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Preamble

• Understanding of the correlation between the chemical bonds and crystal 
structure of metallic materials to their mechanical properties.

• Recognize the importance of crystal imperfections including dislocations in 
plastic deformation.

• Learning about different phases and heat treatment methods to tailor the 
properties of Fe-C alloys.

• Examine the mechanisms of materials failure through fatigue and creep.

• To determine properties of unknown materials and develop an awareness 
to apply this knowledge in material design.
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Prerequisite

• PHT 110 Engineering Physics 

• CYT 100 Engineering Chemistry
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Course Outcomes

At the end of the course students will be able to,
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PO 1 Engineering Knowledge

PO 2 Problem Analysis

PO 3 Design & Development of Solutions

PO 4 Investigation of Complex Problem

PO 5 Modern Tools Usage

PO 6 Engineer and Society

PO 7 Environment & Sustainability

PO 8 Ethics

PO 9 Individual & Team work

PO 10 Communication

PO 11 Lifelong Learning

PO 12 Project management & Finance
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MODULE - 1

• Earlier and present development of atomic structure - Primary bonds: -
characteristics of covalent, ionic and metallic bond - properties based
on atomic bonding: - Secondary bonds: - classification, application.
(Brief review only).

• Crystallography: - SC, BCC, FCC, HCP structures, APF - theoretical
density simple problems – Miller Indices: - crystal plane and direction -
Modes of plastic deformation: - Slip and twinning -Schmid’s law -
Crystallization: Effects of grain size, Hall - Petch theory, simple
problems.
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COURSE CONTENT 
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Introduction

History
Historically periods of civilization are divided on the basis of 
material development 

1. Stone Age

2. Bronze Age

3. Iron Age

4. Plastic Age

5. Silicon Age
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Importance of Materials
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Material Failure
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Structure at different scale
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Atomic Structure 
• The atomic structure of an element refers to the constitution of its nucleus and

the arrangement of the electrons around it. Primarily, the atomic structure of
matter is made up of protons, electrons and neutrons.

• The protons and neutrons make up the nucleus of the atom, which is surrounded
by the electrons belonging to the atom. The atomic number of an element
describes the total number of protons in its nucleus.

• Neutral atoms have equal numbers of protons and electrons. However, atoms
may gain or lose electrons in order to increase their stability and the resulting
charged entity is called an ion.

• Atoms of different elements have different atomic structures because they
contain different numbers of protons and electrons. This is the reason for the
unique characteristics of different elements.
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Review of Atomic Structure 

1. Earlier concepts of Atomic Models 

2. Present atomic model 

3. Chemical bonds 

(a) Primary bonds 

– Ionic bond 

– Covalent bond 

– Metallic bond 

(b) Secondary bonds 

4. Mechanical properties 
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Atomic Structure (Earlier concepts)

1. Democritus 

2. Dalton 

3. J J Thomson 

4. Millikan 

5. Rutherford 
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Democritus (460 –370 BC) 

• Greek philosopher 

• Can matter be subdivided into fundamental particles? 

• Develops the idea of atoms (derived from Greek word atoma - means indivisible) 

• All matter can be broken down into indivisible atoms. 

17

According to the early theory of atoms developed by Democritus, Water
atoms would be round and flow over one another while iron atoms would
be jagged and stay solidly together. This is not the modern view.01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



John Dalton (Dalton’s Atomic Theory (1780)) 
• Suggested that all matter was made up of tiny spheres that were

able to bounce around with perfect elasticity and called them
ATOMS

• Every matter is made up of atoms.
• Atoms are indivisible.
• Specific elements have only one type of atoms in them.
• Each atom has its own constant mass that varies from element 

to element.
• Atoms undergo rearrangement during a chemical reaction.
• Atoms can neither be created nor be destroyed but can be 

transformed from one form to another.
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Demerits of Dalton’s Atomic Theory
• The theory was unable to explain the existence of isotopes.
• Nothing about the structure of atom was appropriately explained.
• Later, the scientists discovered particles inside the atom that proved, the

atoms are divisible.
• The discovery of particles inside atoms led to a better understanding of

chemical species, these particles inside the atoms are called subatomic
particles. The discovery of various subatomic particles is as follows:

19

• Dalton’s atomic theory successfully explained the Laws of chemical 
reactions, namely, the Law of conservation of mass, Law of constant 
properties, Law of multiple proportions and Law of reciprocal 
proportions.
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J J Thompson (1898) (Thomson Atomic Model) 

• Thompson pictured atom as uniform spheres of positively charged
substance (positive electric fluid) with negative electrons embedded in it

• Plum Pudding Model

• His work is based on an experiment called cathode ray experiment

• Electrons were supposed to assume certain stable positions inside atomic
body due to – attraction by positive charge and repulsion by other
electrons.
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Cathode Ray Experiment

• A high voltage power supply is connected using electrodes

• When a high voltage power supply is switched on, there were rays 
emerging from the cathode towards the anode, called cathode rays

• Thompson concluded that cathode rays are made of negatively 
charged particles called “electrons”.

21

• On applying the electric and 
magnetic field upon the cathode 
rays (electrons), Thomson found 
the charge to mass ratio (e/m) of 
electrons. (e/m) for electron: 
17588 × 1011 e/bg.

01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY

https://byjus.com/physics/electricity-and-magnetism/


• Based on conclusions from his cathode ray experiment, Thomson described 
the atomic structure as a positively charged sphere into which negatively 
charged electrons were embedded.

• It is commonly referred to as the “plum pudding model” because it can be 
visualized as a plum pudding dish where the pudding describes the 
positively charged atom and the plum pieces describe the electrons.

• Thomson’s atomic structure described atoms as electrically neutral, i.e. the 
positive and the negative charges were of equal magnitude.

• Limitations of Thomson’s Atomic Structure: Thomson’s atomic model does 
not clearly explain the stability of an atom. Also, further discoveries of 
other subatomic particles, couldn’t be placed inside his atomic model.
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Robert Millikan’s Experiment

• Thomson found the charge to mass ratio (e/m) of electrons. (e/m) for electron:
17588 × 1011 C/Kg.

• From this ratio, the charge of the electron was found by Mullikin through oil
drop experiment. [Charge of e– = 1.6 × 10-19 C and Mass of e– = 9.1093 × 10-31

kg].

• Millikan applied electric charge to a tiny drop of oil, and measure how strong
an applied electric field had to be in order to stop the oil drop from falling.

• Since he was able to work out the mass of the oil drop, he could calculate the
force of gravity on one drop. He could then determine the electric charge that
the drop must have.

• By varying the charge on different drops, he noticed that the charge was
always a multiple of 1.6x10-19 C, the charge on a single electron. This meant
that it was electrons carrying this unit charge.
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Robert Millikan’s Experiment
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(Rutherford Atomic Theory) Ernest Rutherford 

• Rutherford modified the atomic structure with the discovery of
another subatomic particle called “Nucleus”.

• His atomic model is based on the Alpha ray scattering experiment.

• Fired Helium nuclei on a piece of gold foil which was only a few
microns thick.

• Aimed alpha particles at gold foil by drilling a hole in a lead block.

• Expected - Since the mass is evenly distributed in gold atoms, alpha
particles should go straight through.

2501-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



2601-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



27

Alpha Ray Scattering Experiment

Construction:

• A very thin gold foil of 1000 atoms thick is taken.

• Alpha rays (doubly charged Helium He2+) were made to bombard the
gold foil.

• Zn S screen is placed behind the gold foil.

Observations:

• Most of the rays just went through the gold foil making scintillations
(bright spots) in the ZnS screen.

• A few rays got reflected after hitting the gold foil.

• One in 1000 rays got reflected by an angle of 180° (retraced path) after
hitting the gold foil.

01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY

https://byjus.com/zinc-sulfide-formula/


2801-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



• Since most rays passed through, Rutherford concluded that most of the
space inside the atom is empty.

• Few rays got reflected because of the repulsion of its positive with some
other positive charge inside the atom.

• 1/1000th of rays got strongly deflected because of a very strong positive
charge in the center of the atom. He called this strong positive charge as
“nucleus”

• He said most of the charge and mass of the atom resides in the Nucleus

• Electrons are supposed to move around nucleus in a dynamically stable
orbit (planetary model)

• Revolving electric charges radiate energy in the form of electromagnetic
waves (electromagnetic theory)
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• The nucleus is at the center of an atom, where most of the charge and mass
are concentrated.

• Atomic structure is spherical.

• Electrons revolve around the nucleus in a circular orbit, similar to the way
planets orbit the sun.

Limitations of Rutherford Atomic Model

• If electrons have to revolve around the nucleus, they will spend energy and
that too against the strong force of attraction from the nucleus, a lot of energy
will be spent by the electrons and eventually, they will lose all their energy
and will fall into the nucleus so the stability of atom is not explained.

• If electrons continuously revolve around the ‘nucleus, the type of spectrum
expected is a continuous spectrum. But in reality, what we see is a line
spectrum.

Rutherford’s Structure of Atom
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Niels Bohr 1915 (Bohr atomic model)

• Bohr refined Rutherford's idea by adding that the electrons are like planets
orbiting the sun.

• Electrons are assumed to revolve around the atomic nucleus in discrete orbitals,
and the position of any particular electron is more or less well defined in terms
of its orbital.
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Strength and Atomic Radius…?

• As the atomic number increases, the number of electrons increases, the
number of shells increases therefore atomic radius increases.

• As a result the valence shell and valence electrons become away from the
nucleus reducing the attraction between outer shell and nucleus which in turn
reduces the strength.

• Thus, as atomic number increases, strength decreases and as atomic number
decreases strength increases.
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Wave Mechanical Model

• Electron is considered to exhibit both wave-like
and particle-like characteristics.

• An electron is no longer treated as a particle
moving in a discrete orbital rather, position is
considered to be the probability of an electron’s
being at various locations around the nucleus.
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Comparison of
the (a) Bohr and (b) wave mechanical atom models

in terms of electron distribution.01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



Quantum Numbers

• Using wave mechanics, every electron in an atom is characterized by four
parameters called quantum numbers.

• The size, shape, and spatial orientation of an electron’s probability density are
specified by three of these quantum numbers.

• Principal quantum number n

• Shells are designated by the letters K, L, M, N, O, and so on, which
correspond, respectively, to n = 1, 2, 3, 4, 5, . . . ,

• This quantum number is related to the distance of an electron from the
nucleus, or its position.

• The second quantum number, l, signifies the subshell, which is denoted by a
lowercase letter—an s, p, d, or f; it is related to the shape of the electron
subshell.
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• The number of these subshells is restricted by the magnitude of n.

• Third quantum number ml.

• The number of energy states for each subshell is determined by the third
quantum number.

• For an s subshell, there is a single energy state, whereas for p, d, and f
subshells, three, five, and seven states exist, respectively.

39

• Fourth quantum number ms. Related to this
spin moment

• Each electron in a subshell has a spin
moment, which must be oriented either up or
down

• Two values are possible (+1/2 and -1/2), one
for each of the spin orientations
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Schematic representation of the relative energies of 
the electrons for various shells and subshells
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Electron Configurations

• Is used to determine the manner in which atoms are filled with electrons.

• The 4 sub shells are s, p, d & f.

• s, p, d and f sub shells accommodates a total of 2, 6, 10, and 14 electrons
respectively.

41

Notation for Quantum Numbers
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• Valence electrons are those that occupy the outermost shell

• They participate in the bonding between atoms to form atomic and molecular
aggregates.

• Many of the physical and chemical properties of solids are based on these
valence electrons.

• Stable electron configurations.

• The states within the outermost or valence electron shell are completely filled.

• These elements (ne, ar, kr, and he) are the inert, or noble, gases, which are
virtually unreactive chemically. Some atoms of the elements that have unfilled
valence shells assume stable electron configurations by gaining or losing
electrons to form charged ions, or by sharing electrons with other atoms.
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Aufbau’s principle 

• According to Afbau principle, electrons fill orbitals starting at the lowest
available (possible) energy states before filling higher states. (e.g. 1s before 2s)

• No two electrons can have all the four quantum numbers to be the same or, if
two electrons have to placed in an energy state they should be placed with
opposite spins.

• The number of electrons that can occupy each orbital is limited by the Pauli
exclusion principle.

• This principle stipulates that each electron state can hold no more than two
electrons, which must have opposite spins. Thus, s, p, d, and f subshells may
each accommodate, respectively, a total of 2, 6, 10, and 14 electrons.

43

Pauli exclusion principle 
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Atomic Bonding in Solids
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• The bonding energy for these two atoms, E0, corresponds to the
energy at this minimum point. it represents the energy that would be
required to separate these two atoms to an infinite separation.

• At a state of equilibrium, The centers of the two atoms will remain
separated by the equilibrium spacing r0

• The magnitude of this bonding energy and the shape of the energy-
versus interatomic separation curve vary from material to material,
and they both depend on the type of atomic bonding.

BONDING FORCES AND ENERGIES
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Bond Length (ro)

49

• Bond length is the distance between nuclei of two bonded atoms.
ro = 1-2 Å – primary bonds; 2-5 Å–secondary bonds 

• Bond length increases & bond energy reduces with increase in
atomic number / radius.
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Deeper energy well bond and shallow energy well bond
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Properties of bonding
1. Melting Temperature (Tm)
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Properties of bonding

2. Modulus of Elasticity (E)

5201-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



Properties of bonding 
3. Coefficient of Thermal Expansion (α)
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Chemical Bonding

• Chemical Bonding refers to the formation of a chemical bond between two or more
atoms, molecules, or ions to give rise to a chemical compound. These chemical
bonds are what keep the atoms together in the resulting compound.

• Atoms of all elements has a tendency to acquire an electronic configuration similar
to that of inert gases, because it represents the most stable electronic configuration.
(Lewis Octect Rule)

• It is this tendency of atoms to complete and hence stabilize their outermost orbit of
electrons, which is mainly responsible for chemical combination between atoms.

• The attractive force which holds various constituents (atom, ions, etc.) together and
stabilizes them by the overall loss of energy is known as chemical bonding.

• According to a more general rule of electron pairing, atoms of elements have a
tendency to get their electrons paired in all the occupied orbits and thus attain
greater stability.
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Classification of Chemical Bonding 

(a) Primary bonds (Strong Bonds :100 -1500 kJ/mole, bond length = 1-2 Å) 

• Ionic bond (METAL+ NON METAL) 
• Covalent bond (NON METAL+ NON METAL) 
• Metallic bond (METAL+ METAL)

(b) Secondary bonds (Weak Bonds :1-50 kJ/mole, bond length = 2-5 Å) 

– Inter molecular, gases and liquids 

– Feeble and less stable 

• Di-pole bond 

• Hydrogen bond 
• Vander Waals bond 
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Ionic Bonding 

• Bonding between Metal + Non metal

• Transfer of electrons - easily exchange/ transfer electrons so as to stabilize
their outer shells (i.e. become more inert gas-like)

• Non Directional – over lapping of electrons - magnitude of the bond
equal in all directions around an ion OR bond posses equal strength in all
directions.

• Bond energies : 600 –1500 kJ/mol (6-15 eV/ atom)

• High melting temperature, hard, brittle, electrically and thermally
insulative.

• Example : NaCl
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Properties of Ionic Compounds 

• Crystalline structure.

• A regular repeating arrangement of ions in the solid.

• Ions are strongly bonded.

• Structure is rigid.

