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Preface

Developments in the science of metals have made the progress of the human race
faster through the ages. In this context, the understanding of the structure–property
relationship of metals and alloys has become increasingly important. The large
domain of the use of materials has made material science a multidisciplinary study.
This book delivers an effective way to understand and realize the behavior of the
materials right from the atomic level.

The first chapter describes the need for material science in the modern age and
also explains some elementary facts regarding this book. The way atoms are
arranged in metallic materials and the importance of symmetry in materials are
described in chapter 2. The transition of metals from liquid state to solids involves
nucleation of crystals and their growth. This has been briefly covered in chapter 3.
Nothing is perfect in the world as far as humans are concerned. The same applies to
materials. Some possible defects exist in materials, and by altering them, one can
enhance the mechanical properties of the metals. This has been given a brief
overview of in chapters 4 and 5.

‘United we stand, divided we fall’—this proverb denotes the strength of a
collaboration. In the same manner metals require combinations in order to improve
their strength and properties by the method of alloying. Chapter 6 is intended to
explain the fundamentals of alloying.

Phase diagrams are the indispensable tools in the field of metallurgy. They
provide a medium for understanding the different possible phases of pure metals and
alloys under the influence of external agents such as temperature and pressure.
Chapter 7 in this book explains the different types of phase diagrams in binary alloy
systems.

Chapter 8 is about the metallurgy of ferrous metals. Ferrous metals, i.e., steels
and cast irons are the most widely used alloys, and therefore it is important to
understand the basics about the heat treatment techniques of steels and cast irons.

Apart from the ferrous metals, various nonferrous metals are also being used for
various applications. The last chapter, chapter 9, gives a brief idea about some
commonly used nonferrous metals.
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Chapter 1

Introduction

1.1 The impact of materials on progress
Humans have evolved through many metal ages. The progress that human
civilizations have made can, in part, be attributed to their learning to use various
kinds of metals. Thus metallurgy can be considered as an ancient form of technology
that has made our way of life more sophisticated and developed.

The beginning of the Industrial Revolution caused rapid growth in the production
of iron and steel. Vast infrastructural developments took place due to improvements
in metallurgy and materials science. It was thus at this time that metals and alloys,
in particular steel, replaced wood as the principal structural material. The rapid
developments in manufacturing, and the automotive and textile industries were also
the result of the new large-scale steel production.

On the eve of the twentieth century, we had copper, bronze, iron, steel, aluminum
and rubber, in addition to wood, to use as structural materials. This paved the way
for a series of inventions leading to a paradigm shift in road transport, from horse-
drawn carriages to motorized vehicles. In the present day, innovations in materials
technology have resulted in the development of light-weight alloys and composites.
Automotive engine components have traditionally been made from ferrous alloys,
but the emphasis on weight reduction for higher fuel efficiency has increased the use
of aluminum for cylinder blocks, cylinder heads and other engine components. Some
engine covers and intake manifolds are made of magnesium. Titanium is also used in
the connecting rods of high-speed engines to reduce the reciprocating mass.

The aviation and aerospace industry also owes much to developments in materials
science. From the first Wright Flyer to the modern jets used today, the aerospace
industry has made great progress in making human transportation much easier and
faster. The use of light-weight and high-strength materials has made this possible.
The aerospace industry today uses various light composite materials, such as carbon
fiber composites, which are used in the bodies of various aircrafts.
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In the present era, electronic components have become an inseparable part of life.
With advances in materials science, the sizes of computers and other instruments
that use of electronic circuits have been reduced significantly. The development of
smaller chips has brought the whole world to our palms.

To illustrate the importance of materials science for the electronics industry, the
example of the construction of various parts of a mobile phone can be given:

• Display. This relies upon the combination of a liquid crystal display and a
touch screen for communication with the device. The touch screen is made
from a conductive but transparent material, indium tin oxide, a ceramic
conductor.

• Integrated circuits (ICs). At the heart of the iPhone are a number of ICs, built
upon billions of individual transistors, all of which rely on precise control of
the semiconductor material, silicon, to which dopant atoms have been added
to change the silicon’s electronic properties

• Interconnects. The interconnects, which provide the links between components,
are now made of copper, not aluminum, for higher speed and efficiency.

• Wireless. Microwave circuits need capacitors, which are ceramic insulators
whose structure and composition is carefully controlled to optimize the
capacitance.

• Battery. The battery is a modern Li-ion battery where the atomic structure of
the electrodes is carefully controlled to enable the diffusion of the Li ions.

• Headphones. Most headphones use modern magnetic materials, whose
structure and composition has been developed to produce very strong
permanent magnets. This forms part of a transducer that turns electrical
signals into sound.

