materials
has been realized in many devices such as solid oxide fuel cells, batteries, super-
capacitors, oxygen separation membranes, electrochemical windows, etc. So these
applications related to the ion-conducting materials motivate the researchers to work
in this area. There is a permanent quest for the materials having high ionic conduc-
tivity. The level of ionic conductivity achievable in materials has reached at satura-
tion level, and the main impeding factor toward the development of new materials
with high ionic conductivity is the lack of complete understanding of ion conduction
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phenomenon. Proper understanding of the ion conduction in solids has been a
fundamental problem since many years. Several attempts have been made by
researchers to understand the phenomena of ion conduction in disordered solids.
Currently, researchers are much interested in the frequency dependence of
low-temperature AC conductivity of disordered ionic solids. At low temperatures,
apart from UDR or “first universality,” the AC conductivity of disordered ionic
solids obeys a different frequency response, which was first noticed by Nowick
et al. [104, 105]. In this case, the AC conductivity varies almost linearly with
frequency, or equivalently dielectric loss (e00 ¼ σ0=2πe0ν) becomes independent of
frequency. This behavior is termed as “nearly constant loss” (NCL) behavior or
“second universality.” Figure 16.7 shows the NCL behavior in sodium phosphate
(NaPO3) glass at different temperatures. Generally, the NCL is observed at low
temperatures and/or high frequencies when the DC conduction ceases, as NCL
conductivity is very small and could not be observed when there is an existence of
sufficient amount of DC conduction. In the NCL regime, the conductivity has no or
very little temperature dependence. The whole conductivity spectra of glasses and
crystalline materials could be approximated by superposition of JPL behavior and
NCL behavior as written below:

σ0 νð Þ ¼ σdc 1þ ν
ν�

� �nh i
þ Aν (16:14)

where the first term is the usual UDR behavior, the last term represents the NCL
behavior, and A is a constant. As stated earlier, the origin of AC conductivity in the
first universality is the correlated hopping motion of mobile ions [88]. However,
the origin of NCL is still unclear and is much debated. One view is that the NCL
arises because of the relaxations of low energy excitations over an energy barrier
described by asymmetric double-well potential (ADWP) [106]. In a more recent
view, it is thought to arise because of the collective localized movements of mobile
ions having Coulomb interactions between them [107]. Another view is that the
NCL is caused by vibrational motion of ions in strong anharmonic potential or from
hopping in cage potential defined by neighboring ions [96]. However, this view
focuses on very high-frequency NCL in the terahertz range, where AC conductivity
joins vibrational absorption [108]. Yet another behavior of AC conductivity has
been reported less frequently, which is known as superlinear power law (SPL) [109,
110]. In this case, the frequency index, n, in the power law-dependent conductivity
can even exceed 1. This behavior appears in the same temperature and frequency
window as NCL. Researchers are still not sure whether the NCL and SPL have
same physical origins or different. A lot of work has been done on NCL behavior in
disordered materials, some of it is discussed in brief as follows. There are few
reports in which origins of Jonscher and NCL processes are considered to be same
[111, 112]. This group has suggested with supports from random barrier model and
analysis of experimental results that the entire conductivity spectra is governed by
hopping dynamics of ions and any demarcation between JPL and NCL behaviors is
artificial (Figs. 16.13 and 16.14).
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Fig. 16.13 Dielectric losses as a function of frequency for NaPO3 glass at 12 temperatures
(in Kelvin). It is clear, that lower curves have no frequency and temperature dependence. The
dashed line (with slope �1) on the top left corner shows the approaching DC behavior at low
frequencies [113]

Fig. 16.14 NCL behavior in 0.1AgI-0.9LiPO3 composite glass electrolyte at low temperatures.
The dielectric loss has near-zero temperature dependence below 235 K [30]
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At low temperatures, the Jonscher behavior changes smoothly to NCL behavior
without any change of conduction mechanism. However, this view could not get
much support due to other’s criticism [114]. Nowick et al. have studied the NCL in
sodium silicate glasses [105, 115]. They have given a description of NCL by a two
level system, which is based on asymmetric double-well potential. In this model the
conductivity at low temperatures is given by hopping and tunneling processes.

Sidebottom has studied the AC conductivity behavior of several metaphosphate
glasses [113, 116]. They have noticed that the frequency index, n, of the power law
conductivity depends on the cation constriction (i.e., cation size relative to chain
separation). They found that n decreases when increasing the constriction of the
cation. This decrease results from the reduction in the coordination of the cation’s
local conduction space, which is caused by increased constriction. In other words,
it can be said that the value of n depends on the dimensionality of conduction
space. In silver- and alkali halide-doped glasses, n is found to be less than 2/3,
which means cations in these systems have conduction space of lower dimension-
ality. The value of n = 2/3 is related to the 3D conductors. But the 2D conductors
such as Na β-alumina give a value of n around 0.58 and 1D conductors such as
hollandite give a value of n to be about 0.3. The AgI-free AgPO3 glass gives a
value of n ~0.6 suggestive of 2D ion dynamics. When AgI is added in the AgPO3

glass matrix, n increases to 0.67, implying 3D ion dynamics. Lower index in pure
AgPO3 glass indicates a network of lower dimensionality than 3D. Here the PO3

chains collapse and reduce the number of pathways in the vicinity. However, in
contrast to AgPO3 glass, pure alkali phosphate glasses such as LiPO3 and NaPO3

give 3D ion dynamics. Here, the size of the cation comes into picture; the size of
silver cation is much larger than lithium or sodium cation. Thus, in alkali phosphate
glasses, the collapse of chains is insufficient, which behave as network of
dimensionality lower than 3D. Moreover, when the alkali ion size is higher such
as for Cs, the network behaves like a lower dimensionality and gives a smaller
n. Thus, expansion of glass network and cation size both determine the observed
value of frequency exponent, n.

Ngai and coworkers have done a lot of work on AC conductivity and NCL
behavior in the fast ion conductors [117–124]. They have argued that the NCL
contribution and cooperative hopping contribution to the total conductivity are not
additive processes; instead, NCL crosses over to cooperative ion hopping contribu-
tion with a decrease of temperature [120]. Therefore, the use of Eq. 16.14 to fit the
conductivity data should be discontinued. (However, there are reports, which con-
sider both contributions to be additive [125].) To understand the ion dynamics and
NCL behavior of ionic conductors, they have proposed a coupling model
[126–128]. They have shown that the crossover from Jonscher behavior to NCL
behavior is activated by an activation energy, which is much less than the activation
energy of DC conduction. They have found a mixed alkali-type effect in NCL too. A
partial replacement of alkali ions reduces the NCL effect. However, this effect is
smaller than the corresponding decrease in DC conductivity. They have analyzed the
cation mass dependence of NCL in a number of alkali triborate glasses and found
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that the magnitude of NCL decreases systematically with an increase of alkali ion
mass. Recently, NCL has been reported in disordered pyrochlore-type oxide ion
conductor [129]. Apart from many glassy materials, NCL has been observed in
polycrystalline materials, viz., lithium aluminum inosilicate (LiAlSi2O6) [130], Na
β-alumina [131], and LixLa1-xTiO3 [132] too. This shows that the structural disorder
is not a prerequisite for the observation of NCL; however, the structural disorder may
enhance the magnitude of NCL as the results suggest. Recently, NCL has also been
detected in Mn-doped bismuth magnesium titanate-lead titanate (Bi(Mg1/2 Ti1/2)O3-
PbTiO3) disordered ferroelectric ceramics also [133].

Significant works on AC conductivity and NCL in ion-conducting glasses have
also been carried out by Funke and his coworkers [88, 107, 125, 134–155]. They
have developed a mismatch generated relaxation for the accommodation and trans-
port of ION (MIGRATION) concept, which literally means that a mismatch is
introduced by the initial hop of the ion, resulting in relaxation (rearrangement) of
the neighborhood; this relaxation of the neighborhood finally accommodates the ion
at its new position. As soon as the accommodation of the ion at the new location is
done, an elementary step of macroscopic transport is completed by the ion. This
model uses rate equations to derive time correlation functions and conductivity
spectra. A formal description of their model can be found in many of their papers
including most recent papers mentioned earlier. Their model predicts a continuous
increase of frequency exponent, n, with frequency having a limiting value of
1. Moreover, this model yields a finite value of conductivity at very high frequencies.
By MIGRATION concept, they have predicted that the slope of log σ versus log ν
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Fig. 16.15 Low-temperature
AC conductivity σLTC in
0.10Na2O-0.9B2O3 glass
showing 2-to-1 slope change
in log-log plot of conductivity
versus frequency. The inset
shows that slope 2 region has
temperature dependence,
whereas slope 1 region does
not have [107]
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plot first changes from two to one and then one to zero at high frequencies as
reported in an earlier study done by using Monte Carlo simulation [156]. The NCL
region lies within the two crossover points. All of the three regions have been
observed in sodium borate (0.3Na2O-0.7B2O3) glass [107, 155]. Both type of
conductivity behaviors, viz., frequency squared (corresponding to slope 2) and linear
(corresponding to slope 1), have same origins (localized movement of coulomb
interaction of ions); however, squared dependence is observed at much lower
temperatures than linear. Moreover, squared dependent conductivity
(on frequency) is temperature activated, whereas the linear frequency-dependent
conductivity is temperature independent. The frequency dependence of
low-temperature AC conductivity (σLTC) of 10 M percent sodium borate
(0.10Na2O-0.9B2O3) is shown in Fig. 16.15.

The current understanding of the conductivity in the disordered ionic conductors
is that the DC conductivity is caused by the long-range hops of mobile ions, whereas
Jonscher-type power law conductivity results from the correlated ionic hops. The
NCL effects are caused by the collective phenomena of many charge carriers with
Coulomb interaction among them. These interacting charge carriers are supposed to
move locally in time-dependent single-particle double-well potentials.

Conclusions

In conclusion, glassy superionic conductors are of significant importance for electro-
chemical charge storage, and energy conversion devices. Among others, silver halide
doped phosphate glasses exhibit high ionic conductivities, which, combined with their
easy processing, makes them suitable for practical applications. Highly amorphous
nature of the glasses is suitable for better ionic conduction. Significant research works
have been carried out to develop high ionic conducting solid electrolytes and to
understand the ion conduction mechanism. However, complete understanding of the
ion conduction has to be achieved for further development of solid electrolytes with
improved conductivity.
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Abstract
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exceptionally strong carbon nanomaterials in small fractions in a ceramic matrix
restricts the crack propagation mechanism significantly, which leads to enhanced
fracture toughness. A review of CNTs as well as graphene-reinforced ceramics
has been presented. Effects of various factors such as dispersion and volume
fraction of reinforcing phase, type of ceramic matrix, processing conditions, etc.
on the performance of composites have been reviewed in detail. The reinforce-
ment mechanism has also been highlighted, and an overview of emerging appli-
cations of the ceramic composites has been presented.

Keywords
Reinforcement • Fracture toughness • Crack propagation •Dispersion •Alumina •
Zirconia • Sintering

Introduction

Carbon nanotubes (CNTs) are nanosized cylindrical tubes consisting of one or more
graphitic carbon layers rolled to form a seamless cylinder with a diameter ranging
from ~1 nm to a few tens of nanometers and a length of few microns [1, 2]. These
graphitic carbon layers have sp2-hybridized carbon–carbon (C–C) bonds and an
unhybridized pz electron. The high strength of the C–C bonds provides exceptional
mechanical strength and modulus to CNTs. Again, the loosely bound pz electrons are
delocalized to form an electron cloud, which is responsible for the high electronic
conductivity of graphitic carbons.

The cylindrical geometry and strong C–C bonding of CNTs provide them unique
mechanical, thermal, and electronic properties [3–8]. Both theoretical and experi-
mental studies predict the exceptional mechanical properties of CNTs. Numerous
studies based on the theoretical models predict the high strength for the single as well
as multiwalled CNTs (MWCNTs) [6, 7]. The mechanical properties of CNTs mea-
sured by various methods reveal high values of Young’s modulus ranging from 0.4
to ~4.15 TPa [3, 5, 9, 10]. Similarly, the shear modulus of singlewalled carbon
nanotubes (SWCNTs) has been reported to be 0.5 TPa [5]. Another study by
Demczyk et al. has revealed the tensile strength of individual CNTs to be 0.15 TPa
[10]. Apart from excellent mechanical properties, CNTs have unique electronic and
thermal properties. The electronic conductivity of SWCNTs is determined by their
rolling direction and diameter, i.e., the chirality [11, 12]. SWCNTs can be metallic or
semiconducting in nature [13]. MWCNTs, however, are mostly metallic in nature
due to the presence of multiple layers of varying chiralities. Ebbesen et al. have
reported the electrical conductivities of individual metallic nanotubes to be as high as
1.2 x 109 S/m [8]. CNTs have excellent thermal conductivity along the nanotube axis
due to the “ballistic transport” phenomena. Pop et al. have reported the thermal
conductivity of individual SWCNTs at room temperature to be close to 3500 Wm�1
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K�1, almost 10 times higher than that of copper [14]. Moreover, CNTs show high
thermal stability up to 2000 �C in vacuum [15].

Similar to CNTs, graphene is the other allotrope of carbon with similar hexagonal
arrangement of sp2-hybridized carbon. Graphene exhibits excellent mechanical,
thermal, and electronic properties, which are comparable or superior to that of
CNTs. The shear modulus of graphene has been reported to be 0.2 to 0.5 TPa
using various techniques [16–19]. The thermal conductivity of graphene has been
found in between 3080–5150 Wm�1 K�1 by Ghosh et al. [20]. The electron mobility
of graphene at room temperature has been predicted to be as high as temperature
mobility to 200,000 cm2 V�1 s�1 [21].

Since the unveiling discovery of their exceptional properties, CNTs have
immersed promising materials as advanced composite reinforcement [22]. During
last two decades, their application as reinforcing material for various matrices such
as polymers, ceramics, metals, etc. has been explored significantly [23, 24]. Various
studies, both from fundamental and technical points of view, have been carried
out around the globe. The number of research articles on the carbon nanotube
(CNT)-reinforced composites published yearly in the last two decades is shown in
Fig. 17.1 [25]. This reveals the increasing scientific interest, possibilities, and the
challenges in the field.

CNTs are used to reinforce various classes of materials such as polymers, metals,
and ceramics. Numerous techniques are employed to synthesize these composites.
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Fig. 17.1 A number of articles published from 1994 to July 2013 on “carbon nanotube compos-
ites.” The data shown here is obtained from SciFinder search using “carbon nanotube composites”
search string anywhere in the publication [25]
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For a particular matrix, the process parameters need to be optimized, separately.
Despite considerable efforts, CNT-reinforced composites face a number of technical
issues, such as poor dispersion of CNTs in the matrix and low CNT–matrix interac-
tion, resulting in poor improvements of the properties. The CNT dispersion and
CNT–matrix interaction are governed by the properties of matrix, processing con-
ditions and properties of CNTs (length, diameter, purity, surface activity, presence of
defects, etc.). Effects of these parameters on the composite properties have been
studied comprehensively [3, 22, 26, 27].

Ceramic materials are inorganic materials such as oxides, carbides, nitrides and
borides. Owing to their high stiffness and strength, excellent chemical inertness, low
thermal expansion and high thermal stability, ceramics are used in applications
ranging from household pottery to aerospace and space shuttles. Being nonmetallic
compounds with ionic bonds, ceramics are brittle in nature and have low toughness
[28]. Moreover, the fracture of ceramic materials is attributed by the presence of
micro cracks leading to the large scattering in mechanical properties. The brittle
nature and lack of toughness reduces their mechanical reliability [29]. The reliability
and toughness of ceramics can be improved by the incorporation of a reinforcing
material having high toughness in the ceramic matrix [28]. Both fibers as well as
particulate reinforcements can be used to improve these properties [30]. Here, we
focus on the ceramic composites reinforced by CNTs and graphene. Alumina
(Al2O3), zirconia (ZrO2), silicon carbide (SiC), silicon nitrite (Si3N4 and SiN), and
their derivatives are the frequently referred matrices in the CNT-/graphene-
reinforced ceramic composites.

Synthesis of Carbon Nanotube-/Graphene-Reinforced Ceramic
Composites

Ceramic composites can be synthesized through various techniques either from
ceramic precursors or by pre-synthesized ceramic particles (Fig. 17.2). Chemical
vapor infiltration (CVI), directed metal oxidation and pyrolysis of polymer
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Fig. 17.2 Techniques to synthesize ceramic composites
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precursors are the common techniques to synthesize these composites using ceramic
precursors [31]. In these processes, ceramic matrix is incorporated in the preform
consisting of reinforcing phase. The ceramic matrix is synthesized by infiltration of
gaseous ceramic precursors through a porous reinforcing preform kept inside a
chemical vapor deposition (CVD) chamber at high temperatures. In directed metal
oxidation, molten metal such as aluminum is oxidized to form the ceramic material,
which is directed to fill in the porous preform of reinforcing phase. In the third
method, ceramic precursor polymers are pyrolyzed at high temperatures to form
ceramic fibers/particles [31–39]. Another route to prepare ceramic composites is to
blend pre-synthesized ceramic particles with reinforcing phase. Ceramic particles
such as metal oxides, carbides, nitrides and their derivatives are mixed with the
reinforcing materials followed by sintering at high temperatures [31]. This technique
is frequently used to synthesize CNT-reinforced composites.

Carbon Nanotube-Reinforced Ceramic Composites

CNT-reinforced ceramic composites are synthesized mostly by mixing CNTs with
ceramic matrix followed by sintering at high temperatures. During mixing, CNT
should be uniformly coated with ceramics and should form a homogeneous compo-
sition without forming agglomerations or CNT-rich areas. Sintering is performed to
increase the density of the ceramic matrix. Figure 17.3 shows a schematic of CNT
coated with ceramic particles before and after sintering. Other aforementioned
ceramic composite synthesis methods along with a few special methods have also
been reported.

For effective incorporation of CNTs in ceramic matrix, there are two important
factors to be considered [40]. These are uniform dispersion of CNT and excellent
CNT–matrix interaction. The basic steps of fabricating CNT-reinforced ceramic
composites are synthesis of CNT, formation of CNT–ceramic dispersion, and
sintering to attain high density. The following sections describe these steps with
experimental variations.

Fig. 17.3 Implantation of
ceramic particles on CNTs.
Particles coated on CNT by
heterocoagulation method (a)
before and (b) after sintering
(Reprinted with permission
from [40])
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Synthesis of Carbon Nanotubes
Numerous techniques such as arc discharge, laser ablation, and chemical vapor
deposition (CVD) are used to synthesize CNTs [41, 42]. In arc discharge and laser
ablation techniques, atomic carbon is produced by vaporization of graphite either by
an electric arc between two electrodes or by laser irradiation [43–47]. The atomic
carbon gets deposited on the reactor walls in the form of soot, which consists mostly
of CNTs and amorphous carbon [41, 43, 48]. In CVD synthesis, CNTs are grown by
depositing carbon atoms on the transition metal (mostly Fe, Co, Ni, and their alloys)
catalyst nanoparticles at high temperatures (700–1000 �C). The catalyst particles can
either be coated on a substrate or synthesized in situ by using organometallic pre-
cursors. A carbon precursor such as acetylene or methane is pyrolyzed in the
presence of the catalyst particles to produce CNTs [22, 49–52]. For applications
such as electronic devices, where uniformity and alignment of CNTs is more
important, anodized alumina templates can be used to form an extremely regular
array of CNTs embedded in the thin film of alumina matrix [53].