• High melting points-because of strong forces between ions.
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Covalent bonding 

• Bonding Non Metal + Non Metal

• Covalent bond- A bond formed when atoms share electrons equally

• Two atoms share one or more pairs of outer shell electrons

• Strongest of all chemical bonds

• Good overlap of orbital-bring shared electrons close both the nuclei

• Overlapping orbitals are directionally oriented and not spherically
symmetric.
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Covalent bonding 

• Directional – magnitude of the bond is not equal in all directions

• Bond energies : 100 –1000 kJ/mol (1-10 eV/ atom)

• High melting temperature, hard, brittle, electrically and thermally insulative
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Metallic Bonding 

• Bonding Metal + Metal

• Delocalized electrons/electron cloud/sea of electrons

• Non directional – over lapping of electrons orbitals are spherically
symmetric. Magnitude of the bond equal in all directions around an ion OR
bond posses equal strength in all directions

• Bond energy: wide range:-E (Hg) = 0.7eV/atom to E (W) = 8.8 eV/atom

• Metals are lustrous, Ductile, electrically and thermally conductive
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Metallic bond
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Why metals have high electrical conductivity…?

63

Metals are good conductors of electricity. This is due to the
mobility of electrons.
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Why metals have high thermal conductivity…?

64

Metals are good conductors of heat. This is also due to the mobility of
electrons.
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Why metals are malleable & ductile…?

65

• Metals are malleable (can be flattened to thin sheets) and ductile (can be
drawn into wires).

• This is because positive kernals and electrons can "flow" around each
other, without breaking the crystal structure.
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Why metals are lustrous & opaque…?

• Metals are lustrous - This is due to the uniform way that the valence
electrons of the metal absorb and re-emit light energy.

• Metals are opaque - The free electrons oscillate in the alternating
electric field of the incident light beam, absorbing energy at all
wavelengths and so making the metal opaque.

• In turn the oscillating electrons emit waves and in this way produce the
reflected beam.
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Primary bonds, bond energies & melting temperatures.
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Secondary Bonding

Secondary / Van der Waals / Physical bonds.

• They are due to van der waals force or inter molecular attractive forces,
which acts between all molecules when they are close to each other.

• They are weak in comparison to the primary bond - bonding energies are
typically in the order of only 10 kJ/mol.

• Secondary bond exists between all atoms or molecules
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Secondary Bonding

1. Dipole – dipole attraction

2. Hydrogen bond
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Polar Molecule / Induced Dipole Bonds

• Permanent dipole moments exist in some molecules by virtue of an
asymmetrical arrangement of positively and negatively charged regions,
such molecules are termed as polar molecules.

70

Schematic representations of (a) an electrically symmetric atom and (b) an induced atomic dipole.
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Dipole – dipole attraction / bonding

The bonding results from the attraction between the positive 
end of one dipole and the negative region of an adjacent one.
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Hydrogen bond

• Hydrogen bonding, a special type of secondary bonding, is found to exist
between some molecules having hydrogen as one of the constituents.

• It is a type of polar covalent bonding between oxygen and hydrogen
wherein the hydrogen develops a partial positive charge. This implies that
the electrons are pulled closer to the more electronegative oxygen atom.

• This creates a tendency for the hydrogen to be attracted towards the
negative charges of any neighboring atom.
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Water

As the second hydrogen atom attaches, now every atom has full energy levels.
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Types of bonding
Classification based on no. of pairs of electrons being shared.
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Bonding Type, Energies and Melting Temperatures for Various Substances
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Crystallography

The structure of materials
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SOLID MATERIALS

CRYSTALLINE

Single Crystal

POLYCRYSTALLINE
AMORPHOUS

(Non-crystalline)

Quasi crystal

01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 78

http://www.alaskanessences.com/gembig/Pyrite.jpg


Crystal Structure

79

Grain boundary
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Solid materials may be classified according to the regularity with which 
atoms or ions are arranged with respect to one another.

1. Crystalline

• A crystalline solid is one in which the atoms are regularly arranged in a
repeating or periodic array over large atomic distances, that is, long-range
order exists.

• Upon solidification, the atoms will position themselves in a repetitive
three-dimensional pattern, in which each atom is bonded to its nearest /
neighbour atom.

• All metals, many ceramic materials, and certain polymers form crystalline
structures under normal solidification conditions.

• Crystalline solid have the order of 1028 atoms/m3
80

Classification of Solid materials 
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2. Amorphous

• Non crystalline solids lack systematic and regular arrangement of atoms
over relatively large atomic distances or they have short range order.
Such materials are also called amorphous (meaning literally without
form)

• Atomic density is almost similar to that of crystalline solids.
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Crystalline Vs Amorphous

83

Two-dimensional structure of (a) Crystalline silicon dioxide  and (b) Non crystalline silicon dioxide.
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3. Poly crystalline

• A polycrystalline solid is one in which portions of solid are perfect
crystals, but not all of these crystals have the same axis of symmetry.

• Each of the crystals (or grains) have slightly different orientations with
boundaries bordering each other. This borders are called grain
boundaries.
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Crystal Structure

86

Grain boundary
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Depending on 

which planes are 

brought together, 

the angle of 

alignment will 

vary.
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Short range order

Long range order
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•  Single Crystals

- Properties vary with

direction:  anisotropic.

-Example:  the modulus

of elasticity (E) in BCC iron:

•  Polycrystals

- Properties may/may not

vary with direction.

- If grains are randomly

oriented: isotropic.

(Epoly iron = 210 GPa)

- If grains are textured,

anisotropic.

200 mm

Data from Table 3.3, Callister

7e.

(Source of data is R.W.

Hertzberg, Deformation and

Fracture Mechanics of

Engineering Materials, 3rd

ed., John Wiley and Sons,

1989.)

Adapted from Fig. 4.14(b),

Callister 7e.

(Fig. 4.14(b) is courtesy of

L.C. Smith and C. Brady, the

National Bureau of Standards,

Washington, DC [now the

National Institute of Standards

and Technology, Gaithersburg,

MD].)

Single vs Polycrystals

E (diagonal) = 273 GPa

E (edge) = 125 GPa

Amorphous Glass - crystalline glass
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Anisotropy of crystals

66.7 GPa

130.3 GPa

191.1 GPa

Young’s 
modulus of 
FCC Cu
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WHY POLYCRYSTALLINE MATERIALS ARE ISOTROPIC & SINGLE CRYSTALS ARE 

ANISOTROPIC? NARRATE.
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Explain why single crystals are generally anisotropic while poly-crystals are
usually isotropic.

• In a single crystal, the orientation of the crystal structure is uniform
throughout the specimen. Since the properties of the crystal (e.g. linear and
planar atomic densities) vary with the crystallographic plane or direction
considered, the macroscopic properties of a single crystal specimen also
vary with direction; that is, they are anisotropic.

• On the other hand, the many different crystals in a polycrystalline specimen
are all oriented differently, so that the measured properties at a macroscopic
scale represent the average of the properties in all different crystallographic
directions. It doesn’t matter what direction is considered, the average
property is the same, so the polycrystalline specimen will be isotropic.
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•  Most engineering materials are polycrystals.

•  Each "grain" is a single crystal.
•  If grains are randomly oriented,

overall component properties are not directional.

•  Grain sizes, range from 1 nm to 2 cm – (normal range  5 - 200 

µm) (i.e., from a few to millions of atomic layers).

Adapted from Fig. K, 

color inset pages of 

Callister 5e.

(Fig. K is courtesy of 

Paul E. Danielson, 

Teledyne Wah Chang 

Albany)

1 mm

Polycrystals

Isotropic

Anisotropic

Nb-Hf-W plate with an electron beam weld.

• Each "grain" is a single crystal.01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 97
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•  Some engineering applications require single crystals:

•  Properties of crystalline materials 

often related to crystal structure/direction.

(Courtesy P.M. Anderson)

--Ex:  Quartz fractures more easily along some 

crystal planes than others.

--diamond single

crystals for abrasives

--turbine blades

Fig. 8.33(c), Callister 7e.

(Fig. 8.33(c) courtesy

of Pratt and Whitney).(Courtesy Martin Deakins,

GE Superabrasives, 

Worthington, OH.  Used with 

permission.)

Crystals as Building Blocks

--semiconductor
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Single crystal- polycrystalline Structure

Crystalline solid can be single crystal. Where the solid consist of only one 
crystal.

An aggregate of many crystals separated by well defined grain boundaries 
(irregularly shaped) is said to be polycrystalline.

WHAT IS THE DIFFERENCE BETWEEN - GRAIN AND CRYSTAL?
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Order of atoms

100

Crystalline solids – Long range order exists  

Amorphous solids – Only Short range order exists
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Close packing of atoms

• Closed electron shell that is created when an ionic or metallic bond is 
formed can be regarded roughly as a rigid sphere, so that adjacent atoms in a 
solid pack together like solid balls.

• The radius of the equivalent rigid sphere is called the ionic radius of the 
element.

01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 101



• SPACE LATTICE:- its an infinitely regularly spaced array of lattice points in 3
Dimension with translational and rotational symmetry.

• Crystal = lattice + basis

• The location and pattern/ arrangement of atoms in a crystal described by the
term space lattice. There are 14 space lattices possible.

• It’s a 3-dimensional network of lines, the intersection which generates a 3
dimensional array of points which are occupied by the atoms or group of atoms
or about which a group of atoms are clustered, forming the crystalline material.

• UNIT CELL:- While describing crystals structure, it is convenient to subdivide
the structure into small groups of atoms from a repetitive pattern called unit cell.

• Unit cell is the smallest group of atoms that, by repeated translation in three
dimensions, builds up the whole crystal

• Unit cell is the smallest unit which when repeated in space indefinitely will
generate the space lattice.

102

Important Terms
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The Unit Cell

• Crystal: 3D order structure

• Unit cell: smallest repetitive volume which contains the complete lattice 
pattern of a crystal.

• The size and shape of the unit cell are described by three lattice vectors
a,b,c, originating from one corner of the unit cell.

• The axial lengths a,b,c and the inter axial angles α, β, and γ are lattice
CONSTANTS of the unit cell.01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 104



a


b


c


Lattice parameters

axial lengths: a, b, c

interaxial angles: a, b, g
unit vectors: 

In general: a ≠ b ≠ c

a ≠ b ≠ g

a


b


c


7  crystal systems

14  crystal structures

a, b, and c are the lattice constants
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Unit Cells: Bravais Lattices
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Principal Metallic Crystal Structure

90% of metals crystallize into 3 densely packed crystal structures:

• Body-Centered Cubic

• Face-Centered Cubic

• Hexagonal Close-Packed

It is important to understand how small the unit cell really is. The
cube side of BCC Iron is 0.287nm. How many unit cells would
there be if you had 1mm of units cells of pure iron lined up?
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Coordination Number

• The number of nearest neighbours surrounding any one atom, ion or
molecule is called co-ordination number.

• It depends upon the radii of the atoms or ions in the structure.

• Eg: Simple cubic (SC) – co-ordination number = 6

112

• Large atoms tend to have large CN, 
small atoms usually have small CN

• it’s easier to surround a big atom with 
lots of atoms than a smaller one.
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Ion element A surrounding 

a smaller ion element C

CN

Range radius 

ratio for which 

CN is expected 

to be stable 

(rC/rA )

Coordination 

polyhedron
Packing

2 0 to 0.155 line Linear

3 0.155 to 0.225 Triangle Triangular

4 0.225 to 0.414 Tetrahedron Tetrahedral

6 0.414 to 0.732 Octahedron Octahedral

8 0.732 to 1.0 Cube Cubic

12 1.0
Twinned Cubo 

Octahedron
HCP

12 1.0
Cubo 

Octahedron
FCC

CN calculated as a function of radius ratio01-Nov-20 113



11401-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



115

Number of atoms in a unit cell

Simple cubic

(no metals except  

Polonium Po – N is 84)

8 atoms but each atom is shared by 

8 unit cells.

In each cubic unit cell has 8 octants. 

ie,1/8 x 8 =1 atom

→ 1 atom per unit cell

a

a
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•  APF for a simple cubic structure = 0.52

APF = 

a3

4

3
p (0.5a) 31

atoms

unit cell
atom

volume

unit cell

volume

Atomic Packing Factor (APF) – Simple Cubic

APF = 
Volume of atoms in unit cell*

Volume of unit cell

close-packed directions

a

R=0.5a

contains 8 x 1/8 = 1 atom/unit cell

a = 2r

r+r
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• Eight corner atoms and one atom at center.
• Corner atoms do not touch each other, but each corner atoms touches the

center atom.
01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



11901-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



120

From Callister 6e resource CD.
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Body-Centered Cubic (BCC)

LATTICE CONSTANT (a) = Atoms 

at the corners of the cube

+

Atom at the center of the cube

a

a2

R4

( ) ( )
2 22 2 4

4

3

a a R

R
a

+ =

=

Body diagonal (b.d) of the unit cell = 4R = abcc  
3

Pythagoras theorem
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Number of atoms in a BCC unit cell

• Each corner atom contributes 

as 1/8.

There are 8 corner atoms in an 

FCC unit cell.

• The center atom 

contributes as 1.

There is only 1 center atom.

cell_unit/atoms)atom_center()atoms_corner( 2118
8

1
=+
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Coordination number for BCC

Total 8 nearest neighbor atoms

Coordination number = 8

4

8

7

32

6

5

1
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Atomic packing factor (APF) for BCC

34
2

3atomsV Rp =  
 

3
3 3

_

4 64
( )

3 3 3
unit cell

R R
V a= = =

3

3
_

8

33
0.68

64 8

3 3

atoms

unit cell

R
V

APF
RV

p
p

 
 
 = = = =

a

a2

R4

2 2 2( 2 ) (4 )

4

3

a a R

R
a

+ =

=
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Summary for BCC

||unit vector|| =

2 atoms/unit cell

Coordination number = 8 = CN

APF = 0.68 

3

4R
a =

a

a2

R4
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•  Coordination no. = 12

Adapted from Fig. 3.1, Callister 7e.

• Atoms touch each other along face diagonals.

--Note:  All atoms are identical; the face-centered atoms are shaded

differently only for ease of viewing.

Face Centered Cubic (FCC)

ex: Al, Cu, Au, Pb, Ni, Pt, Ag - DUCTILE

4 atoms/unit cell: 6 face x 1/2 + 8 corners x 1/8
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Coordination number for FCC

1 4

32

8

7

6

5

12 11

1092R

R22

R22

Total 12 nearest neighbor atoms 

Coordination number = 12
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Face-Centered Cubic (FCC)

Atoms at the corners of the cube

+

Atoms at the center of each face

a a = ||unit vector||
4R

a

2 2 2(4 )

2 2

a a R

a R

+ =

=

R = atomic radius

Pythagoras theorem
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Atomic packing factor (APF) for FCC

2R

R22

R22

a 4R

a

34
4

3atomsV Rp =  
 

3 3 3
_ (2 2 ) 16 2unit cellV a R R= = =

3

3
_

16

3
0.74

16 2 3 2
atoms

unit cell

R
V

APF
V R

p
p

 
 
 = = = = Independent of R and a!
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Summary for FCC

a 4R

||unit vector|| =

4 atoms/unit cell

Coordination number = 12 =N

APF = 0.74 

Ra 22=
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A sites

B B

B

BB

B B

C sites

C C

C
A

B

B sites

•  ABCABC... Stacking Sequence
•  2D Projection

•  FCC Unit Cell

FCC Stacking Sequence

B B

B

BB

B B

B sites
C C

C
A

C C

C
A

A

B
C
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Hexagonal Close-Packing (HCP)
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Middle layer = 3 atoms

Top layer = ½ x 1 = ½ atom

= 1/6 x 6 = 1 atom = 1 ½ atom

Bottom layer = ½ x 1      = ½ atom

= 1/6 x 6 = 1 atom = 1 ½ atom

Total atoms in HCP = 6 atoms
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J K

L

J K KJ

L

L

JKL

600

01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 138



Mar Athanasius College of Engineering/Mechanical/BCY

J K

L
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Area Δ JKL = 12 × base × height= 12 × 2r × a sin60= 12 × 2r × 2r sin60Total base area = 6 × 12 × 2r × 2r cos60= 6 × 2r2sin60Total volume of HCP unit cell = total base area × height= 6 × 2r2sin60 × c= 6×2r2sin60 ×1.633 × 2r Lattice parameter a and c 

of HCP unit cell related by 

c=1.633a =1.633 x 2rAPF= 6×43πr36×2×r2sin60×1.633×2r = 0.74
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Structures of Elemental Metals [Ref.Callister 3.4]
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Polymorphism and Allotropy

• Existence of more than one equilibrium crystallographic form for
elements or compounds at different conditions of temperature and
pressure is called Polymorphism.

