
Introduction

The rapid development in the quantum theory of solids have opened vast opportunities for better
utilisation of materials. The history of our civilisation has been closely connected with developments
in materials. Since the prehistoric age, man has been attempting to improve materials and implements
which could offer him better living standards. The stone and the bronze ages followed by later
civilisations culminating in the industrial revolution of the last century are basically landmarks in the
development of new materials. The modern space age could achieve the spectacular success primarily
due to the rapid advances in high-temperature and high-strength materials.

A close look at the correlation between recent technological developments and materials research
shows that the former is strongly dependent on the latter. The knowledge that the properties of matter
are a consequence of its structure has led to improvements in the quality of engineering materials
through what is now referred to as engineering at the molecular level. The materials scientist can
now decide on the final characteristics of his product, then design through suitable choice and foresight
the arrangement of atoms in the solid and subsequently prepare these materials and examine how
closely they correspond to his original design.

There are still several steps where he has to use his empirical knowledge of the correlation
between structure and property but we are far advanced from the times when trial and error were
the only bases for materials development.

It is well known that matter consists of atoms and molecules. Today we also know that the
properties of matter are critically dependent on the way, the atoms or molecules are arranged inside
the matter. For example, graphite and diamond are made of the same carbon atoms but merely the
difference in bonding and spatial arrangements of these atoms leads to a vast difference in the
mechanical properties of these two solids. It is shown in Chapter 2 that this is due to the difference
in the spatial charge distribution for the bonding orbitals in the two cases.

The theory of bonding in molecules and solids has advanced to a stage where one can, in principle,
calculate the bond energy for a molecule or the cohesive energy for a solid. In its simplest form, the
theory should explain the reason for two neutral hydrogen atoms to combine and give a hydrogen
molecule. It should also explain why H3 or H4 is not formed when H2 is obtained so easily.
The Heitler-London theory which offered for the first time a satisfactory explanation for the covalent
bonding in hydrogen molecule is described in Chapter 2. In the same chapter, the bonding in ionic,
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metallic and van der Waals’ solids has also been discussed. When a solid is formed with a certain
chemical composition, the method of preparation can decide whether it will be a single crystal, a
polycrystalline or an amorphous substance. The material in these forms may have widely differing
characteristics. Moreover, if the material is in the form of a film, its properties could be different
from those of the bulk.

It is, therefore, important to study the structure of matter at both the microscopic and
macroscopic levels. At the microscopic level, we investigate the atomic structure using X-ray and
electron diffraction techniques. The magnetic structure of solids is studied using neutron diffraction.
These are discussed in Chapter 3.

The rate of chemical reactions and the processes of solidification and melting play a dominant
role in materials preparation. These are discussed in Chapter 4.

With all the elements in the periodic table, it would be possible to make a very large number of
compounds and alloys with varied properties if the elements had combined freely with one another in
any arbitrary proportion. The laws of chemical combination have now been satisfactorily explained
on the basis of the quantum theory of matter. However, the problem of miscibility of various elements
in solid solutions is a difficult one and has been studied only through a few empirical rules.

In a multicomponent system it is essential to know the phases which are possible at a given
temperature and pressure. This information is conveniently contained in phase diagrams. A qualitative
understanding of the phase diagram on the basis of the free energy of the system is possible and is
discussed in Chapter 5.

It is found that the mechanical behaviour of solids in the pure single crystal state is different
from that in the polycrystalline form. Most pure crystals are plastic and are not very strong. For
example, pure aluminium crystals are elastic only to a strain of 10–5 while for a polycrystal, the
elastic strain limit easily exceeds 10–2. The techniques for the strengthening of metals and alloys had
been developed through empirical processes much before the mechanism for failure of these materials
was understood. The recent requirement of high strength materials for space applications, however,
could be met only when we developed the proper understanding of the role which the dislocations
played in the mechanical behaviour of materials. These are discussed in Chapters 6 and 7.

Several materials for engineering applications have necessarily to be worked at high temperatures.
It is, therefore, necessary to know the thermal behaviour of solids. This knowledge has been helpful
in the development of high-temperature materials for use in jet propulsion and space technology. The
thermal properties are described in Chapter 8 and the materials for space applications are discussed
in Chapter 18.

Since the time of Faraday, chemical reactions in solutions have been used as a source of electrical
energy. Today electrochemical reactions are attracting attention once again due to the energy crisis
facing the world. These reactions also affect the engineering materials in service when exposed to
certain types of environment. These problems are discussed briefly in Chapter 9.