Dispersion of Carbon Nanotubes in Ceramic Matrix
To disperse CNTs uniformly in the ceramic matrix, various mixing methods have
been used. Ultrasonication, molecular level mixing, sol–gel synthesis, hydrothermal
synthesis, and ball milling are the commonly used techniques. Apart from this, CNTs
can be directly grown on ceramic nanoparticles by CVD. The dispersion of CNT in
ceramic matrix is limited by the CNTweight fraction. Incorporation of higher weight
fraction of CNT beyond certain limit (depending on the dispersion process) leads to
CNT agglomeration, which ultimately reduces the strength and toughness of com-
posites. Scanning electron microscopy (SEM) images of a uniformly dispersed and
an agglomerated CNT-reinforced alumina matrix are shown in Fig. 17.4 [54].

Ultrasonication: Ultrasonication can be used to disperse both CNTs and ceramic
particles. Generally, separate dispersions of CNTs and ceramic particles are prepared
using various solvents and other additives. Ultrasonication of CNTs in organic or
aqueous solutions is the most frequently used method [55–59]. Similarly, ceramic

Fig. 17.4 SEM images of (a) uniformly dispersed and (b) agglomerated CNT–alumina (Reprinted
with permission from [54])
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particles are also dispersed by mechanical stirring or ultrasonication in organic solvents
such as polyethylene glycol (PEG). Surfactants such as polyethylenimine, dodecyl
sodium sulfate (SDS), dodecyl maranil, etc. are used to disperse CNTs [56–59].

Colloidal: In colloidal route, Sun et al. have used polyethylenimine as surfactant
to disperse CNTs and polyacrylic acid to disperse alumina nanoparticles. Both
dispersions are mixed to coat alumina on CNT. The alumina-coated CNTs are further
mixed with concentrated alumina dispersion in ethanol to form a CNT–alumina
mixture having ~1 wt% CNT [57, 58]. Fan et al. have used such a process shown in
Fig. 17.5 to synthesize CNT-reinforced alumina composites. To disperse CNT with
alumina, the CNT dispersion is dripped in the alumina dispersion with ultrasonic
agitation. Surfactants such as SDS are used to improve the CNT dispersion. The
surfactant makes the CNT surface electronegative, while the alumina surface
becomes electropositive in PEG. Due to the electrostatic attraction between two
species, alumina particles are deposited on CNT surface. This process, where two
different species in a suspension carrying opposite charge at certain pH are attracted
toward each other to coagulate, is termed as heterocoagulation. Other surfactants
may be used to make CNT surface electronegative or electropositive [60].

Molecular level mixing: In another study, Cha et al. have mixed CNTs with
alumina by molecular level mixing to improve the interfacial bonding and homoge-
neity of dispersion. In this process, CNTs act as nucleation sites for the ceramic
nanoparticles. CNTs are functionalized by acid treatment and oxidation before
dispersing in water by ultrasonication for 24 h. Alumina precursor such as aluminum
nitrate is added by ultrasonicating the dispersion for 24 h. After drying at 100 �C, the
powder is oxidized at 350 �C to obtain the CNT–alumina mixture for further
sintering to form the composite [54]. Formation of chemical bonds between CNT
and alumina has been observed in the process. Wang et al. have used similar process
to prepare SWCNT–SiC composites. To mix ceramic (SiC) with CNTs at molecular
level, acid-treated SWCNTs are mixed with chlorotrimethylsilane (SiC precursor)
ultrasonically. The mixture is treated with microwave at a pressure of 125 psi for
10 min to produce SWCNT–SiC composites [61]. SiC nanoparticles are produced
and coated on CNTs during the microwave treatment. Other ceramic composites can
be synthesized as well by using appropriate precursor/solvents [62].

Dispersion of CNT
• Acid treatment  in H2SO4+HNO3
• Ultrasonication  in SDS

Dispersion of ceramic powder
• Ultrasonication in PEG

Heterocoagulation
• Mixing CNT and ceramic 

dispersion by ultrasonication

Sintering
• Hot pressing at 1600 °C in Ar 

atmosphere

Fig. 17.5 Flow chart of CNT-reinforced ceramic composite synthesis by ultrasonic dispersion and
heterocoagulation
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Sol–gel: Sol–gel synthesis of ceramic particles on the CNT surface is another
route to prepare CNT-reinforced ceramic composites. A ceramic precursor sol is
mixed with CNT suspension prepared by ultrasonication or mechanical stirring. On
gelation, dispersed CNTs are entrapped in the gel network. The gel is further dried at
200–300 �C and calcined at 600 �C to form CNT–ceramic composite [63]. Mo
et al. have synthesized CNT-reinforced alumina composites using this process. In the
first step, CNTs are dispersed in ethanol. The alumina precursor sol is prepared by
hydrolysis of an aluminum salt. CNT dispersion in ethanol is mixed dropwise in the
sol during the gel formation and dried at 350 �C to obtain CNT-dispersed alumina.
The flow chart of the process is shown in Fig. 17.6 [64].

Hydrothermal: Hydrothermal synthesis of ceramic nanoparticles on the CNT
surface is another method to attain molecular level mixing. In hydrothermal process,
precursor hydroxides are crystallized into ceramic oxides at high temperatures and
high pressures. As reported by Lupo et al. [65], ceramic precursors (hydroxides) are
mixed in an aqueous dispersion of CNT and held at 200 �C for 8 h to form a thin
coating of ZrO2 on CNTs. Lu et al. have used comparatively lower temperature
(90 �C) to prepare MWCNT–zirconia core–shell structural nanocomposites with
MWCNT core in zirconia shell [66].

Ball milling: Apart from solution-based processes, ball milling also has been
used to disperse carbon nanofibers (CNFs)/CNTs with ceramic matrix. A mixture of
ceramic nanoparticles and reinforcing material in ethanol solution is ball-milled for
several hours to ensure uniform dispersion [67–70]. The process is often supported
by ultrasonication, where CNTs are ultrasonicated in ethanol before mixing with
ceramic for ball milling [71–73]. Long duration ball milling, however, may cause
damage to the CNT surface with reduction in the average CNT length as well.

Direct coating of CNT on ceramic powder: All of the above processes use
pre-synthesized CNTs to disperse in ceramic matrix. In a completely dissimilar
process, CNTs can be grown on the ceramic nanoparticles by CVD. Using
this process, ceramic particles are coated uniformly with CNTs. Here, catalytic
decomposition of carbon precursors on ceramic surface is employed to deposit
CNTs [74, 75].

Precursor salt
• Hydrolysis at 80°C Metal-hydroxide 

precipitation

Ceramic sol
• Mixing CNT 

dispersion

Wet gel/CNT mixture
• Drying
• Calcination 

CNT/ceramic 
composite powder

Fig. 17.6 Flow chart of CNT-reinforced ceramic composite synthesis by sol–gel process
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Sintering of CNT-Dispersed Ceramic Powder
Sintering at high temperatures is performed to attain high density. In conventional
sintering, the CNT-dispersed ceramic powders are hot pressed at high temperatures
for longer durations [40]. Sun et al. have used a pressure of 30 MPa along with a
temperature of 1300 to 1500 �C for 1 h to obtain CNT-reinforced alumina compos-
ites [57]. However, during the conventional sintering process, application of high
temperature for longer duration (few hours) is required. This may damage or destroy
the CNTs and effectively reduce their impact on the reinforcement [76]. Hence, low
temperature or small duration sintering is desired. Spark plasma sintering (SPS) is
employed for this purpose, where a smaller time is required to sinter the material due
to the very fast sintering process. A pulsed electric current is used to heat the graphite
mold, which can attain a heating rate of ~300 �C/min as the current directly passes
through the mold as well as the sample. A schematic diagram of SPS is shown in
Fig. 17.7. The high heating rate makes it possible to complete the sintering in short
time and, hence, reduces the chances of CNT wall damage.

Parameters such as applied pressure, sintering time, temperature, and heating rate
affect the final densification and microstructure [77]. The optimum values of these
parameters vary with the ceramic system to be sintered. Spark plasma sintering has
been performed at 1300 �C and 50 MPa pressure for 5 min by Sun et al. for
CNT–alumina composites [58]. Even lower temperature sintering of
CNT-nanocrystalline alumina at 1150 �C using SPS is reported by Zhan
et al. [78]. SPS at higher temperatures, such as 1650 �C at a lower applied pressure
(25 MPa), has also been reported for the similar ceramic system [64]. For CNT/yttria
(Y2O3)-stabilized–zirconia (ZrO2) composites, Shi et al. and Mazahari et al. have
used comparatively lower sintering temperatures (1250–1350 �C) [79, 80].

Application of pressure may be unidirectional or isostatic. Sintering by a hot
isostatic press (HIP), which produces more uniform sintering, is also reported
[68]. Again, the pressure applied during sintering affects the final density, which in
turn determines the mechanical properties. Balazsi et al. have studied the effect of
pressure during hot isostatic press sintering of CNT-reinforced silicon nitride (Si3N4)
composites. The density has been found to increase with increasing the applied

Pulsed Sample

P

Spark-Plasma 

Graphite 

Fig. 17.7 Schematic of spark
plasma sintering
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pressure during sintering. Tensile strength and bending strength show similar
increasing trends [68].

The sintering route affects the ceramic properties significantly. A study by Dusza
et al. has revealed higher specific density, hardness, and toughness of the SPS
sintered zirconia–carbon nanofiber (CNF) composites as compared to the
hot-pressed composites with similar composition [81]. Again, the sintering and
densification is limited by the weight fraction of CNTs. For high CNT weight
fraction, a poor densification takes place as the sintering process is hindered by the
presence of CNTs. Moreover, the grain growth is also impeded by their presence.
Fine microstructure has been observed in the presence of CNFs in zirconia matrix
[81]. However, SPS sintering is found to be more effective in terms of densification.

Graphene-Reinforced Ceramic Composites

The process to synthesize graphene-reinforced ceramic composites is similar to that
of CNT-reinforced ceramic composites. Pre-synthesized graphene is dispersed in
ceramic matrix followed by sintering to obtain the composite.

Synthesis of Graphene
Graphene can be synthesized by various processes such as exfoliation of graphite,
chemical vapor deposition, and chemical synthesis [82–84]. Reduction of graphite
oxide (GO) at high temperatures in an inert atmosphere is one of the frequently used
methods to synthesize graphene. The earliest method to synthesize GO is the
Hummers’ method, where graphite is treated by KMnO4 and NaNO3 in a H2SO4

solution [85]. With increasing scientific interest to synthesize graphene, numerous
modified versions of Hummers’ method have been reported. For ceramic matrix
reinforcement, Walker et al. have prepared GO by oxidizing graphite flakes by
reaction with an acid solution consisting of H2SO4, HNO3, HCl, and KClO3

[86]. The detailed synthesis of graphene oxide and graphene can be found
elsewhere [87].

Dispersion of Graphene in Ceramic Matrix
The first step to synthesize the graphene-reinforced ceramic composites is the
uniform dispersion of graphene in the ceramic matrix. In this step, similar to
CNT–ceramic composites, the dispersion can be attained by various routes. Both
graphene and GO can be dispersed with ceramic matrix. Wang et al. have used
ultrasonication and mechanical stirring to prepare the GO–alumina dispersion.
Separate dispersions of alumina and GO are prepared by ultrasonication. The GO
dispersion is added in the alumina dispersion gradually under continuous mechanical
stirring. Finally, the GO–alumina dispersion is reduced by using a reducing agent
such as hydrazine monohydrate to form graphene–alumina dispersion [88]. Kun
et al. and Tapaszto et al. have used attrition milling to disperse multilayered graphene
in silicon nitride matrix [89, 90]. Aqueous colloidal processing has been used by
Walker et al. to disperse graphene platelets in silicon nitride (Si3N4) matrix [86].
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Sintering of Graphene-Dispersed Ceramic Powder
After dispersing the graphene with ceramic matrix, sintering is employed to attain
high density. The process is similar to that of the CNT-reinforced ceramic compos-
ites, where the use of both conventional and SPS has been reported. Sintering of
graphene-reinforced composites by hot isostatic pressing (HIP) requires relatively
higher temperatures (~1700 �C), longer sintering times (~3 h), and pressure of
~20 MPa [89–91]. On the other hand, SPS can be used at comparatively lower
temperatures (~1300 �C) with shorter sintering times [88].

Properties of Carbon Nanotube-/Graphene-Reinforced Ceramic
Composites

As stated previously, the ceramic materials have a lack of toughness and exhibit
brittle fracture with scattered strength values. Incorporation of carbon nanomaterials
(CNT, CNF, etc.) in the ceramic matrix can improve toughness by absorbing
energy during fracture. The presence of CNT hinders the crack propagation by
exerting forces during the cracks propagating around them. Again, the energy
required to break or pull out of CNTs during crack growth increases fracture
toughness significantly [92]. The energy absorbed in the later process is determined
by the strength of CNTs and CNT–matrix interaction. Numerous studies have
been carried out to enhance the toughness, hardness, and electronic conductivity
of ceramic materials by incorporation of CNTs. The mechanical properties are
measured either by indentation or crack length measurements [93]. This section
provides a review of CNT-reinforced ceramic composites of a few important ceramic
systems.

Carbon Nanotube/Alumina Composites

Reinforcement of alumina matrix using CNTs has been studied by numerous groups
with a variation of CNTweight fraction, synthesis method, and sintering parameters.
Mechanical properties reported by some of the studies dedicated to CNT-reinforced
alumina composites are summarized in Table 17.1. Depending on CNT weight
fraction and processing parameters, the properties show a large variation. However,
incorporation of CNTs in a small weight fraction improves the toughness and
bending strength significantly. Yamamoto et al. have observed an increase of 25 %
and 27 % in fracture toughness and bending strength, respectively [94]. On the other
hand, Fan et al. have shown that the incorporation of a small weight fraction (1 wt%)
of SWCNTs can enhance the fracture toughness of the alumina matrix by a factor of
2 (~102 % enhancement). Similarly, the bending strength shows an improvement of
~19 % [40]. Moreover, by using a lower sintering temperature, Zhang et al. have
reported a threefold improvement in the toughness of SWCNT-reinforced
alumina [78].
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With increasing the fractional weight/volume of CNTs above a certain limit, the
mechanical properties tend to decrease [59]. This may be attributed to the increased
chances of CNT agglomeration and formation of localized clusters having bound-
aries prone to crack propagation. It is also important to note that the presence of
CNTs hinders the sintering process as well as the grain growth. It has been observed
that increasing the CNT fraction beyond 4 wt% prevents the improvement. This,
despite the homogeneity of dispersion, results in poor mechanical properties [55]. A
smaller grain size with lower specific density has been reported by Ahmad et al. with
increasing MWCNT volume fraction from 4 to 10 % (Table 17.1) [59]. A smaller
weight fraction (<1 wt%) has been found to be most suitable for these composites.

Properties of the reinforcing CNTs such as number of walls, length, and purity
also affect the composite properties. Apparently, this is due to the change in the
mechanical properties of reinforcing phase. Also, the CNT–matrix interaction is
affected by the surface structure of CNTs, which in turn affects the properties of
composites. In a comparison between SWCNT- and MWCNT-reinforced alumina
composites, the SWCNT composites exhibit significantly high fracture toughness
[55]. With reference to Table 17.1, reinforcement by CNFs shows the lowest value of
fracture toughness [67].

The fracture toughness and strength of CNT-based composites is affected largely
by the processing temperature. Sun et al. have studied the effect of temperature on
1 wt% CNT-reinforced alumina composites. As shown in Fig. 17.8, the fracture
toughness of composites decreases with increasing the temperature, whereas for pure
alumina, it remains almost constant. The bending strength of the composites as well
as pure alumina decreases with increasing the sintering temperature [57]. This can be
attributed to the fact that at high sintering temperature, the outer walls of CNTs face
partial damage leading to degradation of their mechanical strength. Lowering the
sintering temperature increases the effectiveness of reinforcement as the CNT walls
remain intact.

Table 17.1 Effect of various parameters on the mechanical properties of CNT–alumina
composites

Reinforcing
material % loading (wt%)

Bending strength
(MPa)

Toughness
(MPa m�2)

Hardness
(GPa) References

SWCNT 0.5 402 5.12 – [40]

SWCNT 1.0 423 6.4 – [40]

MWCNT 0.01 – 3.05 15.49 [55]

SWCNT 0.01 – 3.73 14.6 [55]

MWCNT – 536 4.0 [57]

CNT 0.1 – 4.9 – [58]

MWCNT 4 (vol.%) 370 6.9 18.2 [59]

MWCNT 10 (vol.%) 331 6.1 15.3 [59]

CNF 1.0 301 2.5 18.5 [67]

SWCNT – – 9.7 – [78]

MWCNT 0.9 689.6 5.9 16.8 [94]
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Carbon Nanotube/Zirconia Composites

Zirconia is another important ceramic material used in applications such as refrac-
tories, thermal insulation, abrasives, etc. Stabilized zirconia is an important
electroceramic material due to its high ionic conductivity. For example, yttria-
stabilized zirconia (YSZ), being a good conductor of O2� ions, is used in applica-
tions such as sensors and solid electrolyte membranes for oxygen separation. Owing
to its inertness and stability at high temperatures, YSZ is utilized as electrolyte
membranes in solid oxide fuel cells (SOFCs), where it provides a conduction path to
O2� ions in the harsh chemical conditions (presence of molten salts at high temper-
ature: ~800 �C).

Incorporation of CNT in zirconia matrix alters their mechanical and electronic
properties. However, the contradictory results have been reported for the mechanical
properties of CNT-incorporated zirconia composites. Duszova et al. have studied the
electrical and mechanical properties of CNT-reinforced (~1 wt%) zirconia compos-
ites synthesized by hot pressing. Compared to pure hot-pressed zirconia, the fracture
toughness and hardness of CNT-reinforced zirconia have been found to be decreased
by 10 and 30 %, respectively [76]. The electronic conductivity, however, increases
significantly by a 13 orders of magnitude. On the other hand, Mazaheri et al. and
Dusza et al. have shown a significant improvement in toughness and a marginal
improvement in hardness (Fig. 17.9). Moreover, the toughness increases with
increasing CNT weight faction and reaches toward saturation, whereas the hardness
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Fig. 17.8 Effect of sintering temperature on mechanical properties of 1 wt% MWCNT-reinforced
alumina composites (Data retrieved from [57])
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increases linearly [80, 81]. As revealed by scanning electron micrograph, the crack
bridging has been attributed to be the toughness enhancement mechanism.

Zirconia nanoparticles can be coated on CNTs by chemical routes. Such
nanoparticle-coated CNTs have been used to reinforce alumina matrix. Coating of
zirconia nanoparticles on CNT provides additional toughness enhancement by phase
transformation, micro-cracking, and internal stresses caused by different thermal
expansion coefficients of alumina/zirconia [63]. Comparisons of toughness and
bending strength of pure alumina, CNT-reinforced alumina (Al2O3/CNT),
zirconia-mixed alumina (Al2O3 + ZrO2), and zirconia nanoparticle-coated CNT
(ZrO2/CNT)-reinforced alumina (Al2O3 + ZrO2/CNT) have been shown in
Fig. 17.10. The Al2O3 + ZrO2/CNT composites show the largest improvements in
toughness (~102 %) and bending strength (~67 %) compared to the pure alumina
matrix.