• i.e., two or more different crystal structures for the same material
exists…

• If the change in in crystal structure is reversible, then the polymorphic
change is called Allotropy.

• Polymorphisam :- more than one element or compound eg. Fe3C

• Allotropy:- only one element

• eg. C - Diamond (sp3), graphite (sp2), polymer(sp1), fullerene (C66).
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Example: Polymorphism

• Iron is liquid above 1539⁰C
➢δ- Iron (BCC) between 1394 and 1539⁰C
➢γ- Iron (FCC) between 912 and 1394⁰C
➢α- Iron (BCC) between -273 and 912⁰C
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Crystallographic Points,Directions, and Planes

• When dealing with crystalline materials, it often becomes necessary to
specify a particular point within a unit cell, a crystallographic direction, or
some crystallographic plane of atoms.

• Three numbers or indices are used to designate point locations, directions,
and planes.

POINT COORDINATE

• The position of any point located within a unit cell may be specified in
terms of coordinates as fractional multiples of the unit cell edge lengths
(i.e., in terms of a, b, and c).

14401-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



• Position of P in terms of the generalized coordinates q, r, and s where
q is some fractional length of a along the x axis, r is some fractional
length of b along the y axis, and similarly for s.

• Thus, the position of P is designated using coordinates q r s with
values that are less than or equal to unity.
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• For the unit cell shown in the accompanying sketch, locate the point P
coordinates.

• a=0.48 nm , b= 0.46 nm, c = 0.40 nm
• For point P , x coordinate = 0.12 nm, y coordinate = 0.46 nm, z coordinate =

0.20 nm

• q = 0.12/.48 = ¼

• r = 0.46/.46 = 1

• s = 0.20/0.40= 1/2
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CRYSTALLOGRAPHIC DIRECTIONS ( Miller Indices of Directions)

• Certain directions and planes within a unit cell carry particular significance

• Ex, crystallographic directions are used to indicate a particular orientation
of a crystal.

• A crystallographic direction is defined as a line or a vector between two
points.

• Following are the steps for determination of the Miller Indices of
Directions.

• Determine the coordinates of two points that lie on the direction , using a right
handed coordinate system.

• Subtract the coordinates of tail point from those of the head point and express the
same in terms of the unit cell dimensions.

• Multiply or divide these numbers by a common factor to reduce them to the
smallest integer

• The three indices are enclosed in square brackets as [uvw]. A negative integer is
represented with a bar over the number. 14701-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



14801-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



14901-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



15001-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



(CRYSTALLOGRAPHIC PLANES) Miller Indices

• Metals deform along the planes of atoms which are most tightly packed.

• Miller Indices are a symbolic vector representation for the orientation of
an atomic plane in a crystal lattice.

• It is defined as the reciprocals of the fractional intercepts which the plane
makes with the crystallographic axes.

• Miller indices are represented by a set of 3 integer numbers (hkl).

• Any two planes parallel to each other are equivalent and have identical
indices. The procedure employed in determination of the h, k, and l index
numbers is as follows:

• If the plane passes thorough the origin of coordinate system , the origin must be
moved to another corner of unit cell

• Identify the points at which the plane intercepts the x,y,z axis and express the
intercepts in terms of the lattice parameters
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• Take reciprocals of these numbers. Intercepts for a plane parallel to an axis to be taken as 
infinity with reciprocal equal to zero.  

• Change the number to a set of smallest integer by multiplication or division by a 
common factor.

• Enclose the integer indices within parentheses as (hkl)
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Miller Indices
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Miller Indices
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• Following are some important aspects of the Miller indices for planes.
• Planes and their negatives are identical; (0 1 0) = (0 1 0) unlike the case of

directions. By Changing the signs of all the indices of a plane, we obtain a
Plane located at the same distance on the other side of the origin.

• Planes and their multiples are not identical (unlike the case of directions)
• The planes defined by Miller indices obtained by changing the order and

sign of indices represent a family of planes. This group of similar planes are
denoted with curly brackets. Eg., The family {1 1 0 } in cubic system.

• In cubic system, a plane and a direction having the same indices are
perpendicular to each other. Hence the direction [110] is perpendicular to
the plane (1 1 0), in a cubic unit cell.

• Parallel planes have the same Miller indices. Distance between two adjacent
parallel planes with same Miller index (hkl) is called interplanar spacing.
Interplanar spacing in cubic crystals is given by

156
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Atomic Arrangements

• The atomic arrangement for a crystallographic plane, which is often of
interest, depends on the crystal structure.

• The (110) atomic planes for FCC and BCC crystal structures are represented
in Figures, Note that the atomic packing is different for each case.
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• A “family” of planes contains all those planes that are crystallographically
equivalent—that is, having the same atomic packing.

162

LINEAR AND PLANAR DENSITIES
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Deformation in Metals

• When a material is subjected to an external force or load, the material
suffers a change in shape, which is called deformation.

• If the deformation is temporary, (if the deformation disappears on
removal of the load) it is elastic deformation

• if permanent, (if the deformation persists even after removal of the load),
it is called plastic deformation.

• Both deformations take place due to adjustments or displacement in
atomic arrangement within the crystal.

• The mechanical behavior of a material reflects the relationship between
its response or deformation to an applied load or force.

• Factors to be considered, while evaluating the properties are nature of the
applied load and its duration, as well as the environmental conditions.
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Elastic Deformation 

• When a solid material is subjected to an applied
force, the atoms within the crystal are displaced
from their normal positions of equilibrium.

• Thus, when a solid bar is loaded axially in
tension, it becomes slightly longer. If, on
removal of the load, the bar returns to its original
dimensions, the deformation is elastic in nature.

• This is because the displacement of the atoms is
by relatively small amounts and the removal of
the applied load allows the atoms to return to
their normal equilibrium positions. Thus the
elastic deformation is reversible.
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Elastic Deformation 
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Plastic deformation 

• Yielding involves the possibility that some of the atoms, under the
distortion produced by the applied load, move to new equilibrium
positions.

• Since the atoms form new bonds in their new positions, the material is
not weakened and also there is no tendency for the atoms to return to
their original positions.

• Thus the deformation is inelastic or irrecoverable. Such a deformation is
permanent and known as plastic deformation. There are two common
mechanisms of plastic deformation

(i) by slip and
(ii) by twinning.
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Plastic deformation by slip 

• Most metals are significantly weaker in shear than  in tension or 
compression and hence yielding or plastic  deformation occurs under the 
action of a shear force. 
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Plastic deformation by slip 

• Under the influence of a shear force, atoms move relative to each other
on certain planes from one position of equilibrium to another position of
equilibrium, causing a permanent deformation.

• Some atoms are said to have slipped past the other atoms on a certain
plane in a certain direction. This process is called slip, the plane on
which slip takes place is known as the slip plane and the direction along
which the atoms move is known as the slip direction.

• Even when the material is subjected to a tensile or compressive load, it is
the shear component that causes plastic deformation.

• Slip occurs more readily along certain crystal directions and planes
within the crystal. A set of such favored plane and direction together is
called a slip system.
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Plastic deformation by slip 

• For a particular crystal structure, the slip plane is the plane that has the
most dense atomic packing—that is, has the greatest planar density.

• The slip direction corresponds to the direction, in this plane, that is most
closely packed with atoms—that is, has the highest linear density.
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Brittleness and Ductility
• When stressed, some materials are capable of undergoing extensive plastic

deformation before breakage or rupture occurs. Such materials are said to be
ductile.

• Some other materials break up abruptly with very little or no plastic
deformation. Such materials are termed brittle.

• In crystalline materials dominant mode of plastic deformation is slip, which
is dependent on the available number of slip systems within the crystal.

• Slip occurs easily on planes and in directions of maximum atomic density.

• In FCC crystals the {111} planes and <110> directions have maximum
atomic density and there are 12 easy slip systems available in FCC crystals.
These slip systems are well distributed in space and therefore it is possible to
have at least one slip system oriented in a favorable position for slip to take
place. Hence, slip and thereby plastic deformation is initiated easily in FCC
crystals. Materials having FCC structure are therefore ductile in nature.
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Brittleness and Ductility

• BCC crystals also have 12 easy slip systems with the {110} planes and
<111> directions. However, the {110} planes of BCC have lesser atomic
density compared to the {111} planes of FCC. Therefore, the stress
required to cause unit atomic displacement will be more in BCC crystals.
So BCC materials are less plastic (or less ductile) compared to FCC.

• In HCP crystals, the planes having maximum atomic density are the
basal planes {0001} and the directions <1120>. Only 3 common slip
systems are available in HCP. Having only a few active slip systems,
HCP materials are normally brittle.

17201-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



Resolved Shear Stress and Critical Resolved Shear 
Stress ( Schmid’s Law) 
• Consider a single crystal cylindrical bar as shown in to which an axial load

F is applied.

• Let the angle between slip direction and applied force be α , inclination of
the normal to slip plane with the applied force be β.

• For the dislocation to move along its slip system, a shear force acting along
the slip direction must be produced by the applied force.

Shear force Fr = F cos α
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• This equation is called Schmid’s Law

• τr is called resolved shear stresses, and their magnitudes depend not only on the
applied force, but also on the orientation of both the slip plane and direction
within that plane.

• If the area of the cross section of the cylindrical bar is A0, then area of the
slip plane is,
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• A metal single crystal has a number of different slip systems that are capable of
operating. The resolved shear stress normally differs for each one because the
orientation of each relative to the stress axis (β and α angles) also differs

• However, one slip system is generally oriented most favorably—that is, has the
largest resolved shear stress,

τr (max) = σ (cos α cos β ) max

• In response to an applied tensile or compressive stress, slip in a single crystal
commences on the most favorably oriented slip system when the resolved shear
stress reaches some critical value, termed the critical resolved shear stress τcr; it
represents the minimum shear stress required to initiate slip, and is a property of
the material that determines when yielding occurs.

• The single crystal plastically deforms or yields when

Condition for yielding, τr (max) = τcr

• And the magnitude of the applied stress required to initiate yielding (i.e., the
yield strength σy)
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• The minimum stress necessary to introduce yielding occurs when a single
crystal is oriented such that (β and α = 450 under these conditions,

σy  = 2 τcr

• For a single-crystal specimen that is stressed in tension, deformation will
be as in Figure, where slip occurs along a number of equivalent and most
favorably oriented planes and directions at various positions along the
specimen length.

• This slip deformation forms as small steps on the surface of the single
crystal that are parallel to one another and loop around the circumference
of the specimen.
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Plastic deformation by twinning.  
• In certain materials, when a shear stress is applied, planes of atoms in the

lattice move parallel to a specific plane so that the lattice is divided into
two symmetrical parts which are differently oriented. This phenomenon
is known as twinning .

• Planes parallel to which atomic movement has taken place are known as
twinning planes. The differently oriented region within the crystal and
between the twinning planes is known as the twinned region.
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Plastic deformation by twinning.  
• Twinning is produced suddenly (within a few micro seconds) and is

accompanied with sound. In both slip and twinning the lattice is sheared.

• In slip, the deformation or shear is uniformly distributed over a volume,
rather than localized on a discrete number of slip planes.

• In contrast to slip, here the atoms move only a fraction of an interatomic
distance relative to each other.

• The amount of movement of each plane of atoms in the twinned region is
proportional to its distance from the twinning plane, so that a mirror image
is formed across the twin plane.

• Twinning is not a significant deformation mechanism for cubic metals.
However, it is a significant mode of deformation in HCP crystals.
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Deformation by slip & twinning
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Slip & Twinning
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Solidification

• CASTING - One of the oldest manufacturing processes – 4000 

B.C. with stone and metal molds for casting copper

MECHANISM OF CRYSTALLISATION 
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• Single crystal.

• Crystalline solids are composed of a collection of many small crystals
known as grains. Such materials are termed polycrystalline.

• Grain structure and the defects develop during solidification of the liquid
material.

• Solidification of pure metals, also known as Crystallisation is the
transition from liquid state to solid state.

• Crystallization is a Phase Transformation process.

• The stages of Phase Transformation divided in to two,

• Nucleation

• Homogeneous nucleation
• Heterogeneous nucleation

• Growth
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Mechanism of Crystallization

1. Nuclei formation

• Nuclei – not center of an atom, is the center of few atoms together

2. Crystal growth

• At freezing point B, K.E (L) = K.E. (S)

• = ʃ (TEMPERATURE)

• But P.E (L) = P.E (S) = AVERAGE DISTANCE BETWEEN
ATOMS

Ref:- Avner
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• Two Type
• Homogeneous nucleation
• Heterogeneous nucleation

• Homogeneous nucleation
• No preferred nucleation sites

• Spontaneous

• Random

• Heterogeneous nucleation
• Those of preferred sites

• Boundary, mould walls,

• Surface, interface

• Inclusion, impurity

• Multiphase
188

Nucleation
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• In the liquid state, atoms of any material will be in constant motion due to
their high kinetic energy

• The atoms do not have any definite arrangement in liquid state.

• When the temperature of the molten metal is brought down, it is possible
that some atoms, at any given instant, may group together in positions
exactly corresponding to the space lattice.

• These chance aggregates or groups are not permanent; but continually,
break up and regroup at other points. How long they last is determined by
the temperature and the size of the group.

• When the temperature of liquid is sufficiently decreased, the atomic
movement also decreases. This lengthens the life of the group and also
promotes the formation of more groups within the liquid. Such groups are
known as embryos. 190

Homogeneous nucleation
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• As the temperature of the liquid metal drops, a stage is reached where the
embryos (more like solid) and the surrounding liquid co-exist. This
temperature is known as the solidification point or freezing point.

• At this point, both the liquid and solid states are at the same temperature
and hence have the same kinetic energy for the respective atoms. But there
is significant difference in the potential energy.

• The atoms in the solid are much closer together resulting in lowering of
potential energy. Thus, solidification occurs with release of energy. The
difference in potential energy between the liquid and solid states is known
as latent heat (heat of fusion or heat of solidification).

• At the freezing point, energy is required to establish a surface between the
solid and the liquid.

• In pure materials, at freezing point, insufficient energy is released by the
heat of fusion to create a stable boundary surface. Hence some
undercooling (super cooling) is necessary to form a stable solid region. 19101-Nov-20



Homogeneous nucleation: very pure metal, nuclei form uniformly

throughout the parent phase; requires considerable supercooling (typically
80-300°C/ 0.2Tm).