1.2 A possible classification of physical metallurgy
Figure 1.1 shows a broad classification of physical metallurgy. The ‘physical’
category will be the topic of this book, explaining the structure property correlation
of the different classes of materials.

Figure 1.1. A broad classification of physical metallurgy.
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1.3 Electrons to components
In the early scientific literature, the atom was considered to be the smallest, chemically
indivisible particle of matter. The smallest quantity of a substance which can exist
freely by itself in a chemically recognizable form was known as a molecule. It was only
in 1803 that John Dalton published his famous theory, the concept of atomicity. In this
theory, he suggested that molecules are composed of atoms of different elements in a
fixed proportion. In 1897, J J Thomson, while studying the passage of electricity
through the low-pressure gases, discovered that gases ionize into positive and negative
charges. Several studies, then showed the presence of various smaller particles known
as fundamental particles.

The fundamental particles inside the atoms that are important from the point of
view of our subject are:

• Electrons. These are negatively charged particles. The mass of an electron
is 9.1 × 10−31 kg, which is equal to 1/1836 of the mass of a hydrogen
atom. Each possesses a unit negative charge of electricity, which is equal to
1.602 × 10−19 coulombs (C).

• Protons. These are positively charged particles. The mass of a proton is
1.672 × 10−27 kg. Each proton possesses a unit positive charge of electricity;
this charge is also equal to 1.602 × 10−19 C.

• Neutrons. These are electrically neutral particles. The mass of a neutron is
1.675 × 10−27 kg. This is approximately equal to the mass of a proton. Each
neutron is composed of one proton and one electron.

As Richard Feynman said, ‘It would be very easy to make an analysis of any
complicated chemical substance; all one would have to do would be to look at it and
see where the atoms are …’. And by modifying those positions in different length
scales, we can simply improve the properties of the materials. The possible length
scale in this field is given below:

1. Electronic structure
2. Atomic structure
3. Crystal structure

Table 1.1. Different classes of the properties of materials.

Economic Price and availability, recyclability

General physical Density
Mechanical Modulus, yield and tensile strength, hardness, fracture strength,

fatigue strength, creep strength, damping
Thermal Thermal conductivity, specific heat
Electric and magnetic Resistivity, dielectric constant, magnetic permeability
Environmental interactions Oxidation, corrosion and wear
Production Ease of manufacture, joining, finishing
Aesthetic (appearance) Color, texture, feel
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4. Microstructure
5. Macrostructure
6. Component

This leads to selecting a suitable material for a component by considering the
various factors and properties (table 1.1).

Further reading
Askeland D R and Phulé P 2006 The Science and Engineering of Materials (Boston, MA: Cengage

Learning)
Avner S H 1997 Introduction to Physical Metallurgy (India: McGraw-Hill)
Callister W D 2007 Callister's Materials Science and Engineering (Indian Adaptation, adapted by

R Balasubramaniam) (New Delhi: Wiley)
Raghavan V 2004 Materials Science and Engineering 5th edn (Englewood Cliffs, NJ: Prentice-

Hall)
Subramaniam A and Balani K (IITK) Materials Science and Engineering (e-book) MHRD, India
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Chapter 2

Crystal structures

Solids are either crystalline or non-crystalline. The majority of engineering
materials, many ceramics, most minerals, some plastics and all metals are crystalline
in structure. The type of crystal structure has a significant bearing on the physical
properties of these materials. The various defects which arise in the formation of the
crystals of a material are further responsible for certain aspects of the material’s
chemical and physical behavior.

2.1 Platonic solids
In 387 BCE a philosopher called Plato, the most famous student of Socrates,
believed that the entire Universe is made up of five elements: fire, earth, air, water,
and god(s). In his view the whole Universe was a periodic arrangement of five
solids, now called the Platonic solids (see figure 2.1). According to his argument, in
the Universe the Platonic solids represent the elements as follows:

• tetrahedron (4 faces)—fire
• hexahedron (cube) (6 faces)—earth
• octahedron (8 faces)—air
• dodecahedron (12 faces)—god
• icosahedron (20 faces)—water

Figure 2.1. Different platonic solids.
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Icosahedrons will provide the best packing, but if we translate this into three
dimensions we cannot obtain a continuous structure without any voids. This
presence of voids in crystallography is called frustration. Previously, people thought
it was not possible to have a solid with icosahedron packing; however, it proved to
be possible when quasicrystals (Al–Mn) were discovered by Shechtman in 1984.

2.2 The crystal, lattice and motif
A three-dimensional translationally periodic arrangement of atoms in space is
called a crystal, and a three-dimensional translationally periodic arrangement of
points in space is called a lattice. The terms have a similar meaning but describe
different entities. A crystal is finite but a lattice might be infinite. The interconnec-
tion between these two terms can be explained by the concept of a motif or basis,
which can be defined as, typically, an atom or a group of atoms associated with each
lattice point.