A study of electric properties of CNT-reinforced zirconia composites shows a
significant improvement in electric conductivities. This improvement is attributed to
the high electronic conductivity of CNTs. In the uniformly dispersed CNT–ceramic
matrix, CNTs provide conducting channels to the electrons. For lower CNT concen-
trations, where the CNT network in matrix is discontinuous, the conduction
takes place through tunneling effect [95]. MWCNT-reinforced YSZ
composites synthesized by SPS sintering by Shi et al. exhibit a significant enhance-
ment in DC conductivity. As shown in Fig. 17.11, with a variation of MWCNT
weight fraction from 3 to 8 wt%, the conductivity at 300 K increases by a factor of
~165 [79, 95].

The DC conductivity (σdc) of the composites follows the scaling law as
σdc α (p ‐ pc)

t with a percolation concentration ( pc) of 0.017 (1.7 %), a DC transport
exponent (t) of 3.3, and (p) being the conducting component volume fraction. Based
on the study of temperature variation of conductivity, authors have suggested that at
temperatures higher than 35 K, the conduction takes place through tunneling of
electrons through the CNT–zirconia separations. On the other hand, at lower
temperatures, the conduction is dominated by the hoping mechanism [95].

Fig. 17.9 Fracture toughness and hardness of CNT–zirconia composites with CNT content
(Reprinted with permission from [80])
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In conclusion, CNT-reinforced zirconia shows high electric conductivity as well
improved mechanical properties. A proper dispersion and CNT–matrix interaction is
necessary to obtain strengthening effect. For applications such as solid electrolyte
membrane in SOFCs, the increased electric conductivity of CNT-reinforced YSZ is
not favorable, as the SOFC electrolyte membrane should not conduct electrons.
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Al2O3 + ZrO2/CNT (Data retrieved from [63])
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Carbon Nanotube-/Silicon-Derived Ceramic Composites

Silicon carbide, silicon nitride, and their derivatives such as SiCN are the common
silicon-derived ceramics. Owing to their unique properties such as high strength,
hardness, thermal conductivity, inertness, low thermal expansion coefficient, etc.,
these are used in numerous applications including abrasives, cutting tools, bullet-
proof jackets, automobiles, electronic devices, power plants, space applications, and
many other applications. Similar to alumina and zirconia, silicon-derived ceramic
matrices such as Si3N4 [69, 70, 73, 96], SiCN [62], SiC [97–99], etc. have also been
explored as the ceramic matrices for CNT reinforcement. For silicon nitride matrix, a
small amount of sintering aids (Al2O3, Y2O3, and ZrO2) is frequently used to
facilitate the sintering process [69, 70, 73, 96]. Similar to other ceramic systems,
sintering of these ceramic composites in the presence of CNT provides finer micro-
structure. As revealed by Wing et al., the presence of MWCNTs (1 wt%), however,
does not affect the sintering process as the density is similar to the pure matrix.

The fracture toughness shows a significant improvement with a value of
6.6 MPa m1/2 for CNT–SiN composite as compared to that of 4.8 MPa m1/2 for
SiN matrix. However, a marginal decrease in the hardness (15.0 GPa for CNT–SiN
composites compared with 15.7 GPa for SiN matrix) after CNT incorporation has
been observed [70]. CNT–SiN composites exhibit a fracture mechanism dominated
by crack deflection and crack bridging, where the toughness enhancement is attrib-
uted to the CNT pullout [70].

CNT-reinforced SiC composites can be synthesized by various processes such as
polymer precursor route and chemical vapor infiltration (CVI) [97, 98]. Wang
et al. have prepared MWCNT-reinforced SiC composites by pyrolysis of
CNT–polycarbosilane blend. For 0.5 wt% loading of MWCNTs, Young’s modulus
exhibits an enhancement of 93.6 %, whereas the tensile strength improves by
38.5 % [97]. CNT-reinforced SiC composites show high-temperature stability. Com-
posites fabricated by CVI can withstand oxidation at temperatures as high as
1600 �C [98].

Graphene/Ceramic Composites

Graphene, a two-dimensional honeycomb structure of sp2-hybridized carbon, owns
superior mechanical [19, 100, 101], thermal [20], and electronic properties [21,
102]. Incorporation of graphene in a matrix can alter its properties significantly.
Graphene-based composites have attained significant scientific interest in the last
decade [20]. Significant enhancements in the mechanical as well as electric proper-
ties have been reported for the graphene-reinforced ceramic systems such as Si3N4

and alumina [86, 89–91].
Graphene-reinforced composites show a large enhancement in the mechanical

properties. Walker et al. have reported an increment of ~235 % in fracture toughness
on the incorporation of a small (1.5 vol.%) fraction of graphene in an Si3N4 matrix.
Apart from mechanical property enhancement, owing to its high electronic
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conductivity [102] and highest known intrinsic mobility (2 � 105 cm2/Vs [21]),
graphene-reinforced ceramic composites exhibit a high electronic conductivity.
Graphene nanosheet (GNS)-reinforced alumina composites studied by Fan
et al. exhibit an electronic conductivity of 5709 S/m for a GNS volume fraction of
0.15, which is 170 % higher than the best ever reported conductivity for
CNT–alumina composites [103]. Similar results have been reported by Wang
et al. by using 2 wt% GNS incorporated in alumina matrix with an electronic
conductivity of 172 S/m and a toughness of 5.21 MPa m1/2 [88]. Compared to
pure alumina, it exhibits the enhancements of 53 % and 13 orders of magnitude for
toughness and electric conductivity, respectively [88].

Reinforcement

The extent of reinforcement of a matrix depends not only on the mechanical
properties of the reinforcing phase but also on the interfacial bonding between
these two phases. Depending on the interfacial interaction, composite failure may
take place by various mechanisms. For lower interfacial strength, the failure takes
place by the detachment of the interface, leading to inferior mechanical properties.
On the other hand, breaking of the reinforcing fibers takes place for strong interfacial
bonding.

Carbon Nanotube/Ceramic Composites

In CNT-reinforced ceramics, the matrix fracture is explained by two mechanisms,
namely, CNT pullout and CNT breaking. These are governed by the CNT–matrix
interfacial bonding strength. For the lower bonding strength, failure occurs by
complete interface debonding leading to CNT pullout, whereas for higher bonding
strength, CNT breaking takes place. A mixed mode failure is also possible. A
detailed study of the CNT failure mechanism in a CNT-reinforced (0.9 wt%) alumina
matrix composite has been reported by Yamamoto et al. [104]. The CNT–alumina
composites are prepared from a dispersion of aluminum hydroxide (Al(OH)3) and
CNTs in ethanol. The mixture is heated at 600 �C in argon to form CNT-dispersed
alumina. Further, the composite is made by sintering the CNT–alumina by spark
plasma sintering. The sintering parameters, namely, time, temperature, and pressure
are kept to be 20 min, 1500 �C, and 20 MPa, respectively. To study the CNT failure
mechanism, single-CNT pullout experiments are performed by using a
nanomanipulator system attached with the scanning electron microscope (SEM)
[104]. As shown in Fig. 17.12, the composite sample (platinum coated) and the
atomic-force microscope (AFM) cantilever tip are mounted on two different linear
motion stages in such a way that the CNTs protruding from the fractured surface are
facing the cantilever tip. A single CNT can be clamped with AFM tip by deposition
of a carbonaceous material by local electron beam-induced deposition (EBID) [105].
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The pullout experiments for several CNTs show that rather than CNT pullout, the
CNT failure occurs by complete or sword in sheath fracture. The absence of CNT
pullout from the matrix is attributed by the large CNT–matrix interaction. Further,
the transmission electron microscope (TEM) images of the CNTs after pullout test
show a reduction in diameter near the failure point. This reduction in diameter
suggests a failure by breaking of the outer graphitic layers of multiwalled CNT
followed by pulling away the inner walls. Hence, the outer layer removal from the
CNT reduces its diameter. SEM images of CNT failure mechanism based on this
observation are shown in Fig. 17.13.

The fracture mechanism reveals that during the crack opening, CNT takes the
tensile load and a partial debonding of CNT–matrix interface takes place. With
increasing the tensile load, i.e., crack opening, outer layers of the CNT are detached.
With increasing the displacement (load), the inner core pulls away leaving the
fragmented CNT inside the matrix. In this process, CNTs make a bridge between
the two fractured surfaces preventing the crack propagation (Fig. 17.14). This
suggests that the toughness enhancement is caused by the energy absorbed by
CNT during fragmentation and partial debonding and not by the CNT pullout.
Hence, the mechanical strength of CNTs plays an important role to enhance the
fracture toughness of the ceramic composites. However, in the case of singlewalled
CNTs, the above mechanism, where a few layers are fragmented and remained in the
matrix, is not possible.

In another study, Xia et al. have used anodized alumina template gown CNT film
with a thickness of 90 μm to study the failure mechanism. During indention test, the
crack formed by an indentation parallel to the CNT axis (indenter on the top of the
alumina template) is deflected by the presence of CNTs (shown by white arrow in

Fig. 17.12 Experimental setup for CNT pullout test (Reprinted with permission from [104])
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Fig. 17.15a). The crack deflection due to the presence of CNTs increases the crack
length. More energy is absorbed before the failure takes place. On the other hand,
the fractured surface for an indentation perpendicular to CNTs (indenter on the side
face of the alumina template) is shown in Fig. 17.15b. Similar to the previous
example, the failure occurs by interface-debonding and crack-bridging
mechanism [53].

Fig. 17.14 Crack bridging
by CNTs in CNT-reinforced
YSZ matrix composites
(Reprinted with permission
from [80])

Fig. 17.13 Fracture mechanism studied using AFM (a) SEM image shows the fractured CNT
outer layers remaining in the matrix (shown by arrow) (b) TEM image of fractured CNT showing a
reduction in the diameter at the lower part attributed to the detachment of upper walls in the matrix
(Reprinted with permission from [104])
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Graphene/Ceramic Composites

The toughness is improved as the graphene layers hinder the crack propagation by
means of crack bridging, crack deflection, and crack branching [91]. These layers
anchor the matrix grains and form a wall along the grain boundaries (Fig. 17.16).
This prevents the crack propagation in the plane. The crack must propagate in three
dimensions requiring more energy, which results in higher toughness.

Emerging Applications of Carbon Nanotube/Graphene Ceramic
Composites

Ceramic composites, owing to their characteristic properties, such as inertness,
thermal stability, and high strength, are being used conventionally in various appli-
cations. Advanced applications such as space, aviation, defense, power generation,
and biomedicine require ceramic materials with specific properties. This has opened
up new emerging fields for these materials. As, for example, in high-performance
aircraft engines, materials with low density, high strength, and thermal stability
should be used to improve weight to thrust ratio. The turbine inlet temperature
should be increased to attain high performance, which requires materials with high
thermal stability and creep resistance [106]. Turbine blades, subjected to high
temperatures and stress variations, are composed of silicon carbide. On the other
hand, solid oxide fuel cells use YSZ as electrolyte material [107, 108]. Having high-
temperature stability, ceramic composites also may be used in nuclear reactors as a
blanket. However, more research is required to improve the properties such as
radiation stability and creep resistance, which have not been found highly satisfac-
tory for these applications [109].

Hydroxyapatite (HAP) is generally used in orthopedic transplants such as hip and
dental implants due to its biocompatibility. However, the lower tensile strength and
toughness of HAP makes it unsuitable for implants requiring load-bearing capacity.

Fig. 17.15 (a) Crack deflection by CNTs in a CNT-reinforced alumina matrix (anodized alumina
template) for crack parallel to CNT axis and (b) crack bridging in the same sample for a sideways
indentation (crack perpendicular to CNT axis) (Reprinted with permission from [53])
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CNTs and graphene are being explored as a prospective reinforcing material for HAP
matrix to improve its toughness and strength [110]. The CNT-/graphene-reinforced
HAP can be used to prepare implants or to provide biocompatible coating on the
metallic implants. However, more studies have to be carried out to establish the
biocompatibility and toxicity of CNTs/graphene and to obtain good mechanical
properties by means of proper CNT/graphene–HAP interaction.

Concluding Remarks

CNT-/graphene-reinforced ceramic composites are promising materials with high
toughness. They form an important class of prospective materials for applications
such as defense, power generation, aviation, space, biomaterials, etc.

The fracture toughness and other properties of ceramics can be improved by the
incorporation of carbon nanomaterials such as CNTs, CNFs, and graphene. Com-
posites of ceramic matrices such as alumina, zirconia, silicon carbide, silicon nitride,
etc. have been explored frequently for their mechanical properties. Special attention
has been made to the fracture toughness of the composites. The improvement of
toughness is governed by the dispersion of CNT/graphene in the matrix as well as
CNT/graphene–matrix interaction. Uniform dispersion is possible only for small
weight fractions of CNT/graphene, and, hence, the appropriate CNT/graphene

Fig. 17.16 SEM images of graphene platelet (GPL)-reinforced Si3N4 matrix composites with
1 vol.% (a, b) and 1.5 vol.% (c, d) GPL at different resolutions. Arrows show the presence of GPL
in the matrix incorporated along the grain boundary (Reprinted with permission from [86])
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weight fraction is limited up to ~4 wt%, beyond which, properties decrease due to
the agglomeration. Process parameters such as dispersion method, nature and purity
of CNTs/graphene, sintering temperature, and nature of matrix affect the perfor-
mance of composites. Depending on the processing conditions, the toughness values
show a large scattering. For commercial applications, optimization of the parameters
for each type of ceramic matrix is required.

Especially, graphene is an emerging reinforcing material for these composites.
Apart from mechanical properties, graphene-reinforced composites promise very
high electronic and thermal conductivities compared to CNT-reinforced composites.
Again, large-scale synthesis of few layered graphene, uniform dispersion, and
graphene–ceramic interaction are the key factors governing their successful
applications.
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Abstract
Bamboo is a potential natural fiber with its stiffness, rigidity, high availability, and
hydrophilic nature. This hydrophilicity renders improper interfacial adhesion
during polymer matrix-based composite fabrication. This adhesion can be
improved by suitable surface treatment of bamboo fiber which is an important
research topic to many scientists and covered to some extent in this chapter.

Keywords
Bamboo • Fiber • Composites • Natural • Interfacial adhesion • Mechanical
properties

Introduction

There is a growing interest in natural fiber-based composites, mainly due to their
high specific modulus [1–4], light weight [4], low cost, and resistance to deforesta-
tion in addition to the other usual advantages. Moreover, natural fibers possess fairly
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reactive cell walls that allow modification on the surface. Other potential advantages
over man-made fibers include reduced tool wear, safer handling, and working
conditions. In addition to these technical advantages, there are also the significant
environmental advantages of using fibers which come from continually renewable
resources and which utilize atmospheric CO2 [4].

Bamboo, like other natural fiber, is hygroscopic and exhibits a tendency to be in
moisture equilibrium with the relative humidity of the surrounding atmosphere,
either by taking up moisture from or giving out moisture to the atmosphere
[4]. They are very much prone to swell/warp and shrink when exposed to moist
and hot weather conditions, respectively [5]. However, for application like compos-
ites, this aspect is detrimental so far as its dimensional stability is concerned. Natural
fibers absorb moisture as the cell wall polymers contain hydroxyl or other oxygen-
ated groups that attract moisture through H-bonding [6]. Taking the advantage of
plenty of reactive group’s present, modification of cell wall using proper surface
modifier can be done to increase the scope of utilization of the natural fibers as
reinforcement [7–10].

Importance of Bamboo as Reinforcement

All over the world, bamboo exists in about 75 genera and 1250 species. Monsoon is
the best season for bamboo thriving to attain their maximum growth and grow into
shrubs in temperate regions and at high altitudes. It is a long fleshy plant which
technically comes under grass family but the appearance is never like grass. With
respect to the species variety and distribution of bamboo, India is the second largest
country in the world only after China. There are 136 genetic species of bamboo
including eleven exotic species in India. Among all these 136 species, 58 species
belong to 10 genera which are found in the Northeast. In many countries of the world
like the USA, Japan, China, India, etc., bamboo is being grown as plantation besides
natural occurrence. It is soft toward the center and hard toward its periphery.
Bamboo is mostly grown in tropical countries and is naturally occurring composites.
Bamboos are largely used for the purpose like housing, forestry, agroforestry,
agricultural activities, utensils, and weapons. It is mainly planted in Asian countries
and constitutes about 65 % of the total bamboo resources found in the world [11].

Bamboo shows the mechanical properties which are analogous to that of wood.
Bamboo shows better mechanical properties as compared to fibers such as sisal,
banana, vakka, etc. Bamboo can be used in a different form to synthesize a
composite product. These can be either in a form of a long strip, whole bamboo,
sections, and short bamboo fibers. The selection of their fiber kind depends upon the
property to be imparted in the composite [12, 13]. There are some basic differences
between wood and bamboo which is mainly due to the differences in chemical
component. In bamboo, instead of rays or knots as in the case of woods, there are
nodes. Absence of rays or knots leads to far more evenly distributed stresses
throughout the length of bamboo. Bamboo is hollow internally producing tubelike
part in between the nodes, and the outer wall may be thick or thin. Consequently, it is
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more difficult to join bamboo than pieces of wood with nailing, whereas due to
variation in chemical extractives, bamboo can be glued very well [14]. Bamboo
possesses some favorable properties which are contributed by its macroscopic
property like diameter, thickness, internodal length, and the fiber distribution
[15]. The main disadvantages of bamboo are its moisture affinity, low mildew
resistance, and nature of flowering.

Anatomy of Bamboo

Throughout the length bamboo has some nodes and the place between the nodes is
known as internodes. The internodes are hollow internally up to the nodal plane and
the cavity is called a lacuna. Internodes has culm wall of varying thickness sur-
rounding the lacuna. Only a few species possess solid internodes. A solid bamboo
without cavity or lacuna in internodes is sometimes called a male bamboo. With
increasing height of the bamboo itself, the internodes will show a continuous
decrease in length and also in diameter as the bamboo culms generally taper from
base to tip. The fibers are characterized by their slender form – long, tapered at both
ends, and sometimes, forked [16–18]. Their length increases inward to a maximum
in the outer third of the culm wall and decreasing again toward the inner wall. The
fiber length to width ratio varies across the culm wall from 70:1 to 150:1. Owing to
the shorter fibers around the nodes, the values there are lesser than those at the
internodes. Figure 18.1 represents cross-section of a bamboo culm.

All natural fibers are lingo-cellulosic material consisting of cellulose microfibrils
embedded in the amorphous matrix of lignin and hemicellulose. Cellulose fibers
consist of several microfibrils which are distributed microscopically along the length
of the fiber. In turn individual fibril composed of a thin primary wall surrounding by
a thicker secondary layer leading to a polylamellate complex structure. The angle

Fig. 18.1 Cross section of bamboo [19]
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between the fiber axis and the alignment of microfibrils is termed as the microfibrillar
angle. This microfibrillar angle and cellulose content of the natural fiber will
determine the mechanical behavior of the fiber itself [16].