01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 192



Solidification of Pure Metals

Pure metals solidify at a constant temperature. During freezing the latent heat of
solidification is given off. Most metals shrink on solidification and shrink
further (Ice) as the solid cools to room temperature.
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Cooling curve for a pure metal; ABDE ideal, ABCDE actual.
19401-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



Ref.-Bailey
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• This kind of nucleation occurs uniformly throughout the liquid. The
nucleus grows further by adding more and more atoms to it which leads
to a small solid region.

• Such stable solid regions within the liquid are known as nuclei.

• Subsequent to the formation of nuclei, release of heat of fusion takes
place and the temperature will be raised to the freezing point again. But
loss of heat to the surroundings lowers the temperature again making
more atoms to freeze.

• These atoms may attach themselves to already existing nuclei or form
new nuclei of their own. Thus the process of solidification continues
apparently at constant temperature till the entire liquid is transformed
into solid.

19601-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY



01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 197



Mar Athanasius College of 
Engineering/Mechanical/BCY

01-Nov-20 198



Mar Athanasius College of 
Engineering/Mechanical/BCY

19901-Nov-20



01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 200



Mar Athanasius College of 
Engineering/Mechanical/BCY

01-Nov-20 201



Mar Athanasius College of 
Engineering/Mechanical/BCY

20201-Nov-20



Supercooling

• During the cooling of a liquid, solidification (nucleation) will begin only
after the temperature has been lowered below the equilibrium
solidification (or melting) temperature Tm. This phenomenon is termed
supercooling (or undercooling.

• The driving force to nucleate increases as T increases
• Small supercooling → slow nucleation rate - few nuclei - large crystals

• Large supercooling → rapid nucleation rate - many nuclei - small crystals

01-Nov-20 Mar Athanasius College of Engineering/Mechanical/BCY 203



Nucleation of a spherical solid particle in a liquid

Liquid

• The change in free energy DG (a function of the internal energy
and enthalpy of the system) must be negative for a transformation
to occur.

• Assume that nuclei of the solid phase form in the interior of the
liquid as atoms cluster together-similar to the packing in the solid
phase.

• Also, each nucleus is spherical and has a radius r.

• Free energy changes as a result of a transformation: 1) the
difference between the solid and liquid phases (volume free
energy, DGV); and 2) the solid-liquid phase boundary (surface
free energy, DGS).

• Transforming one phase into another takes time.

G = GS + GV
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r* = critical nucleus: for r < r* nuclei shrink; for r >r* nuclei grow (to reduce energy) 

Homogeneous Nucleation & Energy Effects

GT = Total Free Energy

= GS + GV

Surface Free Energy- destabilizes 

the nuclei (it takes energy to make 

an interface)

gp= 24 rGS

g = surface tension

Volume (Bulk) Free Energy –
stabilizes the nuclei (releases energy)

p= GrGV
3

3

4

volume unit

energy free volume
= G
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• Nucleation is also facilitated by the presence of some impurity atoms, an
inoculant (grain refiner), an imperfection or a grain boundary. This type of
preferential nucleation is called heterogeneous nucleation.

• Form at structural inhomogeneities (container surfaces, impurities, grain
boundaries, dislocations) in liquid phase much easier since stable “nucleating
surface” is already present; requires slight supercooling (0.1-10ºC).

• A much lower level of undercooling is sufficient for this type of nucleation to
occur. Even the wall of the container promotes heterogeneous nucleation.

• Addition of a grain refiner to molten metal can produce fine grained grains. Nb

• The grain refiners solidify earlier and form a large number of small solid
particles in the liquid.

• Solidification of the liquid is initiated by heterogeneous nucleation around these
solid particles.

Heterogeneous nucleation
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Growth (Dendritic Growth) 

• During the process of solidification, each
nucleus grows by attracting atoms from the
liquid into the space lattice.

• Crystal growth continues in three dimensions,
the atoms attaching themselves in certain
preferred directions, usually along the axes of
the crystal. This gives rise to the characteristic
treelike structure which is called a dendrite.

• Since each nucleus is formed by chance, the
crystal axes are pointed at random, and
dendrites growing from them will grow in
different directions in each crystal.
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• This is a sort of crystal skeleton from which arms begin to grow in all
directions depending upon the lattice pattern.

• From the primary arms, secondary, tertiary etc. arms begin to sprout,
somewhat similar to branches and twigs growing out of the trunk of a
tree, leading to the formation of a rather elongated skeleton.

• In the case of metallic dendrites, these branches and twigs conform to
a rigid geometrical pattern. The dendritic arms continue to grow and
thicken at the same time, until ultimately the space between them will
become filled with solid.

• Meanwhile the outer arms of one dendrite begin to make contact with
those of neighboring dendrites, which have been developing
independently at the same time.
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• If the material is pure, there shall be no evidence of dendritic growth
once the solidification is complete, since all the atoms are identical.

• If the material is impure, dissolved impurities will often tend to remain
in the molten portion of the metal, which ultimately solidifies in the
spaces between the dendrites.

• Since their presence will often cause a slight alteration in colour of the
parent metal, the dendritic structure will be easily revealed on
microscopical examination.

• The areas containing impurity will appear as patches between the
dendrite arms.
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(a) (b)

Schematic representation of the process of crystallization by 

nucleation and dendrite growth.

Nuclei – not center of an atom, is the center of few atoms 

together
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Schematic representation of the process of crystallization by 

nucleation and dendrite growth.  

Why grain boundaries are irregular?

(c) Orientation of atoms in each crystal
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The secondary dendrite arm spacing controls strength, very similar to
the Hall Petch relation (1/sqrt d) in the case of grain size strengthening.
Thus, in castings, this is an important microstructural parameter to

consider. The arm spacing is proportional to cooling rate.
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Type of boundary Energy (J/m2)

Grain boundary between BCC crystals 0.89

Grain boundary between FCC crystals 0.85

Interface between BCC and FCC crystals 0.63

Grain boundaries in 

SrTiO3
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Depending on 

which planes are 

brought together, 

the angle of 

alignment will 

vary.

WHY
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Automobile - 45, 30 turn, hairpin, straight
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The early stages in the growth of a metallic dendrite

Dendrite – Dendrum (Greek word)- tree

Direction of 

dendrite growth 

shows direction 

of cooling
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Metallic Structures

Growth of  metal 
dendrite

Copper 
dendrites

01-Nov-20 223



Mar Athanasius College of 
Engineering/Mechanical/BCYMagnesium dendrites growing from liquid

22401-Nov-20



Mar Athanasius College of 
Engineering/Mechanical/BCY

Dendrites in a

Cobalt-Samarium-

Copper  alloy

-SEM

-Why grain boundaries 

are irregular shape?
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Dendrites of water in ice
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Dendrites of zinc rescued from 
partially solidified melt
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Dendrites of ice on window, Harbin, China  (-25 oC)
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Dendrites forming in Fe82Si4B14 metallic glass
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Grain

• The randomly formed nuclei will be having different crystallographic
orientations. The nuclei grow into crystals by the successive addition of atoms
from the surrounding liquid.

• All these neighboring crystals (or grains) will be oriented differently due to their
independent formation.

• As these grow, the outer arms of the neighboring crystals meet similar extremities
of other neighboring grains. Finally at a certain stage, further growth outwards
becomes impossible, the remaining liquid is used up in thickening the existing
dendrite arms and solidification will be completed.

• This independent formation of each crystal leads to the irregular shape of the
crystal. These crystals are commonly called grains.

• A grain is a portion of the material within which the atomic arrangement is
nearly identical. But the orientation of the atomic arrangement may be
different for adjoining grains.

• The area, along which the grains meet is known as grain boundary, is a region of
mismatch, because atoms at the grain boundary are irregularly placed.
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Metallic Structures

• This crystalline structure gives metals their properties (strength,
stiffness, ductility, conductivity & toughness).

• Each dendrite grows in a geometric pattern consistent with the lattice
structure until each one touches its neighbour. At this point the dendrites
begin to thicken to form a totally solid grain of metal.

• The grain boundaries between are visible under a microscope, each grain
having the same structure but a different orientation. This boundary is a
narrow zone (perhaps three atoms) in which the atoms are not properly
spaced according to the lattice structure.



Single Crystal & Poly crystals 

• When a liquid is cooled slowly in equilibrium with the surroundings, the
solid that form contains tiny crystals called grains.

• The number of grains formed during solidification depends on the number
of nuclei formed.

• If all nucleation sites except one are suppressed, the liquid solidifies into a
single grain. Even the orientation of grain can be engineered to be in a
specific direction. Single crystals show excellent high temperature
properties because of the absence of grain boundaries.

• When the liquid is normally cooled under equilibrium condition, there
would be abundant nucleation sites and the liquid solidifies into a large
number of small grains.

• Although these grains look alike, the crystallographic orientations are
different and the orientation changes randomly from one grain to other.
Such a solid is called polycrystalline.



Nuclei – not center of an atom, is the center of few 

atoms together



Microstructure of a casting

• Polygonal crystal growth also explains the typical three-
zone microstructure of a solidified casting block
(primary microstructure). Such a casted block is also
called ingot.

• In the vicinity of the mold wall, a very fine-grained
structure with roundish grains (globulites) forms due to
the strong isotropic undercooling caused by the cool
mold wall (zone I).

• Subsequently, a zone with elongated grains (columnar crystals) is obtained due to the
strongly directed, anisotropic heat dissipation towards the mold wall (transcrystalline zone
II).

• The relatively low (isotropic) cooling or undercooling inside the casting block produces a
very coarse-grained microstructure (zone III).

• By subsequent heat treatment, this heterogeneous structure can be transformed into a
homogeneous structure with the desired properties (secondary microstructure).
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a large number of small
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Heat Flow, Interface Stability and Dendritic Growth

The development of dendrites: (a) a spherical

nucleus; (b) the interface becomes unstable; (c)

primary arms develop in crystallographic

directions (<100> in cubic crystals); (d)

secondary and tertiary arms develop (after R.E.

Reed-Hill, Physical Metallurgy Principles, 2nd.

Edn., Van Nostrand, New York, 1973.)

(a)
(b)

(c)

(d)
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Modification of grain size

• The rate of cooling and the amount of impurities in the molten metal will
affect grain size:

• Gradual cooling - a few nuclei are formed – leads to large grain size

• Rapid cooling - many nuclei formed - small grain size.

• Reheating a solid metal / alloy allows the grain structure to re-align itself.

• Directional cooling in a structure is achieved by selectively cooling one
area of a solid.

• The effect of impurities (or additives) in a molten metal can induce a large
number of fine grains that will give a stronger and harder metal. This
addition must be carefully controlled as too many impurities may cause an
accumulation at the grain boundaries, which will weaken the material.



• Walls of mold is cold - large under cooling - fine grains form at
walls of the mold.

• Cubic lattice – some grains grows faster than other grains – Easy
grow direction -cooling rate is faster in <100> / fastest growth
direction - <100> is parallel to heat flow – coarse structure -
columnar structure.

• Presence of dirt particles at center portion of molten pool lead to
form equiaxed structure.



Features of Grains 

GRAIN SIZE DISTRIBUTION;

GRAIN SHAPE and

GRAIN ORIENTATION



GRAIN SIZE

• Size of the crystal formed depends on the rate at which a molten metal is
cooled.

• A slow fall in temperature, which leads to a small degree of undercooling
at the onset of solidification, promotes the formation of relatively few
nuclei, so that the resultant crystal size will be large.

Nuclei – not center of an atom, is the 

center of few atoms together



• Grain size is having effect on material properties

• There are methods to control the nucleation process and thereby the
material properties.

• Grain size in materials is also controlled by the combination of
controlled deformation and thermal treatments, called thermo
mechanical treatments.

(a) grain size (20 - 50mm – small    (b) 100 - 200mm - large)

Orientation of grains –Random

Equiaxed (approximately equal dimensions in the three coordinate directions)



EFFECT OF GRAIN SIZE

Hall – Petch equation

The Hall-Petch equation gives a general relationship between  the yield stress 
and grain size of a material. 

where σ y is the yield strength (the stress needed to cause plastic  
deformation), d is the average diameter of grains, σ i and K  are  constants for 
the material. It is to be noted that the dislocation  density has been 
experimentally observed as an inverse function of grain size. 

Constants indicating the extent to which dislocations are piled up at barriers (such as grain boundaries)

σ 0 Basic yield stress that can be regarded as the stress opposing the motion of dislocations

Valid for many materials but not for nano-structures and very large grain material !!



• Hall-Petch equation finds application in design of components made of
metallic materials.

• Using this relationship, yield stress, σ y of a material for a given grain
size or the grain size to be developed for obtaining a required yield
stress can be evaluated.

• An estimation of the yield stress for the materials can be made by
determining the grain size using a micrograph.



Effect of Grain size on Material Strength

• Smaller grain size – More number of grains!!!

• More number of grains – More barriers for slip!!!

• More barriers for slip - Increased material strength!!!

• Influence of grain boundaries in dislocation movement
- restricting or hindering dislocation motion makes
material harder and stronger.



How is grain size measured?

1. Counting the grains in a given area

2. Counting number of grains that intersect a length of a 
line (microscopic)

3. Determined by comparing to a standard chart (ASTM 
Chart)
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The effects of grain size on yield strength

• A change in grain size affects the yield strength due to the dislocations
interacting with the grain boundary as they move.

• The boundaries act as obstacles, hindering the dislocation glide along the
slip planes. As subsequent dislocations move along the same slip plane the
dislocations pile-up at the grain boundaries.

• The dislocations repel each other, so as the number of dislocations in the
pile-up increases the stress on the grain boundary increases.

• In a larger grain there will be more dislocations within the grain, so there
will be more dislocations in the pile-up.

• Therefore a lower applied stress is required to produce a local stress great
enough to cause the grain boundary to collapse.



• A fine-grained material (one that has small grains) is harder and stronger
than one that is coarse grained, since the former has a greater total grain
boundary area to impede dislocation motion.

• A fine grain size in shaped castings ensures the following:
(i) Mechanical properties that are uniform throughout the material
(ii) Distribution of second phases and microporosity on a fine scale
(iii) Improved machinability because of (ii)
(iv) Improved ability to achieve a uniformly anodizable surface
(v) Better strength, toughness, and fatigue life, and
(vi) Better corrosion resistance



(MPa)



Grain Size Effect • Grain boundaries present obstacles to dislocation
propagation. Therefore, it is generally found that
the yield strength of a material increase with
decreasing grain size according to the Hall-Petch
equation.

• However at low strain rate and close to Tm,
dislocation is resolved by diffusion. Material
deforms by sliding of grains or reshaping of grains.
Both processes are easier if grain size is small.
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Figure 4.17  The effect of grain size on the yield 

strength of steel at room temperature.



The yield strength of mild steel with an average grain size of 0.05 mm is 20,000 psi. The yield stress
of the same steel with a grain size of 0.007 mm is 40,000 psi. What will be the average grain size of
the same steel with a yield stress of 30,000 psi? Assume the Hall-Petch equation is valid and that
changes in the observed yield stress are due to changes in dislocation density.

Example 1 SOLUTION

Example 1 Design of a Mild Steel

Thus, for a grain size of 0.05 mm the yield stress is

20  6.895 MPa = 137.9 MPa.