= +crystal lattice motif.

So the lattice determines how to repeat and the motif determines what to repeat.
The set of these lattice points constitutes a three-dimensional lattice. A unit cell

may be defined within this lattice as a space-filling parallelepiped with its origin at
a lattice point, and with its edges given by three non-coplanar basis vectors a1, a2
and a3, each of which represents translations between two adjacent lattice points.
The entire lattice can then be generated by stacking unit cells in three dimensions.
Any vector representing a translation between lattice points is called a lattice
vector.

The unit cell defined above has lattice points located at its corners. Since these
are shared with seven other such cells, and since each cell has eight corners, there is
only one lattice point per unit cell. Such a unit cell is primitive and has the lattice
symbol P.

Non-primitive unit cells can have two or more lattice points, in which case the
additional ones will be located at positions other than the corners of the cell.

The basis vectors x, y and z define the unit cell. Their magnitudes a, b and c,
respectively, are the lattice parameters of the unit cell. The angles x–y, y–z and z–x
are conventionally labeled, α, β and γ, respectively (figure 2.2).

2.3 The concept of symmetry
Symmetry can be defined as follows: if an object is brought into self-coincidence
after some operation, it is said to possess a symmetry with respect to that operation.
Symmetry in this context refers to geometrical symmetry. As symmetry manifests
the inherent, external shape of a crystal, this concept helps to reduce the infinite
amount of information needed to describe a crystal into a finite amount of
information. In fact, crystals are defined on the basis of symmetry only. The
symmetry under consideration could be that of one of the following entities: the
lattice, crystal, motif and unit cell.
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Although the properties of a crystal can be anisotropic, there may be different
directions along which they are identical. These directions are said to be equivalent
and the crystal is said to possess symmetry. Broadly, symmetry operations are two
types. These are translational and rotational. Some symmetry operations are
illustrated in figure 2.3; in essence, they transform a spatial arrangement into
another which is indistinguishable from the original.

An object possesses an n-fold axis of rotational symmetry if it coincides with itself
upon rotation about the axis through an angle of 360°/n. The possible angles of
rotation, which are consistent with the translational symmetry of the lattice, are

Figure 2.2. The lattice parameters and angles between the faces.

Figure 2.3. Some symmetry operations.
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360°, 180°, 120°, 90° and 60° for values of n equal to 1, 2, 3, 4 and 6, respectively. A
five-fold axis of rotation does not preserve the translational symmetry of the lattice
and hence is forbidden. A one-fold axis of rotation is called a monad and the terms
diad, triad, tetrad and hexad correspond to n = 2, 3, 4 and 6, respectively. All of the
Bravais lattices have a center of symmetry (figure 2.4). An observer at the center of
symmetry sees no difference in the arrangement between the directions.

Symmetry operations generate a variety of arrangements of lattice points in three
dimensions. There are 32 unique ways in which lattice points can be arranged in
space. These non-translation elements are called point groups. A large number of
three-dimensional structures are generated when translations (linear translation,
translation + reflection (glide plane) and translation + rotation (screw axis)) are
applied to the point groups. There are 230 unique shapes which can be generated this
way. These are called space groups.

The 32 point groups are denoted by notations called Hermann–Mauguin
symbols. These symbols describe the unique symmetry elements present in a
body. The shape in figure 2.5 contains one four-fold axis, four two-fold axes and
five mirror planes. Three of the mirror planes and two of the two-fold axes are
unique, as the others can be produced by a symmetry operation. Therefore, the
point group symbol in this shape is 4/m2/m2/m. The ‘/’ between 4 or 2 and ‘m’

indicates that they are perpendicular to each other. The symmetry of the cube is
given in figure 2.6.

2.4 Bravais lattices
The fourteen distinguishable three-dimensional space lattices that can be generated
by repeated translation of three non-coplanar vectors, a, b and c, of a unit cell in

Figure 2.4. Illustration of center of symmetry and inversion. The center of symmetry is at the point where the
arrows cross. Reproduced with permission of Professor Sir H Bhadeshia, Cambridge University.
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three-dimensional space are known as Bravais lattices, named after their originator.
Figure 2.7 shows conventional unit cells of 14 Bravais lattices. Table 2.1 lists the
lattice parameters of the crystal systems.

2.5 Miller indices for planes and directions

2.5.1 Miller indices for planes

Miller indices are used to specify directions and planes. These directions and planes
could be in lattices or in crystals. The number of indices will match the dimensions
of the lattice or, in crystal: in one dimension there will be one index and in two
dimensions there will be two indices, etc. Some aspects of Miller indices, in
particular those for planes, are not intuitively understood.

Figure 2.5. Hermann–Mauguin symbols for different symmetry operations.

Figure 2.6. Symmetry of a cube.
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