The fine structure of bamboo fibers is of special interest because of its signifi-
cance for culm strength. Detailed investigations have been made by different worker
[19–21]. Tono and Ono [22] and Parameswaran and Liese [23–25], as well as
contributions by Fujii et al. [26], Kawase et al. [27], and Murphy and Alvin [28],
have revealed the numerous layers which constitute the cell wall. Different results
have been reported about the number of lamellae, with a maximum of 18. This can
be partly attributed to the position of the vascular bundles, the location of the fibers
within, and the maturity state of the fibers. In most of the earlier observations, the
effect of aging was hardly considered. Often younger culms were investigated with
lesser lamellae because of the technical difficulties encountered when sectioning the
extremely hard tissues of older ones. Preston and Singh [29] employed X-ray
analysis to study wall structures, while Tono and Ono [22] used swelling reactions
resulting from acid treatment. Bamboo is also a lingo-cellulosic composite material
like the other natural fiber consisting of cellulose and hemicellulose and lignin as
amorphous matrix material. Ray et al. studied the variation of mechanical strength
with microstructure of bamboo in their study with a piece of bamboo [30]. It was
observed that not only the quantity but also the fiber quality varies from outer to
inner most peripheries, and it causes variation of tensile strength. The hemicellulose
and lignin matrix materials have found to be removed satisfactorily with 10 %
NaOH solution without affecting the fibers very much, while 20 % or stronger alkali
solution deteriorates the strength property of fibers. Low et al. carried out investi-
gation of Australian bamboo using synchrotron radiation diffraction and Vickers
indentation and concluded that mechanical properties of that bamboo was a strong
variant of its age [31]. Result analysis exhibited that the older counterpart has a lower
strength, elastic stiffness, and fracture toughness than the young one [31]. Further-
more, bamboo expands along the interfacial damage zone and exhibited indentation
creep which makes hardness of bamboo both load dependent and time dependent,
respectively. Fiber debonding, crack deflection, and crack bridging in bamboo
involve high-energy dissipation, leading to very high toughness [19].

Bamboo Polymer Composites

Bamboo, due to its moisture affinity, changes its dimension during its service life
when exposed to moist and hot weather conditions. However, with respect to the
dimensional stability and also the good interfacial adhesion in composite applica-
tion, this aspect is detrimental. Natural fibers absorb moisture through H-bonding
taking the advantage of plenty of reactive functional group’s (hydroxyl or other
oxygenated groups) present in the constituent component. Natural fibers are hydro-
philic in nature, and to increase the scope of utilization as reinforcement modifica-
tion, using proper surface modifier can be done [32–37]. Mechanical property of a
polymer composite reinforced by fiber is primarily controlled by three factors [31]:
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(a) strength and modulus of the fiber, (b) strength and chemical stability of the resin,
and (c) effectiveness of interfacial adhesion between resin and fiber while transfer-
ring stress across the interface [4]. Low volume fraction of fiber can exhibit
reinforcing action if and only if good interfacial bonding exists between the fiber
and the matrix. The strength of interfacial bond also depends upon the modification
of fiber and chemical structure of the resin. There are many physical and chemical
methods of different efficiencies for the adhesion between fiber and matrix which
can be used to optimize the interface. Examples of physical methods are stretching
[38], calendering [39, 40], thermo-treatment [41], corona and cold plasma treatment
[42], etc. When fiber and matrix are totally incompatible (hydrophilic fiber and
hydrophobic polymer), then chemical method is employed to get proper compati-
bility with the help of any other material, which itself has compatibility with both
fiber and matrix [43]. The example of chemical methods employed are mercerization
[38, 44–47], change of surface tension, impregnation of fibers, chemical coupling,
graft copolymerization, treatment with compounds which contain methanol groups,
treatment with isocyanates, triazine coupling agents, and organosilanes as coupling
agent.

Among all these methods, mercerization is one of the most suitable low-cost
treatments for natural fibers by which the noncellulosic substances will be extracted,
rendering increased wetting ability of fiber [48, 49]. The main objective of alkali
treatment is to produce fibers with improved wetting and spreading characteristics
and the consequent changes in the dimension, fine structure, morphology, and
mechanical properties [50]. Das et al. have carried out detailed study regarding
effect of mercerization of bamboo fiber in either strip or dust form on physical,
mechanical, and thermal properties of bamboo fiber itself and thermoset polymer
(e.g., novolac, resol, and polyester resin) composite based on alkali-treated bamboo
fibers [50–58].

Treatment of bamboo strips with alkali solutions of different concentrations, e.g.,
5, 10, 15, 20, 25, and 50 %, for one hour leads to swelling of bamboo strips which
introduces a change in average density of ~15 %. The weight loss value increases
with increase in alkali solution concentration with a maximum of 21.94 % at 50 %
alkali treatment. The cellulose chains present in bamboo fiber react with sodium
hydroxide forming the stable product, sodium cellulosate or soda cellulose, by
replacement of the hydrogen ion present in the –OH groups of cellulose with Na+
ions. By subsequent neutralization with dilute H2SO4 and followed by washing with
distilled water, the sodium ion present in the soda cellulose compound is completely
replaced further by hydrogen ion regaining the cellulose structure but with a lattice
transformation from cellulose-I to cellulose-II results [48]. The experimental condi-
tions will govern the extent of transformation between cellulose-I to cellulose-II.
During this crystalline lattice transformation, a fraction of the swollen cellulose
frequently does not gain the crystalline structure further resulting in amorphous
cellulose, which can be detected with X-ray diffraction and tabulated in Table 18.1. It
was also revealed that with increasing concentration of alkali solution percentage of
bamboo sample ranging from 0 % to 50 %, amount of cellulose-II increases and
maximum amount of cellulose-II is obtained with 50 % alkali solution for bamboo
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strip samples [48]. The same phenomenon has also been observed with the dust
sample but at an earlier concentration owing to higher interaction between alkali
solution and cellulose molecule provided with larger surface area of dust samples
showing maximum conversion to cellulose-II for the sample treated 20 % alkali
solution with the glucosidic bond cleavage of cellulose. The explanation may lie
possibly in the breakdown of the cellulose crystal and the recrystallization or
reorientation of the cellulose molecules present in bamboo fiber from which the
cementing material, hemicelluloses, has been depleted with the action of caustic
solution. The recrystallization or reorientation of the cellulose molecules results
from the formation of new H-bonds among a part of the cellulose chains leading
to a closer packing leading to increased average density and mechanical properties.
The cellulose chains are somehow strained due to the presence of the matrix material
hemicellulose/lignin matrix and that initial strain is released by the removal of
hemicellulose upon the action of caustic solution [49]. This is also evident from
the trend of d-spacing (Table 18.1) values of lattice as obtained from X-ray analysis.
For bamboo sample treated with 50 % alkali solution, the crystallinity is due to
cellulose-II structure.

Analysis of the mechanical properties of the alkali-treated bamboo strips showed
a steady increase with increasing concentration of caustic soda, exhibiting a com-
parable increment with 15 % and 20 % alkali solution treatment followed by a
gradual fall. This fall of mechanical properties after 20 % alkali treatment can be
well explained on the basis of the molecular degradation of cellulose chain itself in
the presence of strong alkali solution [50]. The composite structure of bamboo fiber
destructed thoroughly by the removal of the cementing material with alkali treat-
ment, leading to splitting of the fiber into a finer element, fibrils. Fibrils are the
smaller fibers which all together forms the composite fiber bundle. Fibrillation leads
to a decrease in the spiral angle leading to an increase in molecular orientation. It was
also reported by Das et al. that alkali treatment with increasing concentration of the
fibers is continuously more and more fibrillated as evident from polarizing light
microscope [48].

Differential scanning calorimetric (DSC) study of those treated fiber showed that
the moisture desorption peak (and the enthalpy values associated with it) has shifted
rightward up to 15 % alkali treatment concentration, and beyond that concentration
further reduced [50]. In case of all samples for alkali treatments, up to 15 % single

Table 18.1 d-spacing and percent amorphousness data of alkali-treated bamboo sample in both
strips and dust form

Sample

d-spacing Amorphous (%) Cellulose-I (%) Cellulose-II (%)

Strip Dust Strip Dust Strip Dust Strip Dust

B-0 4.019 4 54.4 56.4 45.5 43.5 0 0

B-10 4.013 3.97 49.9 54.1 35.4 38.2 14.6 7.6

B-15 4.01 4 48.2 55.1 34.0 31.0 17.8 14.8

B-20 4.026 4.03 52.5 58.4 29.7 8.5 17.8 33.0

B-50 4.074 4.01 82.1 81.4 1.9 1.7 15.8 16.8
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broad exotherm is a characteristic of all the DSC plots, and beyond that concentra-
tion, two comparatively smaller exothermic peaks appeared probably as an identifi-
cation of the presence of both cellulose-I and cellulose-II. Dynamic mechanical
thermal analysis (DMTA) of bamboo strip samples revealed that the storage modulus
(E0) value of 15 % alkali-treated samples at room temperature has been increased by
~400 % over that of untreated bamboo strips, and the rate of fall in the modulus over
the temperature range of 140–180 �C is also maximum for alkali-treated samples
[51]. The primary loss modulus (E00) peak at 111.8 �C for untreated bamboo samples
has been shifted to a higher region in case of alkali-treated samples [51]. Untreated
sample provides maximum damping parameter (tan δ) due to the presence of higher
amount of matrix material.

From the thermogravimetric analysis plot, it can be concluded that the B-15 and
B-20 samples have undergone three-step degradation, whereas parent bamboo
degrades in two steps in the temperature range of 50–150 �C and 150–426.11 �C.
The weight loss during the first step of degradation for the parent bamboo sample is
6.65 % which is due to moisture loss. This value has been reduced to 1.75 and 1.25
for B-15 and B-20 samples, respectively, for the first degradation step commencing
at 100 �C for both samples. A continuous decreasing trend was observed for the
amount of moisture adsorbed with increasing treatment concentration of alkali, and
the moisture liberation temperature is higher for alkali-treated samples. The expla-
nation lies in the increase in crystallinity and change in morphology of bamboo
fibers incorporated with the alkali treatment. Therefore the ease of adsorbed moisture
release upon heating will be reduced as moisture is strongly entrapped with tightly
packed structure leading to a higher finishing temperature. Leaching of increasing
amount hemicelluloses with higher alkali concentration is mainly responsible for the
decreased amount of adsorbed water as they are also active sites for moisture
absorption. It can be then concluded from the data of table that treated samples
have higher thermal stability than the untreated among which B-15 shows the
maximum. The explanation lies in the fact that mercerization reduced the alkali-
sensitive material in considerable amount forming more stable lignin-cellulose
complex than the native one, thereby increasing the residual weight [59]. This
process involves increased rate of formation of free radicals that are stabilized by
condensed carbon ring formation in the char. The activation energy also helps to
conclude about the thermal stability of fibers. Increase in the activation energy will
lead to more thermal stability of the fiber (Table 18.2).

There are many other works based on bamboo cellulose modification. The species
of Bamboo, Bambusa balcooa was coated with polyethylene glycol-based polyure-
thane (PU) and its semi-interpenetrating polymer network (SIPN) with polystyrene
(PS) after initial alkali treatment by which the tensile behavior and chemical
resistance of the fiber improved [60]. Ray et al. also observed similar type of removal
of the adhered matrix with 10 % NaOH solution with a little effect on fibers, while
20 % or stronger alkali leads to reduction in the strength of fiber [30]. Green
composites were developed with a starch-based resin and alkali-treated short bam-
boo fiber, and in this case the reinforcing action of bamboo fibers was not observed
with a small aspect ratio of 20 but was filler [61].
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Natural fiber-based polymeric composites have been developed using both ther-
moset and thermoplastic polymer. Thermoset polymers like polyester, epoxies, and
phenolics are most commonly used. An et al. developed bamboo fiber epoxy
composite by vacuum injection molding technique (VIM) with good and more
uniform flexural and compressive modulus than tensile strength (Fig. 18.2) [62].

Das et al. further studied the polymer composite based on this alkali-treated
bamboo fiber and novolac, resol, and polyester resin widely [52–58]. They have
reported that all types of composite specimens based on bamboo strips and novolac,
resol, or polyester resin were subjected to mechanical property study, thermal
property study, dynamic mechanical study, and weathering property study, and the
results showed that the alkali-treated bamboo fiber composites are superior with all
aspect. These findings were confirmed by the strong interfacial interaction between
–OH groups of cellulose and methylol in case of novolac or resol resin with the
formation of aryl alkyl ether as evident from infrared spectroscopy. The alkali
solution concentrations which are used for bamboo fiber treatment is the main
controlling factor regarding the dynamic mechanical and thermal properties evalu-
ated by means of dynamic mechanical, differential scanning calorimetry, and
thermogravimetric analysis. Twenty percent alkali-treated fiber composites exhibited
maximum storage modulus (E0) value following an increasing trend of storage

Table 18.2 Results for TG analysis of untreated and treated bamboo fiber

Sample designation Residual weight (%) at 600 �C Activation Energy Eact J/K

B-U (untreated bamboo fiber) 40 23.22

B-10 (10 % alkali-treated
fiber)

46.45 25.4

B-15 (15 % alkali-treated
fiber)

56.4 31.91

B-20 (20 % alkali-treated
fiber)

56.25 29.07

Fig. 18.2 Bamboo fiber preform for VIM technique and SEM of fracture surface of epoxy-based
composite made with that fiber preform [62]
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modulus with increasing alkali treatment concentration. Due to removal of alkali-
sensitive binding material, there will be proper wetting of fiber with the resin leading
to the increasing interaction thereby restricting the chain movement at an elevated
temperature. The number of free cellulosic –OH will continuously increase with
increasing alkali treatment resulting to more restricted chain mobility. The result is
therefore increased glass transition temperature of composites compared to that of
the resin as evident from loss modulus peak. Due to proper wetting of fiber by resin,
the amount of matrix which can be penetrated into the crevices by volume is more
sufficient to absorb the vibrational energy of molecules properly leading to increas-
ing tan δ value of composite with increasing concentration alkali treatment. It was
concluded by Das et al. that 20 % alkali-treated fiber composites exhibited the best
dynamic mechanical properties, and the alkali-treated fiber composites attains better
thermal.

Thermoplastic polymers like polyethylene, polystyrene, polypropylene, etc. are
nowadays getting attention as matrices [63–65]. These polymers are hydrophobic in
nature, whereas natural fibers are hydrophilic imparting poor adhesion between
them. Consequently, the reinforcing action of the fibers will vary widely according
to the nature of the matrix. Therefore after overall evaluation of entire sets of
composite, it is considered as essential to compare the properties of different
composites developed on the basis of interaction with resin. There are different
works based on bamboo fiber and different polymers which are made by employing
different surface treatment method to obtain improved properties which are noted
below.

Epoxy resin composite reinforced with varying content of short bamboo fiber has
been evaluated with respect to weight reduction, density, and void content [66]. The
density of these composites was found to be decreasing with fiber content. In another
work it was reported that 30 wt% of bamboo fiber-mixed epoxy resin is giving
optimum mechanical properties compared to 20 % and 40 % loading of fiber
[67]. The addition of bamboo fibers has improved mechanical properties of epoxy
resin and increased water absorption of the material. Rao et al. also fabricated hybrid
composite based on bamboo/glass fibers and epoxy resin using treated and untreated
bamboo fiber. They have studied effect of alkali treatment of the bamboo fibers on
frictional coefficient and impact strength; dielectric strength and chemical resistance
were also studied. These properties were improved with treated bamboo fibers
because of the removal of amorphous hemicellulose with alkali treatment imparting
improved crystallinity of the bamboo fibers.

Kumar et al. have studied the effect of bamboo fiber loading on mechanical
properties of epoxy resin composites reinforced with bamboo fiber and concluded
that the tensile strength and flexural strength of bamboo/epoxy composite increase to
the certain level of fiber loading with a maximum at 25 wt% of fiber loading and then
start decreasing on further fiber loading [68]. It also shows that the microsurface
hardness of bamboo/epoxy composite improves till 25 wt% of fiber loading, and
after that the hardness is nearly constant.

In fabrication of bamboo fiber-reinforced polypropylene composites, maleic
anhydride-grafted polypropylene has been selected as the most suitable
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compatibilizer [63–65]. The weight percent of maleic anhydride in MAPP may vary
from 0.5 % to higher in different cases [65]. It was found that in specific cases of
24 %, the mechanical properties of the composite increased significantly such as
tensile strength of 32–36 MPa and a tensile modulus of 5–6 GPa. The developed
material has more than three times higher than that of the commercial product with
light weight, low cost, and good water resistance. Incorporation of steam-exploded
fiber improved the tensile strength of BFRP further. Along with MAPP other surface
treatment may be there [63], Mi et al. [64] tried maleation of PP prior to inclusion of
the bamboo fibers in the PP matrix to improve the interfacial bonding between the
bamboo fibers and the PP matrix. Comparison of bamboo fiber-reinforced polypro-
pylene composites (BFRP) and bamboo/glass fiber-reinforced polypropylene hybrid
composite (BGRP) on the basis of their hygrothermal aging and their fatigue
behavior under cyclic tensile load was made by Thwe et al. [68]. They have
suggested that BGRP has superior fatigue resistance to BFRP at all load levels
tested. When the samples were allowed to age for 6 months at 25 �C, tensile strength
and elastic modulus of both the samples have shown moderate reduction; however,
there were considerable reductions when the aging condition was changed to 75 �C
for 3 months. Hybridization of small amount of glass fibers with bamboo fiber
renders enhanced durability of bamboo fiber-reinforced polypropylene [69].

Bamboo fibers have been tried as reinforcing agent in cementitious matrix
(Li et al.) to develop two types of laminates: (a) double-layer reformed bamboo
(cross-ply) laminate and (b) fiber-reinforced cementitious (FRC) plate-reformed
bamboo laminate. Reformed bamboo and extruded FRC plates were used to fabri-
cate the second laminate [70–75]. The advantage of reformed bamboo is its ductility
and toughness and high tensile strength, while for the FRC plate, it is higher
compressive strength. Evaluation of composite with respect to flexural, impact,
and compression after impact (CAI) tests has revealed high flexural strength (up to
96 MPa), excellent impact resistance, good ductility, and outstanding toughness for
the newly developed FRC plate-reformed bamboo laminate having a good potential
in engineering applications.

Y. F. Shih et al. fabricated epoxy resin composites based on chemically modified
bamboo fibers obtained by treating wastewater bamboo by coupling agents
[76]. These novel composites were evaluated with respect to morphologies, mechan-
ical properties, and heat resistance. The results indicated improved thermal resis-
tance and mechanical properties, and the bamboo fiber was mostly cellulose-I type
even after the treatment. Better compatibility in between modified fibers and the
polymer matrix was evident from the morphology analysis with application of
coupling agents [77]. The effects of a silane coupling agent and filler loading on
curing characteristics and mechanical properties of bamboo fiber-filled natural
rubber composites were studied by Ismail et al., and they have observed an improve-
ment in mechanical properties with the addition of silane compound as coupling
agent [78, 79]. Bamboo/epoxy and bamboo/polyester composites were obtained
with improved water resistance and mechanical properties when surface modifica-
tion of bamboo fibers was made with polyesteramide polyol [78, 80]. Fiberboards
using bamboo and wood fibers as the raw materials exhibited improve in the MOR,
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MOE retention ratio, and linear expansion of boards after boiling with increasing
mixing ratio of bamboo fiber [78]. On the other hand, incorporation of bamboo fiber
with partial replacement of spruce had no effect on quality and properties of MDF
panels [80]. Comparing with wood fiberboard, it was observed that the mixed
fiberboard has more or less the same MOE but lower MOR. The wood fiberboard
is also superior to bamboo fiber with respect to water absorption and thickness
swelling. Acetylation of bamboo fiber incorporates more hydrophobicity in fiber
reducing equilibrium moisture content compared to untreated fiber [81]. Natural
fibers are becoming a competitive option as reinforcement of polymeric composite
materials due to their bio-based character, good specific mechanical properties, low
cost, and inexhaustible supply [82]. In this study, the tensile properties for single
bamboo (Guadua angustifolia) fibers at four different span lengths after machine
compliance correction show that the specific E-modulus is comparable with glass
fiber and the specific strength is only 10 % lower. Strength values of around
800 MPa were obtained by using a novel green mechanical extraction process.
Untreated unidirectional bamboo/epoxy composites show good flexural strength
and also, alkali treatment at low concentrations benefits the stiffness of the compos-
ite. Flexural tests with both fiber orientations were performed with UD bamboo fiber
thermoplastic composites using polypropylene and maleic anhydride-grafted poly-
propylene. Material performance was reasonable, but further work is necessary to
improve fiber-matrix interfacial strength.