(Note:1,000 psi = 6.895 MPa). Using the Hall-Petch equation



Example 1 SOLUTION (Continued)

For the grain size of 0.007 mm, the yield stress is 40  6.895 MPa = 275.8 
MPa. Therefore, again using the Hall-Petch equation:

Solving these two equations K = 18.43 MPa-mm1/2, and σ0 = 55.5 
MPa. Now we have the Hall-Petch equation as

σy = 55.5 + 18.43 d-1/2

If we want a yield stress of 30,000 psi or 30  6.895 = 206.9 MPa, the 
grain size will be 0.0148 mm.



Example 2

The yield strength of mild steel with an average grain size of  0.05mm is 138MPa. The yield 
strength of the same steel with a  grain size of 0.007mm is 276MPa. What will be the grain 
size of  the same steel with a yield stress of 207MPa. Assume the HallPetch equation is valid 
and that the changes in yield stress are  due to changes in grain size. 



Example 3

• Assume that a metal has a yield stress of 20 ksi if the grain size is 10-4 mm, and 
32 ksi if the grain size is 10-6 mm.  What will be the yield stress if the grain size 
was 10-5 mm, all other things being equal?

1000020 0 k+= 

100000032 0 k+= 

Solving, we find that k=0.01333 and 0 = 18.67

ksiy 9.2210000001333.067.18 =+=



Suppose we count 16 grains per square inch in a photomicrograph taken 
at magnification  250. What is the ASTM grain size number?

Example 4  SOLUTION

If we count 16 grains per square inch at magnification  250, then at 
magnification  100 we must have:

N = (250/100)2 (16) = 100 grains/in.2 = 2n-1

Log 100 = (n – 1) log 2

2 = (n – 1)(0.301)

n = 7.64

Example 4 Calculation of ASTM Grain Size Number



Grain Shape 

• Three separate zones can be distinguished in an
ingot solidified in a large mould.

• First zone is near to the mould walls where fine grains
are observed,

• Followed by a zone of long columnar grains
• At the center of mould having coarse, equi-axed grains.

• Nature of the container in which the liquid metal
cools, will affect the shape and number of grains

Microstructure

of ingots



(a) Equiaxed (c) Columnar shape

Grain shape – equiaxed (approximately equal dimensions in the three coordinate

Directions therefore properties are same in all directions)



• When the molten metal first strike the mould, the mould is cold and has a
chilling effect. This results in the formation of a large number of nuclei and
consequently large number of fine grains along the surface of the solidifying
metal.

• As the mould is warmed up, the chilling effect is reduced, so that nuclei
formation is retarded as the solidification progresses. Thus the crystals
formed towards the center of the mould will be larger in size.

• In the intermediate portion, the rate and nature of cooling are favorable to
the formation of elongated columnar grains.

• Metallic mould tends to produce a fine grained structure, while sand mould
a coarse grained structure.

• Thin sections are subjected to relatively larger rate of cooling, resulting in
fine grains.



Al. Ingot

Fine grains

equiaxed

grains

coarse grains

pipe



Schematic illustration of three cast structures of metals solidified in a 

square mold (a) pure metals (b) solid solution alloys  (c) structure 

obtained by using nucleating agents.



Initially, small nuclei nucleate near mold walls, and mutual competition makes them grow in an

equiaxed manner. Then, those crystals (dendrites) which can grow parallel and opposite to the heat

flow direction become dominant, and produce the columnar structure. With time, some of the dendrite

branches break off. These are then forced to grow into an undercooled melt, with growth along the

direction of heat flow. The heat flow is now radial and forces these crystals to take on an equiaxed

morphology. Stirring is often used, such as in continuous casting, to break of the columnar branches

and produce more equiaxed structure.

Columnar dendrite; 

growth is opposite heat 

flow direction

Equiaxed dendrite; 

growth is radial and along 

heat flow direction

Heat Flow

Growth

MORPHOLOGY OF SOLIDIFICATION



Columnar -ferrite grains, with austenite (light phase)

allotriomorphs growing at the grain boundaries.
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Microstructure of unidirectionally solidified Ni-W alloy Kagami 

Memorial Research Institute for Materials Science and 

Technology,Waseda University, since 1882, private independent University, Tokyo.

Plate-like W, 

8mm/h



Microstructure of Ta target fabricated by thermomechanical 

processing of 300 mm ingot revealing a uniform and equiaxed
grain structure. Metallurgical homogeneity is desirable for 

consistent performance through the life of the tantalum sputtering 

target. 



Orientation of Grains

• Usually, the grains formed are having random crystallographic
orientations. But there are metallurgical techniques with which the
grains can be made oriented along some specified direction.

• As an example, the [100] directions of iron have a higher magnetic
permeability (ability of a magnetic material to support magnetic field
development) than do the other directions. Therefore, if the grains within
a polycrystalline transformer sheet are not random, but are processed to
have preferred orientation such that the [100] direction is preferentially
aligned with magnetic field, the transformer will operate with greater
efficiency. The metallurgist has learned how to develop this orientation,
with the result of billions of dollars worth of savings in electrical-power
distribution



(a) Orientation of grains are random (d) preferred orientation (atoms are arranged to a 

desired direction)

[100] of iron - high magnetic permeability- Transformer efficiency – high Savings. 



Grain Boundary

• The grain boundary region may be distorted with atoms belonging to neither crystal

• The thickness may be of the order of few atomic diameters

• The crystal orientation changes abruptly at the grain boundary

• Orientation difference of atoms in adjacent grains are the grain boundary.

• Grain boundary are area of mismatch.

• Along the grain boundary imperfections, impurities are present therefore grain boundary 
area are considered as area of weakness.

• Grain boundary has 2 to 3 atomic thickness

• Grain boundary containing atoms are randomly oriented and these atoms are not 
belongs to adjacent neither of grains.

• In an low angle boundary the orientation difference is < 10º

• Grain boundary energy is responsible for grain growth on heating ~ (>0.5Tm)

• Large grains grow at the expense of smaller ones



Grain boundaries are barriers to slip:

- Owing to misalignment of the slip planes in adjacent grains, a
dislocation passing the grain boundary have to change its direction and
thus lose its energy.

-low angle boundaries are less effective in blocking than high angle
ones.
-How strength is related to fine and coarse grain?
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Type of boundary Energy (J/m2)

Grain boundary between BCC crystals 0.89

Grain boundary between FCC crystals 0.85

Interface between BCC and FCC crystals 0.63

Grain boundaries in 

SrTiO3
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Depending on 

which planes are 

brought together, 

the angle of 

alignment will 

vary.
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Module 2



Imperfections in Solids
Reference : CALLISTER



Crystal Imperfections

Definition

• A perfect crystal is a solid composed of atoms, ions or molecules
arranged in a pattern which is repetitive in 3 dimensions

• But real crystals are never perfect; lattice distortion & irregularities
are generally present in them. These defects are called crystal
imperfections

3



Why study Imperfections in Solids?

• The properties of some materials are profoundly influenced by the
presence of imperfections.

• Mechanical properties of pure metals experience significant alterations
when alloyed i.e., when impurity atoms are added

• Eg. brass (70% copper–30% zinc) is much harder and stronger than pure
copper

• Eg. Integrated Circuit devices with doped semiconducting materials
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Types of lattice defects

Crystalline defect can be classified in to,

• Point defects (Zero dimensional)

• Line defects (one dimensional)

• Surface defects (two dimensional)

• Volume defects (three dimensional)



Point defects/imperfections
(Zero dimensional defects)

Point defects are localized disruptions or it is one which is having
completely local effect.

Types of point defects

1. Vacancies

2. Interstitialcies

3. Impurities

4. Electronic defects
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Point defects

• Vacancy – An atom or an ion missing from
regular lattice position.

• Vacancies are present invariably in all
materials.

• Self-interstitial – An atom trapped in the
interstitial point (a point intermediate
between regular lattice points) is called an
interstitialcy.

• An impurity atom at the regular or interstitial
position in the lattice is another type of point
defect.



• In metals, a self-interstitial introduces relatively large distortions in
the surrounding lattice because the atom is substantially larger than
the interstitial position in which it is situated.

• The formation of this defect is not highly probable, and it exists in
very small concentrations, which are significantly lower than for
vacancies.



Impurities in Solids
• A pure metal consisting of only one type of atom just isn’t possible; impurity

or foreign atoms will always be present

• Alloys-impurity atoms have been added intentionally to impart specific
characteristics to the material

• Eg. sterling silver is a 92.5% silver 7.5 % copper alloy.

• In normal ambient environments, pure silver is highly corrosion resistant, but
also very soft.

• Alloying with copper significantly enhances

the mechanical strength without depreciating

the corrosion resistance appreciably.



Solid Solution

• Addition of impurity atoms to a metal will result in the formation of a solid
solution and/ or a new second phase depending on the

• kinds of impurity,
• their concentrations, and
• the temperature of the alloy.

• A solid solution forms when, as the solute atoms are added to the host 
material, the crystal structure is maintained, and no new structures are 
formed.

• “Solvent / host atoms”- represents the element or compound that is 
present in the greatest amount. 

• “Solute(inpurity)” is used to denote an element or compound present in a 
minor concentration.



• A solid solution is also compositionally homogeneous; the impurity atoms are
randomly and uniformly dispersed within the solid.

• Ex, Steel is an example of a solid–solid solution. It is an iron solvent with a carbon
solute.

• Impurity point defects are found in solid solutions, of which there are two types:

• substitutional

• interstitial.



Substitutional solid solution

• Solute or impurity atoms replace or substitute for the host atoms

• Degree to which the former dissolves in the latter and to form a completely 
soluble substitutional solid solution depends on Home Rothery ’s Rule

1. The atomic size difference between parent atom and solute atom must be 
less than ±15%.

2. Electronegativity difference between metals must be small.

3. Crystal structure of metals should be same.

4. Valancy Other factors being equal, a metal will have more of a tendency to

dissolve another metal of higher valency than one of a lower valency.



• Eg. solid solution for copper and nickel. (These two elements are
completely soluble in one another at all proportions)

• These two elements are completely soluble in one another at all
proportions.

• Atomic radii for copper and nickel are 0.128 and 0.125 nm, respectively

• Both have the FCC crystal structure,

• Their electro negativities are 1.9 and 1.8

• Most common valences are for copper are +1 or +2 and for nickel its +2.

• Another Eg. Tin in bronze



Interstitial Solid Solutions

• Impurity atoms fill the voids or interstices among the host atoms.

• For metallic materials that have relatively high atomic packing factors, these
interstitial positions are relatively small

• Atomic diameter of an interstitial impurity must be substantially smaller than
that of the host atoms.

• Even very small impurity atoms are ordinarily larger than the interstitial sites,
and as a consequence they introduce some lattice strains on the adjacent
host atoms

• Maximum allowable concentration of interstitial impurity atoms is low (less
than 10%).



Example

• Carbon forms an interstitial solid solution when added to iron (Steel)

• The maximum concentration of carbon is about 2%.

• The atomic radius of the carbon atom (0.071 nm )is much less than that
for iron (0.124 nm.)



IMPERFECTIONS IN CERAMICS

Atomic Point Defects

• Since ceramic materials contain ions of at least two kinds, defects for each ion
type may occur.

Eg. - In NaCl, Na interstitials and vacancies and Cl interstitials and vacancies may
exist.

• The anion is relatively large, and to fit into a small interstitial position,
substantial strains on the surrounding ions must be introduced.

• It is highly improbable that there would be appreciable concentrations of anion
interstitials.



• In ceramic materials point defects occur in pair to maintain the electro
neutrality.

• Electroneutrality is the state that exists when there are equal numbers of
positive and negative charges from the ions.

• As a consequence, defects in ceramics do not occur alone.



Frenkel defect

• A cation-vacancy and a cation-interstitial pair is known as Frenkel defect.

• Formed by a cation leaving its normal position and moving into an interstitial site.

• No change in charge because the cation maintains the same positive charge as an
interstitial

Cation vacancy 

+

Cation interstitial



Frenkel defect

Cation vacancy 

+

Cation interstitial



Schottky defect

• A cation vacancy-anion vacancy pair is known as a Schottky defect.

• Created by removing one cation and one anion from the interior of the
crystal and then placing them both at an external surface.

• Both cations and anions have the same charge, and since for every anion
vacancy there exists a cation vacancy, the charge neutrality of the crystal is
maintained.

• The ratio of cations to anions is not altered by the formation of either a
Frenkel or a Schottky defect.



Cation vacancy

+

Anion vacancy
Schottky defect



Stoichiometry

• Defined as a state for ionic compounds wherein there is the exact ratio
of cations to anions as predicted by the chemical formula.

• NaCl is stoichiometric if the ratio of Na+ ion and Cl + ion in exactly 1:1

• Non-stoichiometry may occur for some ceramic materials in which two 
valence (or ionic) states exist for one of the ion types. Eg. FeO (Iron 
oxide, iron can be present in both Fe

+
and  Fe

-
states).

Eg . Iron Oxide 



How do metals plastically deform?

Why does forging change properties?
Why deformation occurs at stresses smaller than those for

perfect crystals?

Plastic deformation due to motion of large number

of dislocations.

Plastic deformation under shear stress



DISLOCATIONS—LINEAR DEFECTS

Edge dislocation

• A dislocation is a linear or one-dimensional
defect around which some of the atoms are
misaligned.

• An extra portion of a plane of atoms, or half-
plane, the edge of which terminates within the
crystal.

• Line that is defined along the end of the extra
half-plane of atoms is called dislocation line
(Tangent vector).

• Within the region around the dislocation line
there is some localized lattice distortion.



• The atoms above the dislocation line are squeezed together, and those
below are pulled apart; this is reflected in the slight curvature for the
vertical planes of atoms as they bend around this extra half-plane.

• The magnitude of this distortion decreases with distance away from the
dislocation line.

• An edge dislocation may also be formed by an extra half-plane of atoms that
is included in the bottom portion of the crystal.

• The magnitude and direction of the lattice distortion associated with a
dislocation is expressed in terms of a Burgers vector, denoted by b.

• Nature of a dislocation (i.e., edge, screw, or mixed) is defined by the relative
orientations of dislocation line and Burgers vector

• Edge dislocation line is perpendicular to burgers vector









Analogy between the movement of a dislocation through a crystal and the 

movement of an earthworm as it arches its back while going forward.



Analogy between the movement of a dislocation through a crystal and the 

movement of an earthworm as it arches its back while going forward.
31
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Slip Plane

Dislocation Line











1 2 3 4 5 6 7 8 9



1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9

slip no slip

boundary = edge dislocation

Slip planeb

Burgers vector
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Slipped

part

of the

crystal

Unslipped

part

of the

crystal

Dislocation can be considered 

as a boundary between the 

slipped and the unslipped 

parts of the crystal lying over 

a slip plane*

* this is just a way of visualization and often the slipped and unslipped regions may not be distinguished 42



Glide of 

an Edge

Dislocation
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Glide of 

an Edge

Dislocation

crss

crss

crss is 
critical 
resolved 
shear 
stress on 
the slip 
plane in 
the 
direction 

of b.
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Glide of 

an Edge

Dislocation

crss

crss

crss is 
critical 
resolved 
shear 
stress on 
the slip 
plane in 
the 
direction 

of b.
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Glide of 

an Edge

Dislocation

crss

crss

crss is 
critical 
resolved 
shear 
stress on 
the slip 
plane in 
the 
direction 

of b.
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Glide of 

an Edge

Dislocation

crss

crss

Surface 
step, not a 
dislocation

A surface 
step of b 
is created 
if a 
dislocation 
sweeps 
over the 
entire slip 
plane
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Screw dislocation

• Formed by a shear stress that is applied to produce
the distortion.

• The upper front region of the crystal is shifted one
atomic distance to the right relative to the bottom
portion.