There are some solids which possess good electrical conductivity while there are others which
are good insulators. In fact, electrical conductivity in solids varies over almost 20 orders of magnitude
and, hence, is one of the physical properties of matter with the widest variation. A real understanding
of the processes accounting for the electrical properties of matter came only after the band theory
of electron states in solids was developed. In terms of this theory, it is possible to understand the
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reason why a solid behaves as a conductor, a semiconductor or an insulator. These are discussed in
Chapters 2, 10, 12 and 14.

It is found that only relatively poor conductors, such as Al, Pb, etc., when cooled to sufficiently
low temperatures become superconductors while good conductors like noble metals do not show
superconductivity. Although the problem of predicting, from first principles, the exact conditions under
which a metal would become a superconductor has not been solved, the microscopic analysis offered
by Bardeen, Cooper and Schrieffer (BCS) has become a widely accepted theory of superconductivity.
This theory based on electron-phonon interaction explains the properties of superconductors with
remarkable success. Superconducting magnets are now commercially available. Attempts are being
made to use superconducting materials in power generation and transmission. Josephson junction
devices with their unique properties are used today in advanced areas of basic research. These are
described in Chapter 11.

Since 1986 there has appeared a new class of oxidic superconductors whose critical temperature
exceeds that of the conventional superconductors by a factor of four to five. This has initiated a
breakneck activity in several laboratories of the world to explore new horizons in superconducting
materials with desired properties for applications in engineering system. This is also included along
with a new theory of superconductivity.

The latter half of the twentieth century has witnessed the greatest advances in electronics,
primarily due to the invention of transistors and other similar solid-state electronic components. These
components made from semiconductors are found today in almost every electronic device, from
tiny electronic watches to computers. In most households now-a-days, these are present as part of
radios and television receivers. We discuss the materials used in these devices along with the basic
principles of their operation in Chapter 12.

The magnetic material like iron and magnetite have been one of the oldest known subjects of
scientific study. The magnetic compass had been in use in early centuries and the first scientific
treatise ‘De magnet’ by Gilbert was published in 1600. The properties of these materials which are
essential components of motors and dynamos and many other equipment of daily use are discussed
in Chapter 13.

The dielectric materials are discussed in Chapter 14 with emphasis on the basic understanding
of the orientational, ionic and electronic polarizabilities which account for their behaviour in an external
electric field.

The present energy crisis, the world is facing, has led to the search for alternate sources of
energy besides the age-old fossil fuels. One of the attractive possibilities is the utilisation of solar
energy. The solar energy converters and their future are discussed in Chapter 15. In the same chapter,
we describe the principle of operation of light emitting diodes, infrared detectors and lasers along
with the commonly used materials for these devices.

Polymeric materials have opened a new chapter in the growth and development of engineering
materials. Their unique mechanical, electrical and corrosion properties combined with light weight
and low cost of preparation have made them attractive for several applications. Their structure and
properties are described in Chapter 16.

In the coming decades, nuclear power generation is likely to occupy a dominant role in the
world’s energy production despite the present unsolved and vexing problem of the disposal of nuclear



   SCIENCE OF ENGINEERING MATERIALS AND CARBON NANOTUBES4

wastes. The materials required in the generation of nuclear power are discussed in Chapter 17.
In the past three decades space science and technology have made several big strides. This has

been possible because of the development of high-strength and high-temperature materials. It is expected
that satellite communication and satellite exploration of earth’s resources will continue to increase in
the coming decades. The materials for space applications and their economic aspects have been
discussed in Chapter 18.

The amorphous metallic and semiconducting materials had been a subject of academic curiosity
till recently. The knowledge that these materials can have better technical properties than polycrystalline
or monocrystalline materials, has already led the efforts to produce these materials for commercial
exploitation. The properties of amorphous materials and some of their applications are described in
Chapter 19.

The greater control in the preparation of materials for sophisticated applications in electronics
and space engineering has necessitated the use of improved techniques for the chemical analysis,
microstructural studies, X-ray diffraction and electron microscopy. Nuclear magnetic resonance is
widely used for chemical and structural investigations of complex molecules and solids. Electron
spin resonance gives information regarding the crystal field states of the magnetic electrons and has
been used to study phase transformations in solids. Mössbauer spectroscopy has helped in the
investigations of magnetic ordering and relaxation phenomena in ordered magnetic materials.
Photoelectron spectroscopy is an important tool in the study of the surface states of materials. These
techniques are discussed in the Chapter 20 of the book.