Takagi et al. evaluated the effect of alkali-treated bamboo fiber length on
mechanical properties of the “green” composites fabricated using a starch-based
resin as matrix with short bamboo fiber as reinforcing agent [61]. They concluded
that bamboo fibers were acting as filler rather than reinforcement having small aspect
ratio of 20. In another work of Takagi et al., they have applied hot-pressing technique
to steam-exploded bamboo stripe and bamboo fibers to make biomass-based com-
posites only from bamboo without resin. Their mechanical properties depend on the
pressing temperature and lower than that of synthetic resin-based composite [83].

Lee et al. esterified bamboo fiber with maleic anhydride in the presence of
dicumyl peroxide as a radical initiator and developed eco-composite from polylactic
acid (PLA) using those bamboo fibers (BF) by employing mechanochemical
compositing [84]. It was confirmed by scanning electron microscope and polarizing
microscope observation that interfacial properties between BF and PLA were
improved after the addition of BF-e-MA. Lee et al. tried lysine-based diisocyanate
(LDI) as a coupling agent to fabricate biocomposite from poly(lactic acid) (PLA),
poly(butylene succinate) (PBS), and bamboo fiber (BF) [85]. The composites were
characterized with respect to tensile properties, water resistance, and interfacial
adhesion of both PLA/BF and PBS/BF, and an improvement was observed by the
addition of LDI. LDI leads to cross-linking between polymer matrix and BF,
rendering restricted thermal flow. Okubo et al. used commercially available
microfibrillated cellulose obtained from wood pulp as an enhancer, to improve
mechanical properties of polylactic acid-based bamboo fiber composite [86]. The
composite showed significant improvement with respect to three-point bending
strength and mode-I fracture toughness due to application of the enhancer. The
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development of composites for ecological purposes using bamboo fibers and their
basic mechanical property evaluation were also made by Okubo et al. [19]. Bamboo
fibers were extracted with the help of the steam explosion technique. Bamboo fibers
(bundles) itself exhibited a sufficient specific strength comparable to that of conven-
tional glass fibers. They have made PP-based composites using steam-exploded
bamboo fiber and concluded about 15 % and 30 % increment in tensile strength
and modulus, respectively, due to well impregnation and reduced number of voids as
exhibited by the SEM photograph in Fig. 18.3.

Despande et al. employed a combination of chemical and mechanical methods for
the extraction of bamboo fibers [87]. The fibers were separated mechanically by
applying conventional methods of compression molding technique (CMT) and roller
mill technique (RMT). Fibers from both the techniques were evaluated with respect
to mechanical properties of the fibers and were used to make unidirectional com-
posites of polyester resin [87]. All types of composite samples exhibited high values
of tensile strength where the failure mode is predominantly fiber-matrix interfacial
cracking. The mechanical properties of biodegradable polymer composite with
carbonized bamboo fibers were evaluated by Matsui et al. [88]. Poly(butylene
succinate) (PBS) was used as the biodegradable plastic matrix while the condition
of carbonization was varied. By increasing fiber content, tensile modulus was
confirmed to increase. In particular, the tensile modulus of composite filled with
semi-carbonized bamboo displayed higher values than the uncarbonized bamboo
fiber composite. The values of tensile strength decreased according to the increase of
fiber content; however, the carbonized bamboo fiber composites experienced less
decrease than the uncarbonized ones. The surface resistivity of carbonized bamboo
fiber composites was lower than that of bamboo fibers and also decreased with the
increase in fiber content in each case. Thermal degradation of bamboo fiber rein-
forcement was also concluded as a two-stage process by Rajulu et al. [89]. This fact

Fig. 18.3 Scanning electron
micrograph of steam-
exploded bamboo fiber bundle
surface [19]
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is also evident with Das et al. when they work with mercerized bamboo fiber
composites based on phenolic resin and polyester resin [56, 57].

The DSC curves of bamboo/polyester composites using untreated and different
alkali-treated fiber and also of polyester resin are presented in Fig. 18.4. It is
interesting to observe that the decomposition pattern for all the composite samples
is more or less similar because of the presence of a high weight percent of fiber in the
composites that makes it behave predominantly like the fiber and not like the resin
matrix [10]. An endothermic peak below 100 �C for composite samples indicates
moisture loss which is absent for polyester resin due to removal of increasing amount
of alkali-sensitive material with increasing strength of mercerization, leading to more
and more amount of free cellulosic –OH groups available for bonding with resin.
When the interaction is strong enough, moisture desorption became restricted and
the enthalpy associated with it will increase. The first exothermic peak is due to
cellulose decomposition and has been shifted to higher region with increased
enthalpy for all the treated composites indicating more thermal stability [54]. The
successive endothermic peak, responsible for resin decomposition, has been shifted
toward lower temperature with an increased enthalpy for all the treated fiber com-
posites (Table 18.3). The shifting of both the peak is possibly due to the formation of
H-bonding between the cellulosic –OH of bamboo fiber and polyester resin. This is
further supported by the increase in decomposition temperature of α-cellulose in case
of composites reinforced with alkali-treated fibers. Similar types of DSC tracing
were also exhibited with phenolic resin composites [55].

Comparing the DSC data from Table 18.3 for 20 % alkali-treated fiber composite
with different resin, it is observed that the powdered novolac resin is providing the
best thermal property.

Figure 18.5 represents the plots obtained from thermogravimetric analysis of
parent bamboo, polyester resin, and all composite samples. The first peak intended
for moisture loss is at 69.5 �C for BSPES-U and shifted to 74.5, 82.25, and 88.4 �C,
respectively, for BSPES-10, BSPES-15, and BSPES-20. The trend of releasing
moisture at a higher temperature with increased enthalpy value in case of the treated
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Fig. 18.4 DSC plot of bamboo strips reinforced polyester resin composites
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composites could be due to the improved spreading of the resin over the fibrillated
fibers resulting in a stronger bond at the interface. The next transition was observed
at around 255 �C in case of composite samples which might be for degradation of
hemicellulose [55]. The increasing amount of hemicelluloses leaching with increas-
ing alkali treatment concentration is responsible for continuously decreasing energy
and complete absence after 15 % alkali treatment. The maximum temperature for the
third transition, which could be due to cellulose decomposition in the fiber part of the
composites, is 384.5 �C for BSPES-U and has been shifted to 319.5 �C, 317.5 �C,
and 316.65 �C, respectively, for BSPES-10, BSPES-15, and BSPES-20 indicating

Table 18.3 DSC data for 20 % alkali-treated fiber composite with different resin

Sample designation Peak temp (�C) Nature of peak ΔH (J/g)

B-20 (20 % alkali-treated sample) 64.6
345.3
392.5

Endo
Exo
Exo

8.94
19.5
4.2

BSNC-20 (20 % alkali-treated fiber and
novolac resin)

90.31
257.65
334.18

Endo
Endo
Exo

�57.55
�5.45
19.08

BSRC-20 (20 % alkali-treated fiber and
resol resin)

82.31
251.56
328.24
379.21

Endo
Endo
Exo
Exo

�149.81
�11.45
30.19
3.26

BSPES-20 (20 % alkali-treated fiber
polyester resin)

84.31
332.69
363.16

Endo
Exo
Endo

�47.55
60.01
�64.08
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increasing interaction with resin. A continuous increase in weight loss is observed.
The treated fiber composites are showing higher thermal stability indicated by higher
amount of residual weight at 600 �C for treated one than the untreated fiber
composite. Comparing the TGA data from Table 18.4 for 20 % alkali-treated fiber
composite with different resin, it is clear that the resol resin is providing the best
thermal property.

Concluding Remarks

The potential applicability of bamboo fiber in polymeric composites has getting
more and more attention. Due to a great number of attractive properties, availability,
eco-friendly nature of bamboo, construction, automotive, furniture, and electronics,
pharmaceuticals, cosmetics, and biomedical applications are also being considered
[90]. Mechanical properties like as high strength and stiffness, the surface reactivity
(with numerous hydroxyl groups), and the specific surface treatment may tailor
composite material made with these bamboos for our growing need.
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Abstract
Liquid-repelling surfaces have received tremendous attention owing to their
unique self-cleaning, anti-icing, anti-sticking, and antireflective properties. Vari-
ous natural surfaces, owing to their specific surface structure, exhibit high water/
oil repellency. Study of such naturally occurring superhydrophobic/
superoleophobic surfaces has led to the understanding that the wettability of
surfaces depends on their surface energy and surface structure. Surfaces with
multilevel roughness exhibit high contact angles due to formation of air–liquid
interfaces. The present chapter reviews the basic physical understanding and the
structure–property correlations of the liquid-repelling surfaces. The chapter fur-
ther explores the structures of various naturally occurring liquid-repellent sur-
faces and reports the recent progress achieved toward the development of
artificial liquid-repellent surfaces by mimicking the natural ones. Finally, various
techniques being employed to fabricate such surfaces have been described.

Keywords
Wetting • Hydrophobic • Oleophobic • Lotus effect • Surface morphology

Introduction

Mother Nature, the habitat of all living and inanimate objects on Earth, has evolved
over 3.8 giga-years [1]. All living beings that exist on Earth are the end result of
millenniums of experiments in nature’s laboratory, scientifically delineated as evo-
lution. Even though nature continues to evolve even today, the present status of our
existence is the end (if not the best) result that nature has attained until now. Hence, it
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may be rationally assumed that nature has experienced all possible dilemma and
hurdles and found optimal solutions to them in the course of time, under the given
circumstances, somewhere along the way. In substance, nature may inspire solutions
to several problems that we face now or may encounter in the future, only if we are
clever enough to decipher the code and terminology of nature.

Wettability of surfaces has many applications: In nature, wettability is important
for plants and animals for survival, self-cleaning, and predatory purposes or simply
for keeping dry. In the industry, wettability plays an important role in water purifi-
cation, fluid transport, food processing, power generation, transportation, architec-
ture and infrastructure maintenance, corrosion prevention, etc. In addition,
wettability is a phenomenon of great importance in the field of fluid and thermal
sciences. Hence, it is important to understand the physics behind wettability and to
find ways applying this knowledge for our development.

Physics of Wetting

Wettability may be defined as the dampening of a surface in the presence of a liquid
due to intermolecular interactions between them. The degree of wettability is
determined by the strength of adhesion (attractive force between unlike molecules)
and cohesion (attractive force between like molecules) between the solid and liquid.
The physical parameters that govern wettability are surface roughness and surface
energy.

Contact Angle and Hysteresis

The prevalent way of characterizing wettability of a surface is the static contact angle
(denoted by θ) for a drop of liquid deposited on the surface. It is the angle between
the baseline of solid–liquid interface and tangent at the liquid–air interface, mea-
sured from the liquid phase (as shown in Fig. 19.1a). It is theoretically equated by
Young’s equation (as derived later in Eq. 19.3). It depends on several factors such as
surface energy, surface roughness, and the cleanliness of the surface [2]. It is
interesting to note that a liquid drop placed on a surface may show a range of θ
values, varying by a few degrees. This is because θ also depends upon the way a drop
is placed on the surface. However, a surface is characterized by the maximum and
minimum θ values only. The maximum value of θ is termed as advancing contact
angle and the minimum as receding contact angle. All other intermediate points are
metastable.

Contact angle of a liquid on a solid varies as 0o � θc �180o. Liquids are said to
wet the surface if θc <90o and not if θc >90o. Surfaces are considered
superhydrophilic if θc <10o and superhydrophobic if θc >150o, in the case of
water. The same applies for oils. It should be mentioned that the terms hydropho-
bic/hydrophilic are restricted to water only, while oleophobic/oleophilic refers to
oils, organic liquids, and petroleum products. Terms ambiphobic/ambiphilic refer to
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everything within the extremes of water and oils. Surfaces can hence be classified
into different degrees of wettability depending upon the nature of liquid and its
contact angle.

The angle to which a surface is tilted for a drop to roll/slide is termed as the
critical tilt angle. A surface can be characterized by the contact angles of a drop on a
tilted surface. At the critical tilt angle, the leading edge of drop gives the advancing
angle (θA) while the rear the receding angle (θR), as shown in Fig. 19.1b. It should be
mentioned here that θA and θR can be measured in two ways, one of which is the
tilting base method mentioned above. The second way of measuring θA and θR is by
injecting a small volume of liquid into a previously deposited drop in a controlled
manner and recording the increase in its contact angle as function of volume (this is
θA). This is subsequently followed by decreasing the volume of the drop by sucking
the liquid out of the drop and recording the decreasing contact angle as a function of
volume (this is θR), as shown in Fig. 19.1c.

If θA > θR, then their difference is termed as the contact angle hysteresis (CAH).
This is a measure of the irreversibility of the wetting/non-wetting process, due to
dissipation of energy during movement of the solid–liquid interface line along the
surface. CAH indicates the deviation of real surfaces from ideal, in terms of
smoothness, rigidity, and chemical and mechanical heterogeneity. These include
surface roughness, morphology/microporosity of the solid, reorientation of moieties
at the surface, transfer of molecules from solid to liquid by surface diffusion, and
evaporation. CAH determines the motion of a drop as at low CAH values, liquid
drops tend to roll, while the drops slide at higher CAH values. However, drops may
show combined rolling and sliding at low CAH and are favorable for self-cleaning

Fig. 19.1 Schematic showing (a) Young’s contact angle and advancing and receding angle by (b)
tilting method [3] and (c) droplet injection method [4] (Reprinted with permission from [3, 4])
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surfaces. Real surfaces have nonzero CAH and surfaces with CAH < 10o show self-
cleaning properties.

Surface Tension and Surface Free Energy

The units of surface free energy (J/m2) and surface tensions (N/m) are equal.
Thermodynamically, surface tension, surface tension force, surface energy density,
and surface free energy are unique entities that share the similar units like pressure
and stress or work and energy. However, in the study of wettability, these entities can
be assumed equivalent provided temperature and pressure are kept constant and
there is no adsorption at the interfaces [5]. Surface free energy and surface tension
are the results of molecular interactions in matter. In order to lower their potential
energy, molecules in bulk form bonds with their immediate neighbors. However,
molecules at the surface are imbalanced due to lack of neighbors on all sides and are
at higher energy states. This is why matters with free surface, such as liquids, have a
tendency to convolute within themselves and attain a shape that offers the least
surface area, a sphere. A non-wetting (low-energy) surface is at a lower energy state
when dry, and hence, a liquid drop on such a surface assumes a spherical shape to
decrease its solid–liquid interface as well as maintain the least liquid–air surface
area. The vice versa is true for wettable (high-energy) surfaces where the drop
assumes a flatter shape balanced by larger solid–liquid and lesser air–liquid inter-
face. Roughness can also enhance the effect of surface energy. This is why rough
low-energy surfaces show high liquid contact angles, while rough high-energy
surfaces show low liquid contact angles. Intuitively, the surface tension of the liquid
is also an important factor of wetting. Liquids with lower surface tension such as oils
spread more easily since their energy requirement is lesser. Hence, surfaces that are
even superhydrophobic may not repel oils. On the other hand, surfaces, which are oil
repelling by virtue of surface energy, are most certainly water repelling, provided the
surface does not contain chemically hydrophilic moieties.

Capillary Length, Contact Line, and Spreadability

The shape of a liquid drop is also a function of its length scale, which determined if it
is under the influence of surface forces or gravity. As the size of a drop reduces, the
dominant force changes from gravity to surface tension. If the magnitude of forces
acting on a waterdrop is plotted (as shown in Fig. 19.2a), we observe a crossover at
~2.73 mm. This is the length scale of water and is termed as capillary length.
Capillary length is defined as the characteristic length applicable for interfaces
between two liquids, which are subject to these forces. It is denoted by lc and equals

ffiffiffiffi

γlv
ρg

q

. Drops having size smaller than this are shaped by surface tension and

unaffected by gravity. Larger drops are de-shaped by gravity and egg shaped [6].
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The three-phase contact line is the interface along which the solid, liquid, and gas
(air) coexist (Fig. 19.2b). It is a 3D spread of the contact angle, determined by the
interplay of interfacial surface tensions γsl, γlv, and γsv. Each of these interfacial
tensions has energy costs since at the boundaries, the chemical bonds of a phase with
its own atoms and molecules are missing.

Droplets resting on a surface can be pulled into a film or remain as droplets
depending on the balance of the interfacial surface tensions in play. This condition is
governed by spreadability of the surface (S), given by Eq. 19.1 [7, 8]:

S ¼ γsv� γslþ γlvð Þ (19:1)

S is a measure of the energy cost per unit area for a dry surface to be wetted by a
liquid film. If S > 0, wetting is favored; else, the wetting is finite and the liquid
forms a definite θc. Hydro-/oleophilic materials hence have S > 0 and vice versa.

Theoretical Wetting Models

Young’s Equation: Wettability was first scrupulously investigated in 1805 by Young
while studying wetting on ideal surfaces, that is, surfaces that possess neither
physical nor chemical heterogeneities. A liquid drop touches such an ideal surface
in the shape of a disk, with the solid–liquid interface enclosed within the
solid–liquid–air interface. Young substantiated that the shape of a liquid drop is
governed by minimization of total Gibbs free energy (Young [9]). This is equal to the
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schematic showing 3D contact line of droplet [5], (c) Wenzel state, and (d) Cassie state (Reprinted
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summation of solid–liquid, liquid–vapor, and solid–vapor interfacial free energies
(denoted by γsl, γlv, and γsv, respectively). Let us consider a liquid drop on such an
ideal solid surface. Let the solid–liquid interface area be increased by dA. Hence, the
interface energies increase by γsl dA and γlv cos θ dAwhile decrease by �γsv dA. It
may be noted that liquid–vapor interfacial energy γlv depends on the shape of the
drop, which is accounted for by dA cos θ. Hence, the net change in interfacial energy
is given by Eq. 19.2 [10]:

dE ¼ γsldA� γsvdAþ γlv cos θdA (19:2)

Now for the drop to come to rest and assume a stable contact angle θc, Gibbs free
energy has to be minimized. Differentiating Eq. 19.2 with respect to A and equating
it to zero (at minima), the classical Young’s equation (Eq. 19.3), which correlates the
surface energies with the equilibrium contact angle, θY (also shown in Fig. 19.1a), is
obtained [10]:

γsl � γsv þ γlv cos θY ¼ 0 (19:3)

If θc < θY for a liquid drop on a solid surface, the non-wetted region becomes
unstable. Therefore, the energy contribution due to solid–liquid interfacial area
increases with corresponding decrease in solid–vapor interfacial area by increasing
the radius of the drop till θc ¼ θY . Similarly, if θc > θY , the wetted region becomes
unstable. Thus, energy contribution due to solid–liquid contact decreases with
corresponding increase in solid–vapor interfacial area by decreasing the radius of
the drop till θc ¼ θY . This definition is however limited to ideal surfaces only.