• The screw dislocation derives its name from the spiral
or helical path or ramp that is traced around the
dislocation line by the atomic planes of atoms.

• Burger vector is parallel to dislocation line.







think of screw dislocation this way:
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Screw Dislocation

• Burgers vector b  Dislocation line
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In an edge dislocation, the direction of motion of the

dislocation is parallel to the shear stress whereas in a screw

dislocation, the direction of motion is perpendicular to the

shear stress.

Direction 

of motion

Direction 

of motion

Screw dislocation

Edge dislocation

10-Nov-20
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Mixed dislocation

• Most dislocations found in crystalline materials are probably neither
pure edge nor pure screw, but exhibit components of both types; these
are termed mixed dislocations.

• The lattice distortion that is produced away from the two faces is mixed,
having varying degrees of screw and edge character.



Mixed Dislocation

• Dislocation line

• Burgers vector



Dislocation Line:
A dislocation line is the boundary between slip and 
no slip regions of a crystal

Burgers vector:
The magnitude and the direction of the slip is 
represented by a vector b called the Burgers 
vector,

Line vector:
A unit vector t tangent to the dislocation line is 
called a tangent vector or the line vector.
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Dislocation 

forest

TEM of 

dislocations 

(dark lines) in 

titanium alloy-

51,450X
(stacking fault, 

Dislocations 

pile up, 

defects, 

misalignments, 

disordered 

atoms etc.)
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INTERFACIAL DEFECTS / SURFACE DEFECTS

• Are boundaries that normally separate regions of the materials that have
different crystallographic orientations or different phases.

1. External Surfaces

2. Grain Boundaries

3. Twin Boundaries

4. Stacking faults

5. Phase boundaries

6. Ferromagnetic domain walls





• External surface are boundaries along which the crystal structure
terminates.

• Surface atoms are not bonded to the maximum number of nearest
neighbours, and are therefore in a higher energy state than the atoms at
interior positions.

• To reduce this surface energy, materials tend to minimize the total
surface area but not possible with solids, which are mechanically rigid.



Grain Boundaries

• Introduced in boundary separating two small grains or crystals having
different crystallographic orientations in polycrystalline materials

• Various degrees of crystallographic misalignment between adjacent grains
are possible.

• When this orientation mismatch is slight, on the order of a few degrees,
termed as small (low) angle grain boundary.

• If orientation mismatch is large it is called high angle grain boundary.

• Atoms are bonded less regularly along a grain boundary – result in
interfacial or grain boundary energy which is a function of the degree of
misorientation



• The atoms are bonded less regularly along a grain boundary (e.g., bond
angles are longer), and consequently, there is an interfacial or grain
boundary energy similar to the surface energy.

• The magnitude of this energy is a function of the degree of misorientation,
being larger for high-angle boundaries.

• Grain boundaries are more chemically reactive than the grains themselves
as a consequence of this boundary energy.

• Impurity atoms often preferentially segregate along these boundaries
because of their higher energy state.

• The total interfacial energy is lower in large or coarse-grained materials
than in fine-grained ones, since there is less total boundary area in the
former.

• Grains grow at elevated temperatures to reduce the total boundary energy





Tilt boundary

• Small angle grain boundary formed when
edge dislocations are in aligned manner
shown in fig.

Twist boundary

• When the angle of misorientation is parallel
to the boundary.

• Can be described by an array of screw 
dislocations.







Stacking faults

• Found in FCC metals when there is an interruption in the ABCABCABC . . .
stacking sequence of close-packed planes

A sites

B B

B

BB

B B

C sites

C C

C
A

B

B sites

HCP



Stacking fault

C
B
A
C
B
A
C
B
A

A
C
B
A
B
A
C
B
A

Stacking 
fault HCP



Twin Boundaries

• A twin boundary is a special type of grain boundary across which there is a

specific mirror lattice symmetry

• Atoms on one side of the boundary are located in mirror-image positions

of the atoms on the other side

• The region of material between these boundaries is appropriately termed

a twin.









Mechanical twins

• Twins result from atomic displacements that are produced from applied
mechanical shear forces

• Mechanical twins are observed in BCC and HCP metals

Annealing twins

• Formed during annealing heat treatment

• Annealing twins are typically found in metals that have the FCC crystal
structure



Phase boundaries

• Exist in multiphase materials across which there is a sudden change in
physical and/or chemical characteristics.

Ferromagnetic domain walls

• For ferromagnetic and ferrimagnetic materials, the boundary that separates
regions having different directions of magnetization ( magnetic moments of
the atoms are aligned) is termed a domain wall.



BULK OR VOLUME DEFECTS

• These defects form during manufacturing processes for various reasons and are
harmful to the material.

• Volume defects in crystals are three-dimensional aggregates of atoms or vacancies.

• Second phase particles or dispersants, which vary in size from a fraction of a micron
to the normal grain size (10-100μm), but are intentionally introduced into the
microstructure

• Inclusions, which vary in size from a few microns to macroscopic dimensions, and are
relatively large, undesirable particles that entered the system as dirt or formed by
precipitation

• Voids, which are holes in the solid formed by trapped gases or by the accumulation of
vacancies.

• Cracks

• All these defects are capable of acting as stress raisers, and thus deleterious to parent
metal’s mechanical behavior. Pores are detrimental because they reduce effective
load bearing area and act as stress concentration sites



• Casting blow holes, porosity – Gas entrapment during melting and pouring.

• Shrinkage cavity - due to improper riser

• Non-metallic inclusions – Slag, oxide particles or sand entrapment

• Cracks – Uneven heating/cooling, thermal mismatch, constrained
expansion/contraction all leading to stress development

Weld defect Casting defect Shrinkage cavity



Type of boundary Energy (J/m2)

Surface ~ 0.89

Grain boundary ~0.85

Twin Boundary
~ 0.63

0.498 (Cu)

Stacking Fault
0.08 (Cu)

0.2 (Al)

Comparison of Energy of Various 2D Defects



Role of surface defects on crack initiation

• Atoms located near grain boundaries have distorted

surroundings – higher energy levels

• Every atom at an exterior surface is also having

• same situation

• Exterior surface is usually rough and contains tiny notches

• These notches initiates cracks that propagate along grain
boundaries – intergranular failure…



Factors affecting plastic deformation

1. Crystal Structure:

➢ Materials with crystal structure having easy slip system are more plastic.

➢ FCC crystals are more plastic compared to BCC and HCP

2.Grain Size:

➢ Fine grained metals are more stronger and tougher

➢ With larger grains plasticity of a metal get enhanced

3.Type of metal:

➢ Pure metals and single phase alloys have better plasticity compared to
alloys with more than one phase

➢ Presence of intermetallic compounds reduce plasticity
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4.Strain rate:

➢Deformation at higher strain rate reduces plasticity

5.Presence of crystal defect:

➢If the defects behave so as to activate slip systems plasticity is enhanced

➢During plastic deformation by slip ,the atomic bonds at one point are
broken and re established at another point.

➢Presence of defects in real crystals causes yielding to take place at lower
value of shear stress

6. Presence of dislocation

➢The defect that has significant influence on plastic deformation is
dislocation

➢In crystals where dislocations present atomic movement can be affected
easily.
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Dislocation Motion

• Glide ( for edge , screw or mixed dislocation)

• Cross- slip (for screw dislocation)

• Climb ( for edge dislocation)

• Edge dislocation move by slip or glide and climb while screw dislocation

can be moved by slip or glide and cross-slip.

• Atomic bonds at one point are broken and reestablished at another point

• During the motion, dislocations will tend to interact among themselves.

Dislocation interaction is very complex as number of dislocations moving

on number of slip planes in various directions.

• When they are in the same plane, they repel each other if they have the

same sign, and annihilate if they have opposite signs (leaving behind a

perfect crystal).



Glide Dislocation Motion

• Glide is a motion of a dislocation in its own slip plane

• Dislocations move in steps. The edge dislocation at P moves to Q in steps

• This movement is analogous to movement of a caterpillar.

• When the half-plane reaches a free surface it produces a slip step.

• Since plastic deformation takes place by movement of dislocations, any
hindrance to their motion will increase the strength of metals.
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Climb of a Edge Dislocation

The motion of an edge dislocation from its slip plane to 

an adjacent parallel slip plane is called CLIMB 

⊥

⊥

⊥

Obstacle

climbglide

⊥
glide

Slip plane 1

Slip plane 2

1 2

3 4



Climb Up

Climb of a Edge Dislocation



• Dislocation climbs up by motion of
vacancy to dislocation line

• A compressive stress perpendicular to
extra half plane helps in dislocation
climb up as it reduces the extra plane

a. Edge dislocation (Extra plane of

atoms )

b. A vacancy diffuses to right side of

bottom of extra plane

c. Vacancy and bottom atom of extra

plane exchange their places

Climb Up



Climb down

a. Edge dislocation (Extra plane of
atoms )

b. Atom jump to left and replaced by
vacancy

c. c. Vacancy moves away from
dislocation line

• Dislocation climbs down by motion of
vacancy away from dislocation line.

• A tensile stress perpendicular to extra
half plane helps in dislocation climb
down as it grows the extra plane.





Climb of an edge dislocation

Climb up Climb down

Half plane shrinks Half plane stretches

Atoms move away from 

the edge to nearby 

vacancies

Atoms move toward the 

edge from nearby lattice 

sites

Vacancy

concentration 

goes down 

Vacancy

concentration

goes up 



Cross Slip of a Screw Dislocation

1 2

3

b

Change in slip plane of a screw 

dislocation is called cross-slip

Slip plane 1





Dislocation Density

• The dislocation density is a measure of how many dislocations are present in
a quantity of a material.

• Dislocation is a line defect, this is defined as the total length of dislocation
per unit volume. Total dislocation length per unit volume (mm/mm3)

• It can also be defined as number of dislocation lines intersecting a unit area.

• Temperature change below R.C.T will not affect dislocation density

• Annealing(heat treatment) increases dislocation density (104 – 106 mm-2 )

• Cold working / strain hardening increases dislocation density (1012 - 1016

mm-2 )

By plastic deformation dislocation density must come down but 

actually it is increasing , why?





Dislocation Sources

• Irregularities in grain boundary ( grain boundary steps and ledges are
responsible for emitting dislocation in polycrystalline materials)

• Small surface steps that act as stress raisers can act as dislocation source in
single crystals.

• Dislocation can also form by aggregation and collapse of vacancies that
forms a loop .

Eg. Frank partials formed on {111} plane in fcc crystals.

• Heterogeneous nucleation of dislocation by high local stresses at second
phase particles.

• Heterogeneous nucleation of dislocation by high local stresses due to phase
transformation.

Existence of source of dislocations in crystals , there are sources which 

operates during the plastic deformation create more and more dislocations . 



Dislocation Sources

Existence of source of dislocations in crystals , there are sources which 

operates during the plastic deformation create more and more dislocations . 

(Frank-Read Source)



• For the applied shear stress as shown, there will be no shear stress on 
the vertical planes CDEF and GHIJ. There will be shear on horizontal 
plane EFGH





G = modulus of rigidity

b = burger vector 

L = length of dislocation





Multiplication of Dislocation
Frank-Read Source

• Frank-Read Source is the mechanism by which dislocation multiply during
plastic deformation
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The Frank-Read source can generate dislocations. Electron micrograph of a Frank-Read source

(3,30,000 X).

(Adapted from Brittain, J., ‘‘Climb Sources in Beta Prime-NiAl,’’ Metallurgical Transactions, Vol.

6A, April 1975.)



Why actual values of shear stress in metals to produce plastic deformation is
much lower than theoretical shear stress ?

• This difference can be explained by the presence of dislocations in the lattice.

• Dislocations assist in plastic deformation since it is easier to move the atoms at
the dislocations core.

• Weakening of a crystal by the presence of dislocations or increasing dislocation
density?

• The movement of dislocations produces a slip step of one Burger vector or one
interatomic distance.

• Cumulative movement of dislocations leads to the gross plastic deformation.

• During plastic deformation, dislocation come out the surface and disappear.

• For example: pure aluminum

• Theoretical shear strength approx. 7000 MPa

• Actual shear strength approx. 40 MPa



Correlation of dislocation density with strength

• Cold working / strain hardening increases dislocation density.

• Strain hardening – increasing strength of a material with strain

• Strength of a material is inversely proportional to mobility of dislocation

• When dislocation density increase with strain hardening , moving
dislocations get interlocked with each other. (dislocation lines interfere with
other dislocation motion).

• This prevent dislocation movement and strength increase.

• Foreign atoms also block dislocation motion and solution strengthen crystals

• Second phase precipitates block dislocations and further strengthen crystals.



Dislocation Forest

• Movement of dislocation one behind other active
slip plane is called Dislocation Forest

• When dislocation forest intersect jogs and kinks
are formed which restrict movement of
dislocation.

• Intersection of two dislocations results in a sharp
break in the dislocation line. These breaks can be
of two kinds:

• A jog is break in dislocation line moving it out of slip
plane.

• A kink is break in dislocation line that remains in slip
plane.



Jogs and Kinks (Defect in a defect!)

• A straight dislocation line can have a break in it of two types:

• A jog moves it out of the current slip plane (→ to a parallel one)

• A kink leaves the dislocation on the slip plane

• The Jog and the Kink can be considered as a defect in a dislocation line

(which itself is a defect → hence these are defects in a defect)

• Jogs and Kinks can be produced by intersection of straight dislocations

• Two straight dislocation can intersect to leave Jogs and Kinks in the

dislocation line.

• These extra segments in a dislocation line cost energy and hence require

work done by the external force  lead to hardening of the material

(Additional stress as compared to the stress required to glide the

dislocation line is required to form the Jog/Kink)

(Dislocation-Dislocation Interactions)

defect_in_defect.ppt
defect_in_defect.ppt




Kinks and Jogs

• A straight dislocation can have a sharp break of a few atomic spacing in
length or a short segment that can connect one straight portion of
dislocation with other offset by a small distance

• There are two kind of such sharp breaks.

• Kink – connecting segment , if offset part of dislocation line lies in original
slip plane

• Jogs- connecting segment if offset part of dislocation line lies not in
original plane , but in a parallel slip plane



• Kinks and jogs are formed by the intersection of moving dislocation with
other dislocation in the crystal or by the intersection of dislocation forest

• Jog is Edge nature as it is perpendicular to burger vector

• Kink is Screw nature as it is parallel to burger vector



Slip 

plane (I)

Slip 

plane (II)

Slip plane



❑ The jog has edge character and can glide (with Burgers vector = b2)

❑ The length of the jog = b1

❑ Edge Dislocation-1 (Burgers vector b1) → Unaffected as b2 is || t1 (line vector) 

❑ Edge Dislocation-2 (Burgers vector b2) → Jog (Edge character) → Length |b1|

Edge-Edge Intersection (Perpendicular Burgers vector)



❑ Both dislocations are kinked

❑ Edge Dislocation-1 (Burgers vector b1) → Kink (Screw character) → Length |b2|

❑ Edge Dislocation-2 (Burgers vector b2) → Kink (Screw character) → Length |b1|

❑ The kinks can glide 

Edge-Edge Intersection (Parallel Burgers vector)



❑ Edge Dislocation (Burgers vector b1) → Jog (Edge Character) → Length |b2|

❑ Screw Dislocation (Burgers vector b2) → Kink (Edge Character) → Length |b1|

Edge-Screw Intersection (Perpendicular Burgers vector)



❑ Important from plastic deformation point of view

❑ Screw Dislocation (Burgers vector b1) → Jog (Edge Character) → Length b2

❑ Screw Dislocation (Burgers vector b2) → Jog (Edge Character) → Length b1

❑ Both the jogs are non conservative 
(i.e. cannot move with the dislocations by glide)

Screw -Screw Intersection Perpendicular Burgers vector



Strength in nano-materials

• Dislocation density is lower in nano material

• In nanocrystal one or more free surfaces may be in proximity to the dislocation.