Wenzel Model: Wenzel reported wetting of real surfaces that differ from real
surface in terms of surface heterogeneities [11]. It was suggested that liquid drops on
real surfaces are impaled into the morphology of its surface roughness (Fig. 19.2c).
Wenzel proposed a modified Young’s equation that accounted for real surfaces in
terms of a “roughness factor” and provided a relation between surface energy,
roughness, and contact angle (Eq. 19.4) [11]:

cos θW ¼ r cos θY (19:4)

Here, θW is the Wenzel/actual contact angle on rough surfaces, θY is the Young’s/
equilibrium contact angle, and r is the ratio of water–solid contact area to the
projected water–solid area. For smooth surfaces, r = 1, and hence θW ¼ θY . On
the other hand, for rough surfaces, r > 1, and hence θW > θY when θγ > 90�

(hydrophobic surfaces) and θW < θY when θγ < 90� (hydrophilic surfaces). Hence,
when roughness of a hydrophobic surface is increased (r > 1), it becomes more
hydrophobic. Conversely, hydrophilic surfaces become more hydrophilic when
roughness is increased. However, the Wenzel model is limited to homogeneous
wetting only.

Cassie–Baxter Model: Cassie and Baxter attempted to explain the wetting phe-
nomenon observed in textiles and bird/duck feathers, which could not be explained
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by the Wenzel model [12]. They proposed that liquid drops do not always get
impaled but may also stay suspended on the apex of the surface morphology. This
is known as heterogeneous wetting as the droplet is supported at places by the solid
and cushioned by entrapped air pockets in the morphology, elsewhere (as shown in
Fig. 19.2d). Their model explained the tendency of the waterdrops to minimize its
liquid–solid as well as liquid–air interface allowing it to attain a spherical shape. The
mathematical model (Eq. 19.5) was derived by incorporating a modified factor for
surface roughness in the Young’s equation [7]:

f cos θC ¼ f cos θY þ 1ð Þ � 1 (19:5)

Here, θC is the Cassie–Baxter/actual contact angle, and f is the ratio of water–solid
contact area to projected water area. Hence, as roughness increases, f decreases,
while θC increases. The Cassie–Baxter and Wenzel models are limited to under-
standing static wetting only. However, there are a number of static phenomena that
cannot be explained by these models such as shape of a drop when its size is much
larger than that of roughness scale, transition between homogeneous and heteroge-
neous wetting and its causes, etc. Most importantly, these models cannot explain the
dynamics of wetting.

Other Models: McCarthy et al. showed the Cassie–Baxter model is not well
rounded as it fails to take into account the motion of contact line (when a drop is
moving on a surface) [13]. They went on to explain how the structure of the three-
phase contact line is important for understanding dynamic wetting (deliberated in
terms of advancing and receding contact angles and contact angle hysteresis).
However, the nature of motion of the three-phase contact line is not yet well
understood.

To summarize the above, Young’s equation forms the basis of wetting theory for
ideal surfaces. The Wenzel model takes into consideration the roughness of real
surfaces and proposes a model for homogeneous wetting. Later, the Cassie–Baxter
model improves our understanding of heterogeneous wetting states. However, these
theories are not able to explain statics as well as dynamics satisfactorily. Models
attempting to explain dynamic wetting are being developed.

Naturally Occurring Superhydrophobic Surfaces

In nature, there are several examples of terrestrial and aquatic plants/animals that
exhibit water repellence mostly for drying, self-cleaning, or predatory purposes.
Leaves are important to plant since they are the primary site for photosynthesis and
transpiration. It is important for plants to maintain clean and dry leaf surfaces for
these processes. The most famous example of wettability in nature is the mysteri-
ously clean lotus leaf, whose reputation of non-contamination has often elevated it to
symbols of pious purity. Barthlott et al. examined with the scanning electron
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microscope (SEM) and finally explained the mysterious properties of the lotus
(Nelumbo nucifera) leaves [14]. Further research revealed the surfaces were a
composite of microscaled cuticles and nanoscaled wax crystals. These scales com-
bined to form a hierarchical topography, which, along with the hydrophobic nature
of the wax, led to water-repelling properties. Water droplets on the leaf surface
cannot infiltrate the morphology, but sit on the apex of the surface roughness while
air in the cavities cushioned them. The drop is therefore suspended in the Cassie
state. The surface roughness also causes solid contaminants like dust to settle on its
apex and, when the leaves sway in breeze or because of ripples, sets the waterdrops
rolling. The rolling drops then pick up any contaminants in its way, cleaning up the
surface. Water is reported to have ~162o contact angle on lotus leaves. This self-
cleaning ability of lotus leaves is often termed as “lotus effect.” A similar self-
cleaning effect is observed in taro (Colocasia esculenta) leaves, which contain
elliptical surface protrusions (diameter ~10 μm) covered in nanoscaled pins that
impart a hierarchical roughness. Water is reported to have ~159o contact angle
[15]. The Indian canna (Canna generalis Bailey) and the rice leaves also show
similar water repellence. This is due to their microbinary–nanobinary morphology
[16]. Some images of hydrophobic and superhydrophobic plant leaves and their
surface morphology (using SEM) have been shown in Fig. 19.3.

It may hence be noted that non-wetting of surfaces is dependent on the hierar-
chical morphology of surfaces. However, this morphology has many variations in

Fig. 19.3 Images of plant leaves and their SEM images at different magnifications. (a) Lotus
leaf [17], (b) taro leaf [5], (c) Indian canna [5], and (d) rice leaf [5] (Reprinted with permission
from [5, 17])
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nature. For instance, among the leaves already described, the rice plant leaves are
known to have critical tilt angles ranging between 4o and 12o, because of anisotropic
morphology [16]. The lotus leaves are however reported to show 2o critical tilt
angles independent of direction by virtue of their isotropic morphology [18].

The hierarchical morphology may also show different kinds of wetting that do not
conform to high contact angles and low critical tilt angles. Petals of flowers, such as
the red rose (rosea Rehd.), show high contact angles as well as pinning, such that the
waterdrops refuse to roll off even when held vertically. The surface of the petal is
reported to be covered in bumps (larger than that of lotus leaves), which is infiltrated
with water when deposited on it. The bumps are however covered in finer structures
that give the petals its hierarchical structure, which cannot be infiltrated by water
(showed in Fig. 19.4). Hence, a modified Cassie state is reached, which gives the
petals this unique wetting property [19].

Nonetheless, hierarchical structure and surface roughness leading to water-
repelling properties are not simply restricted to plants but also found in animals
(also shown in Fig. 19.5). For example, an interesting phenomenon is observed
among the insects, water striders, or pond skaters (Gerris lacustris) on the surface of
open water bodies. The striders appear to defy the laws of physics by not only
running across water but also standing on it. Gao et al. reported that the strider’s feet
are covered with oriented hair and fine nanogroves, covered in cuticle wax [20]. This
special architecture allows the striders to trap air bubbles between its feet and water
surface and provide enough buoyancy to support their weight. Another interesting
feat of nature is the water collection ability of the silk webs of the cribellate spiders
[21]. The structure of silk fibers consists of puffs composed of randomly oriented

Fig. 19.4 Schematic showing the difference in morphology for petal effect and lotus effect
(Reprinted with permission from [19])
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Fig. 19.5 Examples of a few liquid-repelling natural surfaces from nature. (a) Namib Desert beetle
and (a’) SEM image of (a) showing macro-scaled bumps [22]. (b) Silk webs of the cribellate spiders
and (b’) their low-magnification SEM image [21]. (c) Pond skater on water surface and (c’) SEM
image of their foot [20, 25]. (d) Water droplet on pigeon feather and (d’) SEM image showing barb
and barbule structures of pigeon feather [24] (Reprinted with permission from [20–22, 24, 25])

19 Superhydrophobic and Superoleophobic Surfaces in Composite Materials 657



nanofibrils, which are hydrophilic in nature (Fig. 19.5c’). Dry spider webs are
reported to undergo changes in their structure when dampened by moist air. The
process starts with tiny drops of water condensing on the web fibers, structured
similar to the beads on a string. As the beads come in contact with water, they shrink
to form a directional slope. The beads also aid the formatin of Laplace pressure
differences. As the drops grow larger, the combined driving forces overcome its
resisting hysteresis and allow it to coalesce and flow in the direction of the gradient.
A similar phenomenon is observed among the desert beetles in Namib Desert, which
are known to drink water that condenses on their backs [22]. Among them, the
tenebrionid beetle (Stenocara sp.) is known to tilt its body against the wind, which
aids water droplets in the air to condense on its fused wings. This is covered with
macro-scaled bumps whose apexes are hydrophilic and troughs covered with
microscaled roughness that makes them hydrophobic. The water droplets start
condensing at the apex, and after sufficient growth, they encounter the hydrophobic
parts, which aid their flow. Once the droplets are large enough to overcome the
hysteresis, it flows into the beetle’s mouth parts. Wetting in case of bird feathers is
slightly more complex with wettability being an integral effect of the texture of the
wings and the oils generated by the glands [23]. Pigeon feathers, having a textured
structure consisting of network formed by barbs and barbules (Fig. 19.5e), exhibit
Cassie–Baxter wetting with high contact angles [24].

Fig. 19.6 Surface of pitcher plants: (a) as seen by the naked eye and SEM images of (b) the
conductive zone from an air-dried pitcher and (c) the outermost parts of the epicuticular wax
platelets [27] (Reprinted with permission from [27])
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However, surface morphology is not only restricted to hydrophobicity in nature
but may also include hydrophilicity. A particularly intriguing wetting phenomenon is
the insect capturing mechanism of carnivorous plants using wettability. These plants
are known to exploit hydrophilicity since they grow in the tropical humid belts, for
survival. Two common mechanisms of prey capture among such plants are sticky
and slippery surfaces. For example, the carnivorous plants sundew (Drosera) and
butterworts (Pinguicula) are known to secrete sticky enzymes and adhesives, which
attract preys by giving the illusion of water droplets or wet surfaces. Once the insect
touches the sticky surface, they get stuck in the viscous enzymes and are digested by
the plant [2]. On the other hand, the genus Nepenthes of pitcher plants, which are
native of the tropics, use bright colors or nectar to attract prey into their slippery
cupped leaves, referred to as pitchers. The rims of these pitchers become slippery
when wetted by rain, condensation, or nectar. The insects perching on them tend to
slip into the cavity aided by the plant secretions, waxy surfaces, and surface
morphology, which slopes inward [27]. This also prevents the insects from flying
or crawling out of the pitchers, where they are gradually digested by the enzymes or
other means. Figure 19.6 shows scanning electron microscopy images of the surface
of pitcher plants at different magnifications. Hence, it may be inferred that water-
repelling or water-attracting properties in nature are, predominantly, the result of
congenially hierarchical surface morphology in micron- and nanoscale.

Controlling Surface Energy of Liquid-Repelling Surfaces

Fluorocarbons

Polymers with fluorine side chains are an attractive class of chemicals for
liquid repellence because of their extremely low surface energies. This, in
combination with surface roughness, has often been studied and reported in litera-
ture. One of the most commonly used fluorinated polymers for this purpose is
polytetrafluoroethylene or Teflon. Zhang et al. reported the superhydrophobic prop-
erties of Teflon films when stretched to induce void spaces in the otherwise contin-
uous film in the form of tears, holes, and protruding fibrous crystals [28]. This
generated the necessary surface morphology for transitioning the hydrophobic
Teflon to superhydrophobic. The study reported the increase in water contact angle
on the stretched films, from 118o to 165o when the films were stretched to almost
twice the original. Shiu et al. reported treating Teflon films with oxygen plasma to
induce roughness resulting in water contact angles of 168� [29].

Since fluorinated polymers are not readily soluble in most solvents, they are often
linked or blended with other materials to tailor non-wetting properties. Yabu
et al. created a porous superhydrophobic membrane by casting a fluorinated block
polymer solution under controlled evaporation and humid conditions [30]. The study
showed the effect of pore size of the honeycombed film in terms of water repellence
and transparency. Xu et al. reported polypyrrole films, which, by virtue of inherent
electrical conductivity, can transition between superhydrophobic and
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superhydrophilic [31]. The substrate was created by a combination of electro-
polymerization and chemical polymerization to introduce roughness on the
polypyrrole film surface doped with perfluorooctane sulfonate (PFOS). The transi-
tion in wettability occurred because the oxidation state at the surface changed
depending on the applied electrochemical potential.

Silicones

Besides polymers with fluorinated side chains, others with repeating units of
siloxanes, commonly known as silicones, also possess very low surface energies
and are used to achieve non-wetting surfaces. A commonly used silicone is the
polydimethylsiloxane (PDMS), and its use is prevalent in existing literature [32].

Khorasani et al. reported treating PDMS with CO2 pulsed laser to generate
surface porosity and achieving water contact angles of almost 175� [33]. The
study reasoned that the superhydrophobicity was an effect of both surface porosity
and chain ordering inherent in PDMS. Sun et al. also reported the use of actual lotus
leaves to form its negative templates using PDMS and using this casting to repro-
duce the original morphology of the lotus leaf by using DMS again [34]. Although
the replica showed comparable water repellence as the lotus leaf, it was expected to
be better since the surface energy of the paraffinic wax on the leaves is 30–32 mN/m,
while that of PDMS is ~20 mN/m.

Apart from the direct use of PDMS, the use of its block copolymers has also been
reported. For example, Ma et al. reported superhydrophobic electrospun fiber mats
using poly(styrene-b-dimethylsiloxane) (PS-PDMS) block copolymer blended with
polystyrene (PS) [35]. The study reports water contact angles of ~163� due to a
combination of low surface energy of PDMS and surface features arising from the
polymer fibers (diameter between 150 and 400 nm). The advantage of the hydro-
phobic fiber mats lies in their flexibility and porosity allowing them to be of use in
the textile industry. Some surfaces and fibers developed in the described studies have
been shown in Fig. 19.7.

Other Organic Materials

Along with fluorocarbons and silicones, there are a few other examples of nature,
which possess non-wetting properties such as paraffinic waxes. Lu and coworkers
showed superhydrophobic properties of the porous surface polyethylene
(PE) achieved by controlled crystallization by introducing a non-solvent (cyclohex-
anone) into the PE solution in xylene [36]. This aided the formation of surface floral
patterns in nanoscale and endowed the surfaces with water contact angles of ~173�.
Also Jiang et al. showed similar hydrophobic properties of polystyrene (PS) mats
obtained by electrospinning its solution in dimethylformamide (DMF), resulting in a
fabric of microfibers–nanofibers [37].
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Other examples of non-wetting organic materials include polyamide [38], poly-
carbonate [39], and alkylketene dimer [40]. It may be noted here that most of these
materials are accompanied with necessary surface morphological features, to achieve
the desired degree of non-wetting.

Inorganic Materials

Besides organic materials, there are a few examples of inorganic materials
possessing non-wetting properties. For example, Feng et al. demonstrated the use
of ZnO nanorods for tunable wetting properties [41]. ZnO when in the (001) plane
possesses very low surface energy which in combination with surface roughness
leads to superhydrophobic properties. However, when this surface is exposed to UV
radiation, generation of electron–hole pairs leads to adsorption of hydroxyl at the
surface, making it superhydrophilic. Yang et al. again demonstrated the use of ZnO
agave-like nanowire structures on the surface leading to superhydrophobic

Fig. 19.7 Images of morphologies of surfaces coated with low surface energy materials and
fabricated using diverse techniques. (a) Honeycomb-patterned fluorinated polymer films [30], (b)
PDMS surface treated with CO2 pulsed laser [33], (c) artificial lotus leaf structure of PDMS [34],
and (d) superhydrophobic electrospun fiber mats of PS-PDMS [35]. Inset images show the contact
angles for water (Reprinted with permission from [30, 33–35])
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properties [42]. Another inorganic material, which demonstrates tunable wettability,
is TiO2 or titania. Feng et al. demonstrated the superhydrophobic properties of glass
coated with nanoscaled TiO2 rods created by a low-temperature hydrothermal
approach exploiting the tendency of TiO2 to grow in a particular plane orientation
(110) [43]. The study also demonstrated the transition of the surface from
superhydrophobic to superhydrophilic when exposed to UV radiation and reversal
after being kept in the dark for ~2 weeks.

Composites

Apart from individual organic/inorganic substances, coatings of the composites
consisting of two or more phases have been widely investigated to form
superhydrophobic surfaces. As is known widely, the naturally occurring
superhydrophobic surfaces have multiscale surface roughness, which, along with
the low surface energies of the constituent materials, is responsible for their
non-wetting properties. The surface roughness and hence the hydrophobicity of a
surface can be modified effectively by applying coatings of composites such as
inorganic/polymeric micro-/nanosized particles dispersed in a low surface energy
polymeric matrix. The particles provide desired surface roughness, while the poly-
meric matrix, apart from providing low surface energy, acts as a binder to the micro-/
nanosized particles as well. Apart from this, the superhydrophobic coatings need to
be stable under harsh environmental conditions such as variable temperatures, pH
values, etc., depending on their applications. A better combination of non-wetting
properties and durability can be attained by the use of the composite coatings.

The superhydrophobic composite coatings are generally formed by incorporation
of nanosized inclusions in the polymeric matrices. Micro-/nanosized fillers of
various types, such as polymers, ceramics (silica, TiO2, ZnO, etc.), CNTs, graphene,
etc., can be used to develop superhydrophobic surfaces. For example, Zhang
et al. reported simultaneous superhydrophobic and superoleophilic natures of a
composite consisting of porous polyurethane (PU) film combined with polystyrene
(PS) microspheres [44]. Similarly, silica nanoparticles have been used widely to
modify the surface structure [45, 46]. Fabrication of surfaces having multilevel
surface roughness, which could mimic naturally occurring superhydrophobic sur-
faces such as lotus leaves, has been attained by using such composite coatings. Cui
et al. prepared multiscale structures on microstructured epoxy paint surface by
coating nanosilica/epoxy. The prepared composite surface exhibited high contact
angle as high as 167.8�, along with excellent stability in neutral and basic aqueous
solutions [45]. Similarly, superhydrophobic membranes having multiscale rough-
ness were fabricated by using TiO2 nanoparticles to modify the roughness of
microporous PVDF membranes [47].