• As the dislocation is positioned closer and closer to a free surface. The
dislocation can spontaneously leave the crystal without the application of any
external stresses

• In nanocrystals the proximity of multiple free surfaces may lead to all
dislocations leaving the crystal when: (for all dislocations)

• Hence, nanocrystals can become completely dislocation free.

• For single crystals of Al and Ni this size is the order of a few tens of nanometers.

• Thus the strength of such a nanocrystal may approach the theoretical strength
of the crystal.



• Inverse Hall-Petch effect. It is well established that decreasing the grain size

results in an increased hardness and strength as grain boundaries pose an

impediment to dislocation motion (dislocation 'pile- up mechanism- the

usually accepted mechanism!).

• When grain size reduces to tens of nanometers (< 15 nm) the grain is not

able to support a dislocation pile-up. Hence the trend of increasing

hardness/strength with a decrease in grain size is broken in the

nanocrystalline materials.

• The are even reports in literature of decreasing strength with decreasing

grain size at very small grain sizes (< 5 nm).

• Drastic change in properties may be observed on approaching the nanoscale

• Example, Fracture strength of Ni has shown to increase from 100 MPa to 900

MPa once the nanometer-sized grains are obtained.







About Ductility?

• As we block dislocations, and the material gets stronger, we lose the
capacity for plastic deformation. In other words, the ductility is
decreased.

• AS WE BLOCK DISLOCATIONS, STRENGTH INCREASES AND DUCTILITY
DECREASES.

• Exception: Fine grain size gives strength without significant decrease in 
ductility.



Microstructure Determination

• Study of microstructure of metals by microscopic examination using 

optical or electron microscopes – Metallography

• Reveal the structure of grains, grain boundaries, line and surface defects 

etc.

• Their effect on material behaviour can also be studied

• Specimen preparation



Surface Preparation

Various stages of Surface preparation are,

• Selection & Cutting of specimen

• Rough Grinding

• Intermediate and Fine grinding

• Polishing

• Etching



Selection & Cutting of specimen

• True representative of the material being studied

• Specimen should be from the regions of specific interest

• Cut the specimen using a saw or abrasive wheel

• Ensure, specimen is not heated up

• Specimen of approximately 10 to 15 mm diameter or square will be
convenient

• For smaller sized specimens mounding is done on thermoplastic resins
e.g.. Bakelite mounting

Specimen moulding machine



Moulded specimens



Rough Grinding

• To make the surface absolutely flat

• Ensure, specimen is not heated up

• Wash – to remove coarse filings and abrasive particles

• Using file , rotating grinding wheel or motor driven belt grinder

Fine grinding 

• Intermediate and Fine grinding

• Intermediate- Done using sets of emery papers in sequence of grit size as 220 , 320 , 
400 , 600

• Sequence of emery papers of progressively finer abrasive grit

• Rubbing against emery paper

• One direction Grinding process

• OR m/c grinding

• Wash

• Fine grinding – fine grit emery papers (1/0, 2/0, 3/0, 4/0)

• Shining and scratch free surface



Polishing

• Fine grinding of specimen would leave series of very small parallel groves

• Polishing removes this grooves by burnishing operation

• Specimen surface are polished by means of rotating cloth pad
impregnated with suitable polishing medium

• Specimen is held against rotating cloth pad with sufficient pressure.

• Harder specimens (iron, steel) – 2 stage polishing

• 1st stage using polishing agents with particle size 6 microns

• 2nd with 0.5 to 1 microns

Alumina polishing - polishing medium is alumina paste

Diamond polishing - polishing medium is diamond paste



Etching

• The specimen surface must first be ground and polished to a smooth and mirror
like finish.

• The microstructure is revealed by a surface treatment using an appropriate
chemical reagent in a procedure termed etching.

• The chemical reactivity of the grains depends on crystallographic orientation.

• Since atoms along grain boundary regions are more chemically active, they
dissolve at a greater rate than those within the grains

• Enchants are chosen depending on material composition.

• An etchant is used to dissolve this layer and remove it

• Cleaning before etching and drying

• Dip and agitate the specimen in etching reagent for a few to several seconds

• Quickly washed in running water



Etchant Composition Use Etching time

Nital 2% nitric acid

98% methyl alcohol

Ferrous 

materials

30s to 1 min.

Picral 5% picric acid

95% methyl alcohol

High carbon 

steels ,

Cast Iron

10s to 30s

Keller's Reagent 1ml HF

1.5ml HCl

2.5ml HNO3

95ml water

Duralumin

alloys 10s to 20s

Dilute 

Hydrofluoric acid

0.5 ml HF

99.5 ml water

Aluminium 

alloys

30s to 60s

• Examined with naked eye

Bright appearance is lost and become uniformly dull

If not successful, repolishing and etching again

Examined immediately before oxidation



Optical Microscopy

• Light microscope is used to study the microstructure

• Optical and illumination systems are its basic elements

• Careful surface preparations are necessary to reveal the important details
of the microstructure

• Light microscope must be used in a reflecting mode.

• Contrasts in the image produced result from differences in reflectivity of the
various regions of the microstructure.

• 3 optical systems

• illuminating system

• objective lens

• eye piece

• Max: magnification 1000x



Light Microscope



Electron Microscopy

• The upper limit to the magnification possible with an optical microscope is
approximately 2000 times.

• Electron microscope is used for higher magnification.

• An image of the structure under investigation is formed using beams of
electrons instead of light radiation.

• High magnifications and resolving powers of these microscopes are
consequences of the short wavelengths of electron beams.

• Both transmission and reflection beam modes of operation are possible for
electron microscopes.

• Specimens need not be polished or etched but should be electrically
conductive





Transmission Electron Microscopy (TEM)

• The image seen with a transmission electron
microscope (TEM) is formed by an electron beam
that passes through the specimen.

• Details of internal microstructural features are
accessible to observation

• Contrast in the image are produced by differences in
beam scattering

• Since solid materials are highly absorptive to electron
beams, a specimen to be examined must be prepared
in the form of a very thin foil.



• The transmitted beam is projected onto a fluorescent screen or a
photographic film so that the image may be viewed.

• Magnifications up to 20,00,000 X are passible

• TEM frequently utilized in the study of dislocations.





Scanning Electron Microscopy

• The surface of a specimen to be examined is scanned with an electron beam,
and the reflected (or back-scattered) beam of electrons is collected

• Collected beam is displayed on a cathode ray tube (similar to a CRT television
screen)

• The surface may or may not be polished and etched, but it must be electrically

conductive

• a very thin metallic surface coating must be applied to nonconductive

materials

• Magnifications ranging from 10 to in excess of 50,000 times are possible















X-RAY DIFFRACTION:
DETERMINATION OF CRYSTAL STRUCTURES



Constructively Interfere



Destructive Interference



The Diffraction Phenomenon

Diffraction is a consequence of specific phase relationships established
between two or more waves that have been scattered by the obstacles.

• Diffraction occurs when a wave encounters a series of regularly spaced
obstacles that

(1) are capable of scattering the wave, and

(2) have spacing that are comparable in magnitude to the wavelength.



• The phase relationship between the scattered waves, will depend upon
the difference in path length

• When this path length difference is an integral number of wavelengths ,
scattered waves are still in phase

• They are said to be mutually reinforce (or constructively interfere with)
one another; and, their amplitudes are added

• Diffracted beam is one composed of a large number of scattered
waves that mutually reinforce one another.



X-Ray Diffraction and Bragg’s Law

• X-rays are a form of electromagnetic radiation that have high energies
and short wavelengths

• Wavelengths of X-ray are of order of the atomic spacings for solids.

• When a beam of x-rays impinges on a solid material, a portion of this
beam will be scattered in all directions by the electrons associated with
each atom or ion that lies within the beam’s path.



















• Necessary conditions for diffraction of x-rays by a periodic
arrangement of atoms is given by Braggs Law .



• Constructive interference of the scattered rays and occurs, if the path
length difference is equal to a whole number, n, of wavelengths.

• n may be any integer (1, 2, 3, . . . )

• If Bragg’s law is not satisfied, then the interference will be non-
constructive and diffraction will not occur



Interplanar spacing

• The magnitude of interplanar spacing is a function of the Miller
indices (h, k, and l) as well as the lattice parameter

• For crystal structures that have cubic symmetry



• Bragg’s law, Equation is a necessary but not sufficient condition for
diffraction by real crystals.

• For the BCC crystal structure, h+k+l must be even if diffraction is to occur,
whereas

• For FCC, h, k, and l must all be either odd or even.



• The diffractometer is an apparatus
used to determine the angles at
which diffraction occurs

• Counter is mounted on a movable
carriage that to obtain angular
position

• Collimators are incorporated within
the beam path to produce a well-
defined and focused beam.

• filter provides a near-
monochromatic beam.

Diffractometer

Specimen Source
Detector





diffraction pattern for a powdered specimen of lead.

Two  Measurements are made by diffractometer 

1. Angle of diffracted beam

2. Intensity of diffracted beam 𝜽If specimen is rotated at an angle :

Counter is made to rotate at an angle :    

This        is the diffraction angle 𝟐𝜽 𝟐𝜽



Crystallite / Grain size Measurement using XRD



Application of XRD

• Determination of Crystal structure

• Determination of Crystallite / Grain size

• Determination of Phases 

• Identification of unknown crystalline materials

• To find the whether materials is crystalline or amorphous – degree of 
crystallinity 

• To find the phase fractions



Interplanar Spacing and Diffraction Angle Computations

Question?

For BCC iron, compute

(a) the interplanar spacing, and

(b) the diffraction angle for the (220) set of planes.

The lattice parameter for Fe is 0.2866 nm. Also, assume
that monochromatic radiation having a wavelength of
0.1790 nm is used, and the order of reflection is 1.







• Diffusion is the phenomenon of material transport by atomic movement.

• Microstructure is controlled by Phase transformation and it involves 
Diffusion.

• Mass Transfer

• Solid state diffusion 

DIFFUSION





• Many reactions and processes that are important in the treatment of 
materials rely on diffusion.

Importance of Diffusion in Material Science

Eg,.



DIFFUSION

Diffusion can be defined as the mass flow process in which atoms change their positions
relative to neighbours in a given phase under the influence of a gradient and thermal
energy.

Diffusion is the process by which atoms move in a material. 

Diffusion gradient

The molecules are more densely packed on the left and so they tend to diffuse into the

space on the right. This is a diffusion gradient.



The process by which atoms of one metal diffuse into another is called inter-diffusion or 

impurity diffusion.

Initially After some time

100%

Concentration Profiles
0

Inter-diffusion

This is a diffusion couple.



Diffusion occurring in pure metals is called self-diffusion, Where atoms of the metal 

exchange their positions.

Label some atoms After some time

A

B

C

D

Self-diffusion

Self-diffusion does not contribute any significant effects on the properties of the material



Mechanisms of diffusion

For an atom to move from its lattice site, two conditions are to be satisfied

➢ there must be an adjacent empty site.

➢ atom must have sufficient energy to break bonds with its

neighbours and  migrate to adjacent site (“activation” energy) 

Higher the temperature, higher is the probability that an atom will have sufficient 

energy

➔ hence, diffusion rates increase with temperature

➢ Vacancy diffusion 

➢ Interstitial diffusion

➢ Substitutional Diffusion

➢ Self diffusion

➢ Self-interstitial diffusion

Types of atomic diffusion mechanisms:



Vacancy diffusion

This mechanism involves the interchange of an atom from a normal site to an adjacent vacant

site or a vacancy. When this happens, a vacancy is created at another site, to which another

atom can move creating a vacancy else where.

Rate of diffusion depends on:

• Number of vacancies

• Temperature

• Activation energy to exchange.



➢ Smaller atoms diffuse between atoms.

➢ More rapid than vacancy diffusion, since there are more empty interstitial positions

than vacancies.

➢ Probability of having interstitial diffusion is more than that of vacancy diffusion

Interstitial diffusion

Migration of atom from one interstitial position to a neighboring one that is empty.





Substitutional Diffusion

Substitutional diffusion

generally proceeds by the

vacancy mechanism. Thus

interstitial diffusion is faster

than substitutional diffusion

by the vacancy mechanism.



Self diffusion

Two or more adjacent atoms jump past each other and exchange position

➢ Takes place between 2, 3 or 4 atoms.

➢ Also known as Ring diffusion or Zenner ring diffusion

➢ Results in severe local lattice distortion.

➢ Requires much more energy for the atoms to jump. 

During self-diffusion or ring

mechanism or direct-exchange

mechanism, three or four atoms in the

form of a ring move simultaneously

round the ring, thereby interchanging

their positions.



Self-interstitial diffusion

An atom occupying an interstitial site forces a regular atom to leave its site to an

interstitial site. Continuation of this result in interstitial diffusion



Diffusion in most ionic solids occurs by a vacancy mechanism. In ionic crystals, 

Schottky and Frankel defects assist the diffusion process.



Terms associated with diffusion

Diffusion flux (J) : Amount of material or atoms moving past a unit area

in unit time

•  Flux can be measured for:

--Vacancies

--Host (A) atoms

--Impurity (B) atoms



Terms associated with diffusion

Concentration Gradient :

Concentration (C) of the diffusing

element is plotted versus position (or

distance) within the solid, the resulting

curve is known as concentration profile

and slope of curve is termed as

concentration gradient

Concentration 

of Cu [kg/m3]

Concentration 

of Ni [kg/m3]

Position, x

Cu flux Ni flux



Terms associated with diffusion

Steady state :  Steady rate of diffusion from one end to the other.

Implies that the concentration profile doesn't  change with time

Result:  the slope, dC/dx, must be constant

(i.e., slope doesn't vary with position)!

Non Steady state diffusion :

Implies that the concentration profile change with time



Terms associated with  diffusion

Diffusion co-efficient or diffusivity (D): Intensity at which the atom diffuse

It is a material property which depends upon

(i) the diffusing species

(ii) the composition of the medium into which diffusion occurs

(iii) the temperature

Diffusion co-efficient can also be considered as a measure of how fast one species can

diffuse into another

Activation energy: Atoms will have to overcome the resistance and barriers to their

movement and, some energy is required for this.

So energy required to overcome the barrier is known as activation energy



Factors affecting diffusion process

(1) Nature of the diffusing species - atomic diameter, bonding, melting point etc.

(2) Concentration of the medium into which diffusion takes place

(3) Crystal structure – atomic packing factor, atomic density along diffusion direction,

distortion of crystal lattice etc.

(4) Presence of crystal imperfections – provides paths for diffusion.

(5) Grain size – fine grains means more grain boundaries and hence more diffusion paths.

(6) Temperature – higher the temperature faster the diffusion.

(7) Impurities – presence of impurities slows down diffusion.



Fick’s Laws  of Diffusion

Fick’s First Law of Diffusion

Statement : 

Fick’s first law states that diffusion flux is

proportional to the concentration gradient.

dx

dc
J 



dx

dc
DA

dt

dn
−=

gradientionconcentrattimeareaatomsJ  // 

dx

dc
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dx

dc
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dx

dc
D

dt

dn

A
J −==

1

Fick’s first law

Fick’s first law states 
that flux, J, is 

proportional to the 

concentration 

gradient. 