Besides polymeric and ceramic fillers, carbon nanomaterials, such as CNTs and
graphene, being mechanically robust, chemically inert, and hydrophobic in nature,
may be used to develop highly durable superhydrophobic composite coatings. Lau
et al. reported the superhydrophobic nature of aligned CNT surface coated with
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PTFE, attributed to the inherent nanoscaled roughness of the CNT surface and the
hydrophobic nature of PTFE [48]. Similarly, Wang et al. reported such
superhydrophobic coatings of composites consisting of randomly oriented CNTs
and a fluoroplastic such as perfluoroalkoxy alkane (PFA) resin, prepared by spray
coating a mixture of CNT dispersion and resin [49]. Again, hierarchical structures
mimicking natural hydrophobic surfaces have also been fabricated by using CNT
microstructures. For example, Jung et al. reported hierarchical CNT/epoxy resin
composite structures by spray coating of the CNT/epoxy resin on a microstructured
substrate of epoxy. The superhydrophobic CNT composite structures exhibited high
mechanical stability and a high contact angle of 170� [50]. The hierarchical structure
was found to have superior stability compared to nanostructures made of lotus wax.

Graphene, owing to its excellent mechanical properties and chemical inertness,
has also found significant attention toward its application in superhydrophobic
surfaces having high chemical inertness and stability. Zha et al. fabricated PVDF/
graphene porous composites with a low (~1 wt%) loading of graphene. The contact
angle for PVDF/graphene composite in water was measured to be ~152� [51]. The
hydrophobicity may be enhanced further by functionalization of graphene with
various hydrophobic functional groups. Other strategies to attain high contact angles
and superior stabilities may include the coatings of polymeric matrix composites
consisting of multiple types of particulate fillers. For example, Asmatulu et al. have
reported superhydrophobic electrospun PS and PVC composite fibers containing
TiO2 nanoparticles and graphene nanoflakes and reported a contact angle of ~178� in
water [52].

Special Design Requirements for Superoleophobic Surfaces

A lot of progress has been made in the design and fabrication of hydrophobic or
superhydrophobic materials. The same principles and methods may be used to make
oleophobic or superoleophobic materials [53].

Overhang Surfaces

Existing literature shows transition of hydrophilic material to superhydrophobic by
introducing micron- or nanosized textures with overhang structures [54, 55]. The
overhang structures prevent water from surface morphology by virtue of capillary
forces, hence suspending the water droplets in a metastable Cassie state (also
schematically represented in Fig. 19.8a). The same principle has been reported to
be applicable for fabrication of superoleophobic surfaces. Cao et al. investigated this
by depositing silica and polystyrene nanoparticles in layer-by-layer (LBL) deposi-
tion method [56]. Subsequently, the polystyrene was removed by calcination leaving
behind a bed of silica particles with intermittent void spaces that formed the
necessary overhang structures. The surfaces were reported to show water contact
angles above 150o and repelled hexadecane (surface tension ~27 mN/m) with
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contact angles of ~90o. Kumar et al. also showed the overhang structures aiding
superamphiphobic properties [57]. The study showed silicon surfaces coated with
thin layer of hydrophobic material etched using SF6 and oxygen gas in an ion etching
technique to form T-shaped nanorods or nanograss. These structures prevent liquids
including oils from entering the surface pores aided by capillary forces and air
pockets, hence making the surfaces amphiphobic. Cao et al. reported fabrication of
porous silicon films using a gold-assisted electroless etching process that lead to a
hierarchical morphology of micron-sized asperities imposed on nanoscaled pores
[58]. This type of overhang structures was reasoned prevented oil and water from
wetting the surfaces. Aulin et al. also reported overhang structures resulting from
micron-sized pores with nanoscaled pillars or wires fabricated by plasma etching
process [59]. This surface when coated with fluorinated trichlorosilicones was able
to repel both water and oils, but is otherwise oleophilic. The study also demonstrated
fabrication of porous cellulose films using a structured silicon surface and coating it
with monolayer of the same.

It may be inferred that overhang structures can prevent low surface tension liquids
such as oils from penetrating the surface texture. This along with the cushioning of
droplets by the air–solid composite can suspend droplets in metastable Cassie state,
hence making the surface apparently non-wettable. However, quantitative evaluation
of the stability of these metastable states along with the dynamic behavior of droplets
needs further investigation.

Reentrant Surfaces

Hydrophobicity due to surface roughness is intrinsic and involves the effect of its
manifold scale ranges. Liquid repellence is characterized by the ability of a surface to
achieve high contact angle and low contact angle hysteresis, and the predominant
factor for this is formation of a composite solid–liquid–air interface in the form of air
pockets in the valleys between the roughness apexes. The lesser the interface is

Fig. 19.8 Schematic of (a) overhang structures [65] and (b) reentrant structure [61] necessary for
oil-repelling surfaces (Reprinted with permission from [61, 65])
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between solid and liquid, the lesser is the adhesion between droplet and surface
leading to lower contact angle hysteresis [60, 61]. This composite interface may
however be metastable and irreversibly transform into a homogeneous solid–liquid
interface (also schematically represented in Fig. 19.8b). To prevent this, recent
literature contains suggestions of reentrant surface structures consisting of semicir-
cular ridges and troughs that prevent the liquid from entering all the crevices of the
surface.

Nosonovsky reasoned that since the interface depends on both the size of droplet
and length scales of surface roughness, multiscale roughness is a necessary condition
of stability [61]. The study also demonstrated the improved stability for surfaces
covered with convex structures that pinned the interface in place and prevented
liquid from entering the crevices, hence stabilizing its suspension. Tuteja
et al. emphasized the importance of reentrant surface features necessary for stable
interfaces and fabrication of superoleophobic surfaces, in addition to low surface
energy and roughness [62]. The study reported the synthesis of types of fluorinated
polyhedral oligomeric silsesquioxane (fluorooctyl and fluorodecyl POSS) which
have very low surface energy, blended with polymethyl methacrylate (PMMA) for
the substrate PMMA-POSS. The reentrant surfaces were created by electrospinning
and compared with spin-coated flat surfaces to show improvement. Joly
et al. explained the principle of reentrant surfaces in terms of surface free energy
and numerically modeled the same [63]. It may hence be inferred that reentrant
surfaces aid formation of large static contact angles and low sliding angles, partic-
ularly aided by their top curvatures [64].

Naturally Occurring Superoleophobic Surfaces

It is known that surface tension of oils is usually lower than that of water. It is
difficult to come across surfaces in nature that have sufficiently low surface energies
or intricate morphology capable of repelling oils. Developments of superoleophobic
materials require a combination of surface energy and unique surface morphology
termed as reentrant surfaces. Reentrant surfaces are structures whose morphologies
are such that the cross section at the inlet is small compared to its body and are
commonly found in the form of arrays of T- or mushroom like structures. These
surfaces are capable of trapping air inside their constricted entry that is capable of
forming a negative Laplace pressure that forms a convex liquid–air interface instead
of concave, hence restricting infiltration by liquids. The usual method of achieving
surfaces having sufficiently low surface energies is to coat them with artificial
chemicals such as fluorosilanes and silicones.

There exist a few examples of natural materials exhibiting superoleophobicity,
though their functionality being limited to the environment, direction, etc. Some of
such examples have been shown in Fig. 19.9. Surprisingly again, of the most
available examples in nature is the lotus leaf, bottom surface of which exhibits
superoleophobic properties. It was reported that the underside of lotus leaf is covered
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with micro-papillae and nanogroves (similar to red rose petals) as opposed to the
micro-papillae – nanoprojections and wax crystal morphology of the top surface
[66]. Another example of underwater superoleophobicity is fishes. The skin of
filefish (Navodon septentrionalis) has a unique morphology consisting of hooklike
spines growing in a particular direction that allow oils to slip from the fish’s head to
tail. The skin is however ineffective in any other orientation, allowing the fish to
survive in man-made calamities like oil spills by keeping its head and gills clean [67,
68]. Unfortunately, surfaces which are oleophobic in water are not so in air, and
there are very few natural examples of the latter. For example, a few parts of
leafhopper (Hemiptera, Cicadellidae) are covered with bronchosomes, the highly
structured particles made of polar protein molecules [69]. These particles, having a
hollow constitution (200–700 nm in diameter) of honeycomb structure, are found to
be loosely attached to the insect bodies and are erodible, giving the ants a chance to
escape when captured by predators that employ adhesive tactics. Another
interesting example of oleophobicity is the springtail worms (some species of
Collembola) exploiting complex surface morphology. These insects, which live in
the soil and breathe through their skin, are found to be covered in regular
geometric comblike patterns (rhombic or hexagonal, as shown in Fig. 19.9c, d).
These structures form a negative overhang that is characteristic of reentrant surfaces
[70]. Some of these naturally oil-repelling examples in nature have been shown in
Fig. 19.9.

It may again be noted that not all the specialized surface morphologies result in
specialized wettability, as in the case of shark skin. The shark’s body is covered in

Fig. 19.9 Images of oil-repelling surfaces in nature. (a) Filefish [72], (b) both sides of lotus leaf
(with the underside showing oil repellence in water) [66], (c) Tetrodontophora bielanensis springtail
with its regular comblike rhombic patterns and (d) Orthonychiurus stachianus springtails with their
regular comblike hexagonal patterns [70] (Reprinted with permission from [66, 70, 72])
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toothlike scales (or denticles) that are ribbed with longitudinal grooves. These groves
are aligned such that water flows along them, allowing them to reduce any vortex
associated with the shark’s movement. This enables sharks to experience reduced
drag and hence move faster [71].

Other Synthetic Liquid-Repelling Surfaces

As established so far, Wenzel and Cassie–Baxter are mutually exclusive wetting
states. It has been investigated that the former may make a transition into the latter
with increase in surface roughness. The point of transition is analytically [60]
proved by equating the Wenzel and Cassie–Baxter equations as θW ¼ θC. Therefore,

cos θY ¼ f�1
r�f [3]. It may be noted that since r > 1 and f < 1, by simple estimation,

θY > 90o. This condition, however, implies that transition from Wenzel to Cassie
may take place only if the material is non-wetting for the liquid, i.e.,θY > 90∘. It also
demonstrates the difficulty of developing oleophobic surfaces since materials with
θY > 90∘ for oils and other low surface tension liquids are rarely natural. It is
interesting to note that Tuteja et al. suggested that this handicap be overcome by
the inclusion of “reentrant” surfaces in addition to surface roughness and surface
energy, as necessary parameters for developing oleophobic surfaces [62].

Experimentally, there have been many studies establishing that higher roughness
increases the water contact angle for non-wetting surfaces and decreases for wetting
surfaces. Yost et al. established that smooth copper surface which has a contact angle
of ~15–20o with Sn–Pb decreases with increase in roughness of the surface
[73]. Shibuichi et al. established that with increasing roughness, wettable liquid
contact angle decreases, while with decreasing roughness, non-wettable liquid
contact angle increases, by studying the wettability of various mixtures of water
and 1,4-dioxane on alkylketene dimer (AKD) substrate [74]. Semal et al. studied the
dynamic spreading of a sessile drop of squalane on a heterogeneous substrate to
establish that increase in microroughness decreases the rate of dynamic spreading
[75]. Similarly, Burton et al. established that for patterned surfaces, with increase in
roughness, contact angle decreased for hydrophilic surfaces and increased for
hydrophobic surfaces [76]. Koch et al. investigated the influence of micro-, nano-,
and hierarchical roughness on wetting parameters (contact angle, hysteresis, tilt
angle, etc.) and established that increasing roughness indeed increases hydropho-
bicity of surfaces [77].

Similar to water, lower surface tension liquids such as oils have been investigated
for factors that modify its wettability. Numerous studies have established the effect
of surface chemistry or energy in this matter. However, Tuteja et al. established the
importance of “reentrant” surface curvatures in addition to surface chemistry and
roughness that are essential for successful oleophobic surfaces [62]. Liu
et al. showed that hydrophilic oleophilic surfaces may be altered to hydrophilic
oleophobic surfaces underwater [26].
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Fabrication Technology of Liquid-Repelling Surfaces

Liquid-repelling surfaces in nature are mostly characterized by micro- or
nanoroughness and intricate morphology. Another important feature is multiscaled
roughness often observed as nanoprojections of micron-scaled morphological fea-
tures. Reproducing such features on artificial surfaces requires modern fabrication
technologies. Some of such fabrication techniques and final surfaces have been
described in the following section.

Imprinting Methods

One way of achieving superhydrophobic surface is conventional imprinting tech-
niques (involving a master and replica) such as lithography and templating. Such
methods can be independent or used in combination with others to minimize the
complexity of the total fabrication process. For instance, a substrate with micron-
scaled morphology can be created using conventional lithography and modified with
nanopores or pillars by using plasma treatment. The final substrate may even be used
as a master for future replicas.

Lithography: The basic principle of lithography involves copying information
from the master to the replica, which may be an exact or negative reproduction
depending on the desired outcome. Lithographic techniques can be broadly classi-
fied into subcategories depending on the method employed, nature of substrate,
power source, etc. A few popular categories include optical or photolithography,
X-ray lithography, electron beam lithography, soft lithography, and nanolithography.

The most common lithography technique is photolithography, usually done on
silicon wafers. It involves copying the geometric patterns of a “photomask” onto a
photosensitive substrate using light energy (such as ultraviolet, X-ray, or electron
beams) as a function of time and space. In case scattered light is replaced with UV,
X-ray, or electron beams, the lithographic process is named accordingly. Conven-
tionally, the process starts with cleaning the substrate to remove organic and
inorganic impurities before coating it with a photosensitive material termed as
“photoresist.” Photoresist can be used to form positive or negative replicas. Positive
replicas are formed if the resist is exposed to light at areas where the underlying
substrate needs to be removed. These areas become more soluble and are washed
away easily when the sample is cleaned with developer solution. In case of negative
replicas, the resist polymerizes and becomes insoluble in the light-exposed areas.
Hence, a negative impression is created when the substrate is cleaned with the
developer solution. The substrate is finally treated to harden the photoresist and
improves its adhesion to the base [78–80].

Soft lithography requires mechanically soft or elastomeric materials for substrate
such as polydimethylsiloxane (PDMS). It can be classified into further categories of
patterning, replica molding, and embossing. In the case of patterning, the protruding
parts of the elastomeric “stamp” are inked with the material to be transferred and
pressed onto the substrate. The substrate can then be soft stamped and can then be
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peeled off leaving the substrate inked in the desired pattern. The second category of
replica molding involves transferring a pattern from the master by allowing a
liquefied melt to solidify when in contact with the mold. The replica can then be
peeled off. Soft lithography can be further categorized as microtransfer molding,
micromolding via capillaries, and UV molding. In the case of the former, the mold is
usually made of PDMS so that it can be peeled off and the liquefied melt usually is
cured thermally. In the case of micromolding via capillaries, the mold containing
capillary channels is placed facedown on the substrate and the liquefied melt placed
at the channel ends. Once the channel is completely flooded, the melt is cured and the
master removed. In the case of UV molding, the master is usually of hard material. It
is filled with the liquefied melt that cures when exposed to UV radiation and covered
with a transparent substrate, before curing. The top substrate and master are removed
at the end of the process. The devices used in soft lithography consist of electromeric
stamps, molds, masks, etc. [81]. Other lithographic techniques include nanoimprint
lithography [82], electron beam lithography [83], and colloidal lithography [84].

As already mentioned, one lithographic process by itself is generally incapable of
developing the desired surface morphology all by itself. This is because different
techniques have different accuracies and advantages at different length scales and on
different substrates. This is best emphasized when fabricating dual-scaled or hierar-
chical roughness on solids. For example, Jeong et al. reported using a UV-assisted
capillary micromolding soft lithography method for fabricating hydrophobic sur-
faces [85]. The study reported the creation of two different molds made of polyure-
thane acrylate (PUA) and PDMS. The microtextured PUA mold was created by
pouring the polymer melt onto a silicon master (which was fabricated by photoli-
thography or electron beam lithography) and covered with a film of optically
transparent polyethylene terephthalate (PET), before curing by UV radiation. The
mold was subsequently peeled off the master. The nanotextured PDMS mold was
created by casting it on a similar photolithography-created silicon master and
solidified using a chemical curing agent. The actual hierarchical structure was
created by a two-step process. The microtextured mold was placed on a silicon or
polyethylene terephthalate (PET) substrate spin coated with a PUA resin which
responds to UV. After the melt infiltrated the mold’s cavities, it was partially cured
by exposure to UV. The specific requirements for the curing process allow the base
of the melt to be cured, but only partially cure the melt within the cavities. The mold
is then removed and replaced with the other, which is nanotextured at a low pressure.
The unsolidified resin is shaped by the nanosized cavities and wholly cured by
adequate UVexposure. The surface morphology of the final surfaces, as revealed by
SEM imaging, has been shown in Fig. 19.10. There are numerous other examples of
lithographic techniques used in combination to fabricate surfaces of desired
morphologies [18].

Templating: By principle, templating is similar to the manufacturing process of
molding. It involves fabricating a template master, using this to mold the replica, and
separating it on completion. Often the original prototypes used for making the
templates include parts of living organisms with desirable surface features. Gecko
feet [86], reptile skin [87], plant leaves [88], etc. have been widely investigated as
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templates to fabricate superhydrophobic surfaces. Cho et al. attempted to fabricate
superhydrophobic surfaces by mimicking the hairy features on gecko’s feet [86]. The
study reported the use of nanotextured anodic aluminum oxide membranes as the
template because of the ease of tailoring the pillar sizes, diameters, spacing, etc. by
changing the parameters of the anodization process. These membranes were created
by anodizing polished aluminum surfaces in H3PO4 to remove the resident protec-
tive oxide layer. This resulted in a textured pure aluminum surface, which, when
anodized again, produced a coating of anodic aluminum oxide (AAO), uniform to
the surface resulting in cylindrical pillars whose centers coincided with that of the
concaves. This served as the template in the study and was spin coated with the
precursor polymer solution of hard PDMS (h-PDMS). The h-PDMS was covered
with vinyl-terminated glass slide to facilitate easy removal of the PDMS after curing.

Fig. 19.10 SEM images of the superhydrophobic surfaces developed by using UV-assisted
capillary micromolding soft lithography (Reprinted with permission from [54])
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The final PDMS replica was reported to show water contact angles of above 150o. In
addition, Yuan et al. reported the use of taro leaves for templating superhydrophobic
surfaces [88]. The study reported coating a taro leaf with a solution of PDMS and a
catalyzer. This was cured and carefully peeled off to be used as the negative
template. The template was then cast with polystyrene (PS) dissolved in tetrahydro-
furan and allowed to dry in air. The h-PDMS template was then peeled off the
solidified PS replica, which was reported to show water contact angles of ~158o and
sliding angles of 3o.

It may be inferred that templating is a simple fabrication process that can be used
to replicate regular surface patterns. Depending on the quality of the template, it can
also be used to create a large number of replicas and reproduce micro- and
nanostructures and even hierarchical morphologies depending on the casting mate-
rial provided caution is exercised. The technique however might not be able to
comply surfaces with excessively complex features since they can cause damage
during peeling off.

Plasma Treatment: Plasma treatment is often used as an additional surface
patterning technique before [89, 90] or after [91, 92] the actual fabrication process.
It may even be used intermittently during other processes [93].

Berendsen et al. reported superhydrophobic surfaces using thermoplastic poly-
mers embossing submicron features using a heated nickel stamp, followed by
surface coating with fluorocarbon compounds [89]. The nickel stamp was fabricated
by laser interference lithography followed by electroplating to contain the desired
submicron features. The stamp was then pressed onto a film of polystyrene (PS) and
heated to emboss the pattern. The fabrication was completed after the PS film then
underwent plasma deposition of a hydrophobic fluorocarbon. The films were
reported to show water contact angles of 167o. Tsougeni et al. reported the use of
plasma processing technique to fabricate polymeric microfluidics using polymethyl
methacrylate (PMMA) and poly(ether ether ketone) (PEEK) [92]. The fabrication
was initiated by spin coating the PMMA or PEEK sheets with a photoresist film
(either a thin inorganic Si-containing photosensitive PDMS or organic–organic
polymer, ORMOCER, or instead an independent thick layer of organic photoresist)
which was thermally cured. This was exposed to UV through a photomask and
allowed to wash and develop in solutions of methyl isobutyl ketone, isopropyl
alcohol, and tetramethylammonium hydroxide, to get the positive impressions of
the mask. This was followed by deep O2 plasma etching to develop different
selectivities for the residual photoresist and the bare polymer substrate because of
different etching rates. The developed channels are reported to be superhydrophilic.
The study also reported that parts of the channel could be made superhydrophobic
using C4F8 fluorocarbon plasma deposition method and stencil masks.

Chemical Deposition

Chemical deposition of thin films on selective substrates is another popular fabrica-
tion method. Some common deposition techniques include chemical vapor
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deposition (CVD), electrochemical deposition, and LBL deposition, as explained in
the following sections.

CVD-Based Surface Treatment: The CVD process involves exposing a
reactive substrate surface to a gaseous precursor in order to allow the deposition of
a film or layer of the latter. There may be chemical reactions involved during this
process.

Recently, a plasma-enhanced chemical vapor deposition (PECVD) has garnered a
lot of attention from fabrication of superhydrophobic surfaces as reported by Borras
et al. [94]. The study reported Ag/TiO2 core–shell nanofibers prepared using
low-temperature PECVD method. The fibers were fabricated on an inner nanocrys-
talline silver thread, coated with a TiO2 layer by plasma deposited using a titanium
tetraisopropoxide (TTIP) precursor and O2 or Ar + O2 plasma. The developed fibers
were reported to reach water contact angles of almost 180o. The water contact angle
was however reported to be a function of both the width of the fibers and their
concentration. The fibers were also reported to become superhydrophilic when
irradiated with UV light because of change in the crystalline state of TiO2 along
with size of the individual TiO2 domains covering the fibers. Similarly, vertically
aligned CNTs grown on a nickel-coated silicon substrate by PECVD using DC
plasma discharge of acetylene and ammonia have been used to form
superhydrophobic composite by applying a coating of PTFE on the top surface of

Fig. 19.11 (a, b) SEM images of micron-sized water droplets on aligned CNT (PECVD synthe-
sized)/PTFE composite (tilt angle 15�) [48]. (c, d) SEM images of hierarchical CNT structures
fabricated by spray coating of CCVD-synthesized CNTs on epoxy resin-patterned substrate (tilt
angle 45�) [50] (Reprinted with permission from [48, 50])
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CNTs [48]. Figure 19.11a exhibits the SEM images of micron-sized water droplets
(tilt angle 15�) on the superhydrophobic aligned CNT/PTFE composite.

Besides PECVD, catalyst-assisted chemical vapor deposition (CCVD) is another
recently developed chemical deposition method. Jung et al. reported multiwalled
carbon nanotubes (CNTs) which are known to show high water contact angles and
low tilt angles [50]. The study reports the use of iron catalysts to initiate the growth
of nanotubes with natural gas as the carbon source and Ar/H2 used as the buffer gas.
The multiwalled CNT was then sonicated in acetone to form a dispersion and
sprayed onto an epoxy resin film. This was heated to elevated temperatures such
that the epoxy that covered the fibers could melt and move into the crevices while
exposing the CNTat the surface. The study was inspired by the hierarchical structure
observed in lotus leaves and superhydrophobic water contact angles, good mechan-
ical durability, and resistance to wear and friction (shown in Fig. 19.11b).

CVD-based methods were frequently used to produce superhydrophobic surfaces
depending on their applicability to material and ability to maintain or enhance the
mechanical strength of the formed structure. They are also reported to be able to
create complex surface structures up to the nanoscale and are hence very useful.
However, their drawback lies in the extensive operation procedures involved and the
difficulty of controlling the exact details of deposition at individual spot on the
surface.

Layer-by-Layer (LBL) Deposition: LBL deposition is a fabrication technique for
coating substrates with thin films. Early literature reports numerous studies of
multilayer assembly [95, 96], but it is only in the last two decades that further
developments have been made [97]. The LBL method is a periodic process, which
involves the formation of layer by adsorption of charged material onto a substrate.
Subsequent layer is formed by adsorption of an oppositely charged material on top of
the previous layer. The result is a single bilayer whose thickness is on the nanoscale.
This deposition can then be repeated periodically to attain a desired thickness
[98]. The films in certain cases can even sustain themselves without the original
substrate to form membranes [99] or freestanding films [100]. The LBL technique
can be practiced outside the domain of electrostatic interactions as well, such as the
molecular interactions of covalent or hydrogen bonding. It is applicable for a wide
range of materials such as polymers including proteins, lipids, and nucleic
acids [101].

Wu et al. reported the fabrication of thin film Bragg stacks using an aqueous
layer-by-layer assembly method [102]. The process was initiated by dipping glass
slides or silicon wafers in a solution of polyelectrolyte for adsorption, serving as the
charged base or substrate. The substrate was then alternately dipped in poly
(diallyldimethylammonium chloride) (PDAC), which served as the cationic solution,
and poly(sodium 4-styrenesulfonate) (SPS), which served as the anionic solution,
and the process included intermediate wash steps. After four bilayers of PDAC and
SPS were formed, the substrate was alternatively dipped in a dispersion of TiO2

nanoparticles and SPS to form another 30 bilayers. This was followed by
heating to elevated temperatures to melt the polymer. Further alternate dipping in a
dispersion of SiO2 nanoparticles and SPS was carried out to generate another
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20 bilayers. This was again heated to elevated temperature to melt the polymer. In
this, TiO2 and SiO2 nanoparticles were deposited in layers, and the process is
repeated according to the desired thickness or effect. The objective of the study
was to study the color and structural characteristics of the nanoporous Bragg stacks.
The study also reported the stacks to be superhydrophilic, and they were studied for
self-cleaning properties.

The widespread use of LBL assembly in various fields requiring different process
requirements and substrates has led to the development of a variety of LBL tech-
niques such as dipping, centrifugation, spinning, high gravity, spraying, electrode-
position, and magnetic assembly, among others. The assemble method is however
important for determining process properties as well as physicochemical properties
of the films like thickness, homogeneity, etc. [99].

Colloidal Assembly and Aggregation

Colloidal assembly is a fabrication process that depends on the formation of assem-
blies of monodispersed particles or colloidal particles, aided by chemical bonding or
van der Waals forces. If the sizes of the colloidal particles are in different length
scales, even hierarchical structures can be formed. The process has been reported to
be initiated by dip- or spin coating the substrate with a solution of the particles [103,
104] and allowing the solvent to dry and the particulates to aggregate due to capillary
forces [105]. Aggregations may also be due to internal interactions of the suspended
particulates such as molecular and van der Waals forces. Zhu et al. reported
superhydrophobic dandelion-like 3D microstructure that was fabricated by the
self-assembly of 1D nanofibers of polyaniline (PANI) in the presence of perfluor-
osebacic acid (PFSEA) [106]. The study reported that the PANI 1D nanofiber self-
assembly was driven by the combined interactions of hydrogen bonding, π–π
stacking, and hydrophobic interactions. Xue et al. reported superhydrophobic sur-
faces using epoxy-functionalized cotton, which was customized, coated with amino-
and epoxy-functionalized silica nanoparticles in order to achieve a dual-sized hier-
archical structure [107]. The study reported the covalent bonding of the silica
particles with the cotton fibers and the outer surface of the fibers rich with epoxy
groups that could be used for grafting. The cotton was made hydrophobic by grafting
its rough surface using stearic acid or 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane
(PFTDS) or a combination of the two.

Hence, it may be inferred that colloidal assembly techniques are effective in
modifying the surface energy as well as modifying surface roughness to change the
wettability of a surface. However, to do so, extensive knowledge of the chemistry
involved is vital. Nonetheless, the colloidal assembling technique is relatively more
economical and efficient when compared to other traditional fabrication
methods [108].

Phase Separation: Colloidal aggregation is known to be used in combination with
phase separation method, which involves the separation of the solid phase from its
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unstable mixture by changing the surrounding conditions of temperature, pressure,
etc. for fabricating non-wetting surfaces. The length scale of the formed surface
structure and roughness may be in macroscopic, microscopic, and even nanoscopic
scale [109, 110]. This method is also often used to assist other methods such as
solgel [111], plasma treatment [112], electrospinning [34], and self-aggregation, to
make superhydrophobic surfaces. Note that the phase separation processes involved
in these various methods are more or less connected to colloidal polymerization.

Electrospinning and Electrospraying

Electrospinning is a simple fabrication process that can form continuous polymer
fibers in the micron- as well as nanoscale [113], which can be assembled to form
surfaces with inherent surface roughness [62]. The process of electrospraying
although similar can fabricate films ranging between beads and fibers.
Conventionally, electrospinning is associated with fibers while electrospraying to
beads [114].

Ding et al. reported the fabrication of superhydrophobic surfaces using
electrospinning [115]. The study showed electrospinning an aqueous solution of
polyvinyl alcohol (PVA) and zinc acetate on a grounded and rotating aluminum foil-
wrapped cylindrical object. The resulting fibrous composite film was then calcinated.
Similarly, a pure PVA nanofibrous film was electrospun, while a pure zinc oxide
nanofibrous film was created using the solgel method described later. The process
ended with calcinating all three films and modifying their wettability by coating with
fluoroalkylsilanes (FAS) in hexane. The study found that while the pure PVA film
remained superhydrophilic in spite of the silane modification, the composite and
pure ZnO films showed enhanced hydrophilicity of 132o and 165o, respectively. It is
interesting to note that the ZnO film without the silane coating was reported to show
water contact angles of 0o, since it shows the effect of surface energy on wettability
of a surface. Electrospinning techniques have also been reported to enhance the
mechanical strength of the films when two or more materials are blended, similar to
composites [116].

Burkarter et al. showed the superhydrophobic properties of electrosprayed films
of polytetrafluoroethylene (PTFE) fabricated using an aqueous solution of the same
[117]. The coating was done on conducting fluorine-doped tin oxide (FTO)-coated
glass slides as substrates. The study reported that in order to aid the solvent, the
substrate was heated to 150 �C using a hot plate to aid the water evaporation upon
coming in contact with the substrate. Typical deposition times ranged from 30 s to
20 min in the particular configuration reported here. The as-deposited samples are
hydrophilic and wet easily, and the coating starts to float on the substrate upon
wetting. We found out experimentally that the heat treatment of the sprayed coatings
in air at 265 �C already removes the wetting agents, and we used this temperature in
the results reported below. The developed film was reported to show contact angles
of ~160� and sliding angle of ~2�.
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Miscellaneous Methods

There are many other fabrication techniques such as solgel method [118–126], ATRP
[81, 82], polymerization [94, 107, 127–131], pyrolysis [132], spraying [133, 134], etc.

Application and Uses

It is evident that fundamental aspects of superhydrophobic surfaces, their fabrication
and applications, have been studied extensively in the recent years. Although the
study of non-wetting surfaces originated from the lotus leaf and development in the
initial years was limited to biomimicry, the achievements of recent years have far
succeeded them. The customized textured low surface energy material-coated sur-
faces have been reported to not only repel water and oils but also show antibacterial,
self-cleaning, anti-icing, and antireflective properties. The following section sum-
marizes a few such studies highlighting these applications.

Antibacterial

Tomsic et al. reported modified cellulose fibers that in addition to being oleophobic
and hydrophobic were also antibacterial, as studied for Escherichia coli and Staph-
ylococcus aureus [135]. The fibers were modified using a fluoroalkyl functional
waterborne siloxane, a nanosized silver, and a reactive organic–inorganic binder,
by solgel process. In a similar study, Vilcnik et al. reported the antibacterial prop-
erties of superhydrophobic–oleophobic cotton coated with a siloxane solgel hybrid
[136]. The study showed a 100 % reduction in bacterial growth of the E. coli
bacteria against unwashed cotton fabric. Jin et al. also showed similar antibacterial
properties of the commercial filter paper modified by the coating of TiO2-containing
composite polymer thin films through chemical etching process [137].

Antireflection

Yan et al. reported antireflective hydro-/oleophobic films employing a simple
dipcoating method on fused silica substrates [138]. Fluoroalkylsilanes (FAS) were
used as precursor, and by base-catalyzed hydrolysis and condensation of
tetraethoxysilane, FAS-modified SiO2 films were created. This single-layered SiO2

film dipcoated on either side of the fused silica substrate was reported to exhibit high
optical transmittance of 99.5 %, and laser damage threshold had an average value of
22.6 J/cm2 at 351 nm, when a pulsed laser (1 ns duration) was used. Zhang et al. also
fabricated superoleophobic coatings, using silicone nanofilaments through a grow-
from approach [139]. They reported the silicone nanofilaments showed an increase
in transmittance from 91.2 % (bare glass slide) to about 94 % at 600 nm. They also
reported that after modification, the transmittance could be decreased, while its
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transparency was reasonably retained. The study reasoned that transparency could be
attributed to uniform growth of nanofilaments, which reduced light scattering.

Corrosion Resistance

Bulk metallic glass (BMG) is a class of metallic alloys with distinct amorphous
structure that provides it with exceptional high yield strength and superior elastic
strain limit. However, BMGs have drawbacks in applications because of their
corrosive nature. For example, the BMGs containing Ca and Li show poor resistance
to oxidation and corrosion [53]. To overcome this, Zhao et al. modified CaLi-based
bulk metallic glass by surface etching with water followed by modification using
fluoroalkylsilanes [140]. The modified BMG surfaces were reported to show high
resistance to corrosion as well as superhydrophobicity and superoleophobicity with
contact angles higher than 150o. In addition, Xiong et al. fabricated
superamphiphobic cover slips using silica particles coated with a diblock copolymer
[141]. The particles were also reported to show resistance to etching when soaked in
an aqueous basic solution for extended times, with no changes in contact angles.

Device

As already reported, the legs of water striders are covered with multiscaled structures
of oriented needle-shaped microsetae and helical nanogrooves. This structure stabi-
lizes the water–air interface and allows the water striders to walk on the surface of
water. Jin et al. reported superhydrophobic and superoleophobic nanocellulose
aerogels inspired by these insects [142]. The study showed that fibrillar networks
and aggregates consisting of structures of different length scales can support weights
of up to three times of their own by exploiting the surface tension acting at different
length scales. They suggested that while the macroscopic scale is effective along the
perimeter, the microscopic scales are responsible in the interior of the carrier for
ensuring buoyancy. The study claimed the wide scope applicability of these aerogel
carriers for miniature sensors and devices that are required to float on liquid surfaces,
because of qualities like buoyancy; water, oil, and dirt repellence; gas permeability;
and flexibility. Jin et al. proposed a design that ensured continuous self-propulsion in
soft floating devices using vapor-induced Marangoni effect [143]. The study claimed
that velocity of the device could be controlled by the choice of fuels having different
vapor pressures.

Self-Cleaning

The lotus leaf is renowned for its self-cleaning abilities by virtue of its high water
contact angles and low sliding angles. This has frequently been the inspiration for
biomimicry of a large number of artificially developed self-cleaning
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superhydrophobic materials. The necessary conditions for a surface to be self-
cleaning include large static contact angle and small sliding angle. Kim
et al. reported a superhydrophobic and superoleophobic surface fabricated by wet
etching of silicon wafers followed by forming a fluorinated self-assembled mono-
layer [144]. This resulting surface was reported to be textured with nanostructures
and nanoholes. Self-cleaning properties of the surface were studied by contaminat-
ing the surfaces with aluminum hydroxide using glycerine drops. The surfaces were
also reported to show superamphiphilic properties when exposed to UV light.

Des et al. reported developing a coating procedure for conductive polymer
composite films composed of hollow core carbon nanofibers (CNFs) and
fluoroacrylic copolymers [145]. The films could be sprayed on smooth or
microtextured surfaces and allowed to dry to form conformal coatings. The coatings
were studied to show oil and water contact angles up to 164os and could be varied by
changing the concentrations of the CNF and polymer. The coatings were also
reported to show self-cleaning properties. Another study conducted by Yuan
et al. [146] showed a bioinspired approach in fabricating ultrathin silica nanowire
structures on substrates. The study showed that silica nanostructures could be
governed by controlling both the concentration of the polymer and the substrate
surface properties, among other experimental parameters. The surfaces were then
modified with fluorocarbons to show high liquid repellence against complex liquids
like commercial ink-jet ink, milk, etc. The study also showed that the surfaces when
contaminated with these complex fluids could be easily cleaned by water flow.

Heat Resistance

There are also studies which show thermally and chemically durability in addition to
being hydrophobic or/and oleophobic. Uyanik et al. reported such surfaces could be
fabricated using fluoro- or ceramic powders such as SiO2, SiC, and Al2O3 instead of
Teflon, by spin coating of aluminum substrates [147]. The study reported the
synthesis of polyimides, high thermal-resistant heteroaromatic polymers, which
were added with fluor-oligomers to obtain the coatings of desired properties. The
final films were reported to show desired thermal, abrasion, scratch, and chemical-
resistant properties in addition to liquid repellence.

Oil and Water Collection

The water-collecting abilities of Namib Desert beetles inspired studies for water
collection in air atmosphere and oil collection in aqueous environment [53]. Studies
report that while 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane (FTS)-derived
organosilane-coated surfaces show superamphiphobicity in air, they become
superoleophilic underwater. This knowledge enables the collection oil droplets in
water such as during oil drilling or even oil spills. Liu et al. reported that when an
FTS-derived glass tube was placed underwater, oil droplets were found to gather its
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end and coalesce together, which could subsequently be extracted from the water
surface.

Oil/Water Separation

Oil/water separation is another important application, and there are numerous studies
which have investigated this potential of textured non-wetting surfaces. The use of
electric field is one such method, which can be used to exploit the polar nature of
water opposed to that of nonpolar oils. Kwon et al. reported a membrane-based
operation that achieved this application using gravity-driven separation of oil in oil
as well as oil in water emulsions and reported separation efficiencies above
99.9 % [148].

Others

There are numerous other applications to textured superamphiphobic surfaces
besides the ones mentioned above such as drag reduction, energy efficiency, anti-
icing, cell screening, etc. These surfaces show a wide potential in numerous fields
ranging from fluid transportation, fuel economy, infrastructure maintenance, food
industry, health-care industry, etc.

Conclusions

Superhydrophobic/superoleophobic surfaces, being important to several advanced
applications, are of significant scientific and technologicalinterest. Study of naturally
occurring superhydrophobic/superoleophobicsubstances suggests the surfaces with
a combination of the low surface energy and the multiple length-scale roughness to
be suitable for such applications. Development of artificial liquid-repellent surfaces
by mimicking the natural ones has achieved great success. The surface energy of
such artificial surfaces can be controlled by application of various organic/inorganic
substances containing liquid-repellent functional groups. Composites, on the other
hand, can be used to provide both the desired surface roughness and the low surface
energy by the combinations of two or more suitable phases. Hence, application of
composites, combined with numerous fabrication methods to synthesize surfaces
with desired surface morphologies,offerssignificant potential towards the applica-
tion-oriented development of artificial liquid-repelling surfaces.
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