The constant of 

proportionality is called 

diffusion coefficient 

(diffusivity), D (cm2/sec) 



dx

dc
DA

dt

dn
−=

No. of atoms 

crossing area A

per unit time

Cross-sectional area

Concentration gradient

Matter transport is down the concentration gradient

Diffusion coefficient/ diffusivity

A
Flow direction



Fick’s First Law - Problem

• A plate of iron is exposed to a Carburizing (carbon-rich) atmosphere on one side and a
decarburizing (carbon-deficient) atmosphere on the other side at 700 Degree Celsius. If a
condition of steady state is achieved, calculate the diffusion flux of carbon through the plate
if the concentrations of carbon at positions of 5 and 10 mm beneath the carburizing surface
are 1.2 and 0.8 kg/m3, respectively. Assume a diffusion coefficient of 3x10-11 m2/s at this

temperature.



Fick’s second law

The changes of the concentration profile can be described in this case by

a differential equation, Fick’s second law

Fick’s Second Law  of Diffusion

Statement : 
Fick’s second law states that rate of accumulation of

concentration within a volume is proportional curvature of

concentration gradient



Fick’s Second Law  of Diffusion
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Fick’s second law

Fick’s law is used in the study and analysis of 

various transformations and heat treatment 

process



Steady and unsteady state of Diffusion





Diffusion plays important role when materials are processed at higher temperature

1. Melting and Casting – Diffusion play an important role in solidification of metals and
alloy

2. Sintering - Diffusion play an important role in materials processed using powder
metallurgy

3. Surface Hardening of Steels – case hardening by carburization , nitriding…..

4. Doping of semiconductors – Doping P ,As, B … in to Si atom

5. Oxidation of Aluminum – By formation of protective layer of Alumina

6. Beverage Bottles – PET bottle used for carbonated beverages

Application of Diffusion



Module 3



SYLLABUS

Phase diagrams: - need of alloying - classification of alloys - Hume Rothery`s rule –
equilibrium diagram of common types of binary systems: five types - Coring - lever

rule and Gibb`s phase rule – Reactions - Detailed discussion on Iron-Carbon

equilibrium diagram with microstructure and properties -Heat treatment: - TTT, CCT

diagram, applications - Tempering- Hardenability, Jominy end quench test,

applications- Surface hardening methods.



Course Outcome 2

At the end of the Module students will be able to,

Analyze the microstructure of metallic materials using phase diagrams and

modify the microstructure and properties using different heat treatments.



PHASE DIAGRAMS



Solid Solution

• If two liquids, soluble in each other (such as water and alcohol) are combined, a liquid

solution is produced as the molecules intermix, and its composition is homogeneous

throughout.

• A solid solution has two components,

• Solvent

• Solute

• Solvent represents the element or compound that is present in the greatest amount in a

solid solution.

• Solute is used to denote an element or compound present in a minor concentration.

• In alloy formation, The addition of impurity atoms to a metal will result in the formation of a

solid solution and/or a new second phase, depending on the kinds of impurity, their

concentrations, and the temperature of the alloy.



• A solid solution forms when, as the solute atoms (impurity) are added to the host

material, the crystal structure is maintained, and no new structures are formed.

• A solid solution is also compositionally homogeneous; the impurity atoms are

randomly and uniformly dispersed within the solid.

• A solid solution consists of atoms of at least two different types; the solute atoms 

occupy either substitutional or interstitial positions in the solvent lattice, and the 

crystal structure of the solvent is maintained.



Substitutional Solid solutions

Here there is direct substitution of one type of atom for another

In a Cu-Ni solid solution

The solute atom (Ni) takes the position normally occupied by solvent (Cu) atoms.



Ordered substitutional solid solution Random substitutional solid solution

Substitutional Solid solutions

Solute and solvent atoms are

arranged in a regular fashion on the

atomic sites

Solute and solvent atoms are arranged

in a random fashion on the atomic sites



Interstitial Solid solutions

When the solute atoms are much smaller than solvent atoms, they may occupy the interstitial

voids between the solvent atoms.

Note:
In some case both interstitial and substitutional solid solutions are formed



Example

• Carbon forms an interstitial solid solution when added to iron

• The maximum concentration of carbon is about 2%.

• The atomic radius of the carbon atom (0.071 nm )is much less than that for iron

(0.124 nm.)



Hume – Rothery’s Rule

Four conditions that governs the Substitutional solid solubility

1. The size difference between the solvent and solute atoms must be less than 15%

2. The crystal structure of both the metals must be the same

3. The difference in electro negativity of the two metals must be small.

4. The valencies of the atoms must be nearly the same.



• Eg. solid solution for copper and nickel.

• These two elements are completely soluble in one another at all proportions.

• Atomic radii for copper and nickel are 0.128 and 0.125 nm, respectively

• Both have the FCC crystal structure,

• Their electro negativities are 1.9 and 1.8

• Most common valences are for copper are +1 , +2 and for nickel its +1.



Solubility of sugar and water

Left of solubility curve – single phase of sugar syrup
Right side of curve – liquid syrup and solid crystal co-exist

C12H22O11 –H2O 



• For many alloy systems and at some specific temperature, there is a maximum
concentration of solute atoms that may dissolve in the solvent to form a solid
solution; this is called a solubility limit.

• As more sugar is introduced, the solution becomes more concentrated, until the
solubility limit is reached, or the solution becomes saturated with sugar.

• At this time the solution is not capable of dissolving any more sugar, and
further additions simply settle to the bottom of the container.

• Thus, the system now consists of two separate substances: a sugar–water
syrup liquid solution and solid crystals of undissolved sugar.

• This solubility limit of sugar in water depends on the temperature of the water

and Sugar



Alloys

Alloy is a substance composed of two or more elements.

The element present in largest proportion is called base metal and other
elements present are known as alloying elements

Alloying elements are added to base metal in order to improve,

❖ Physical properties
❖ Chemical properties
❖ Mechanical properties and
❖ Electrical properties



• Alloying elements prevents dislocation movements

An alloy is a substance that has metallic properties and is composed 

• of two or more chemical elements, of which at least one is metal.

• System made up of two elements – Binary alloy system. 

• Three elements- ternary alloy system.

PRIMARY FUNCTION OF ALLOYING

Why 100% pure metals are weak?





Definitions: Components and Phases

A phase may be defined as a homogeneous portion of a system that has uniform
physical and chemical characteristics. Every pure material is considered to be a phase.

Two distinct phases in a system have distinct physical or chemical characteristics

Three phases of matter : Liquid, Solid, Gas.

• Solid phases : different crystal structures will be considered different phases.
• Eg, Fe has BCC(α) and CCP (γ)

e.g. Water and ice – distinct physical characteristics
Polymorphic forms - distinct physical characteristics
sugar solution and sugar – distinct physical and chemical

Phase



• If more than one phase is present in a given system, each will have its own distinct

properties, and a boundary separating the phases will exist across which there will be

a discontinuous and abrupt change in physical and/or chemical characteristics.

• When two phases are present in a system, it is not necessary that there be a

difference in both physical and chemical properties; a disparity in one or the other set

of properties is sufficient.

• A single-phase system is called homogeneous

• Systems with two or more phases are mixtures or heterogeneous systems.

• Most metallic alloys and, for that matter, ceramic, polymeric, and composite systems

are heterogeneous. Ordinarily, the phases interact in such a way that the property

combination of the multiphase system is different from, and more attractive than,

either of the individual phases.



Definitions: Components and Phases

• The independent chemical species (element, compound) in terms of which the

composition of a system is specified is/are called components.

• Chemically recognizable species (Fe and C in carbon steel, H2O and NaCl in salted

water).

• A binary alloy contains two components, a ternary alloy – three, etc.

Component  





Classification of Alloy

• Practically all structural metals in use today are alloys that are obtained by melting

two or more different metals together.

• When two metals are melted together and solidified, any of the following three

different things can happen:

• the alloy is formed as a solid solution,

• as a mixture of separate phases or

• as an inter metallic compound.

• If X and Y are the two component metals, a solid solution will be formed when the

strength of X-Y bond is intermediate between those of X-X and Y-Y bonds. Here the

atoms of the metals X and Y randomly occupy the lattice positions in the crystal. Cu-

Ni alloy is an example.

• A multi-phase mixture is formed when the X-Y bond is weaker than the X-X bond and

Y-Y bond. The alloy solidifies by separating out into two distinct phases. One phase

will be rich in X and the other rich in Y. Here the solubility of X in Y and Y in X are

relatively low. An example is the Sn-Pb alloy.



Classification of Alloy

• An inter metallic compound is formed when the X-Y bond is stronger than the X-X

bond and the Y-Y bonds. Fe3C is an inter metallic compound formed in the Fe-C

alloy system.

• The term, alloy system refers to all the different compositions of the particular alloy.

This does not mean that all the alloys behave in any one of the above ways in all

compositions.

• In some alloy systems, the components are completely soluble in each other at

solid state; meaning solid solutions are formed at all compositions. In some other

alloy systems, the components are partially soluble in solid state. Here solid

solutions are formed at some compositions and phase mixtures at other

compositions.

• When the components are completely insoluble in solid state, phase mixtures are

formed at all compositions. In some alloy systems, inter metallic compounds are

also formed corresponding to certain range of compositions along with solid

solutions and/or phase mixtures at some other compositions. As an example, in Fe-

C alloy system.



Gibb’s Phase Rule

This rule establishes the relationship between the number of components, the number of
phases and number of degree of freedom in a system.

Maximum number of phases P which may co-exist under equilibrium conditions is equal to
the sum of the number of components C and between the number of degrees of freedom in
the system( number of variable factors)

P + F = C + n

P + F = C + 2

F = C – P + 2 

Where F = no. of degrees of freedom

C = no. of components

P = no. of phases in the system

The parameter F is termed the number of degrees of freedom or the number of externally controlled

variables (e.g., temperature, pressure, composition) which must be specified to completely define the

state of the system.

F = C – P + 2
if both temperature and pressure are variable



Pressure is usually ignored in the case of liquids and solids.( pressure is kept constant)

So phase rule can be written as,

F = C – P + 1
• No of degree of freedom is the quantity of independent external or internal

variables (Pressure , temperature & concentration) which may be altered with out
changing the phases in equlibrium.

• No. of phases in a system cant exceed number of components plus one.

• When maximum possible phases are in equilibrium , number of degrees of freedom
will be zero – invariant equilibrium.

• A system in invariant equilibrium exits at constant temperature and definite
composition of all phases.

• Eg. – A pure metal at solidification temperature



• If no of phases is less than max possible number by one then F=1 – called Monovariant

system

• If no of phases is less than max possible number by two then F=2 – called Bivariant

system

Q? Determine dof of a 2 component system when no of phases is one ,two and three

F = C – P + 2

If pressure and temperature both are variables

F = C – P + 1

If pressure is held constant



This means that to completely describe the characteristics 
of solid  phase fields, we must specify two parameters 
(Pressure and temperature here); which locate, 
respectively, the horizontal and vertical positions of the 
alloy on the phase diagram.

It is necessary to specify either temperature or the composition 

of one of the phases to completely define the state of system





Any alteration of temperature or  pressure, 
then one of phase will disappear OR no need 
to specify Pressure and temperature define 
the state of system

This means that to completely describe the characteristics 

of liquid  phase fields, we must specify two parameters 

(Pressure and temperature here); which locate, 

respectively, the horizontal and vertical positions of the 

alloy on the phase diagram.



Mar Athanasius College of 
Engineering/Mechanical/BCY



Solubility Limit: of a component in a phase is the maximum amount of the component

that can be dissolved in it.

Example:

• Alcohol has unlimited solubility in water

• Sugar has a limited solubility

• Oil is insoluble

The same concepts can be applied to solid phases: Cu and Ni are mutually soluble in any

amount (unlimited solid solubility), while C has a limited solubility in Fe.

Solubility Limit



PHASE DIAGRAMS OR EQUILIBRIUM DIAGRAMS

• Diagram or map representing the relationship between phases in

equilibrium in a system as a function of any two among temperature,

pressure and composition

• Also called equilibrium diagram or constitutional diagrams

• The phase diagram thus shows the phases which exist in equilibrium

corresponding to any combination of temperature and composition of an

alloy.

• A phase diagram - graphical representation of the combinations of
temperature, pressure, composition, or other variables for which specific
phases exist at equilibrium.

• A diagram – in the space of relevant thermodynamic variables (eg.

Pressure, Temperature and composition) indicating phases in equilibrium is

called a phase diagram



PHASE EQUILIBRIUM



Types of Phase Diagrams

Three externally controllable parameters that will affect the structure of a system are

temperature, pressure and composition

Phase diagrams are constructed showing the variation in any two of these parameters in

comparison with the others

Unary Diagram : Single component

Binary Diagram : Two component

Ternary diagram :Three component

When the parameter composition ( a pure component or one component system) is

held constant, Pressure and temperature are the variables

The phase diagram thus formed is Unary phase diagram

1. Unary Phase Diagram or One Component Phase diagram



• At low pressure (6.04 x 10 -3 atm) and temperature (0.01 Degree C or 273.16 K) all

the three phases coexist at a point called triple point.

• The simplest phase diagram is the
water which is a one component
system.

• It is also known as pressure-
temperature or P-T diagram.

• Two phases exist along each of the
three phase boundaries.

1. Unary Phase diagram for water





2. Binary Phase Diagrams 

• Phase diagram is one in which temperature and composition are variable
parameters, and pressure is held constant—normally 1 atm.

• There are several different varieties; in the present discussion, we will concern
ourselves with binary alloys—those that contain two components.

• Binary phase diagrams are maps that represent the relationships between
temperature and the compositions and quantities of phases at equilibrium, which
influence the microstructure of an alloy.

• Many microstructures develop from phase transformations, the changes that
occur when the temperature is altered (ordinarily upon cooling).

• This may involve the transition from one phase to another, or the appearance or
disappearance of a phase.

• Binary phase diagrams are helpful in predicting phase transformations and the
resulting microstructures, which may have equilibrium or nonequilibrium
character.



Classification of Binary Phase Diagrams 

When components are Completely 

soluble in liquid state  as well as in solid 

state.

Isomorphous system Eutectic Systems

When components are not 
completely soluble in the solid state



Criteria for Solid Solubility

Element
Crystal

Structure
Electroneg. r (nm)

Ni FCC 1.9 0.1246

Cu FCC 1.8 0.1278

• Both have the same crystal structure (FCC) and have

similar electronegativities and atomic radii (W. Hume –
Rothery rules) suggesting high mutual solubility.

Simple system (e.g., Ni-Cu solution)

Ni and Cu are totally soluble in one another for all proportions.



Classification of Binary Phase Diagrams 

1.Binary-Isomorphous Phase diagram
When two components are mixed, they
could be completely soluble in
liquid state as well as in solid
state. Such a binary system is called
isomorphous system

Eg; Cu-Ni, Ge-Si, Ag-Cu etc…











Construction of Binary Phase  Phase diagram

Thermal analysis- begin with preparation of number of samples of the binary alloys with
different composition. All these samples are separately melted and then allowed to solidify.

Cooling curves are recorded and the points corresponding to solid- liquid transition is noted.

These points are plotted corresponding to composition of alloys. By joining all the solid-liquid transition

temperature for various compositions we get the continuous curve indicating phase boundaries



In Graph, composition of Ni-Cu

---- Ni ranges from 0% wt. at left extreme to 100% wt at right extreme 

---- Cu ranges from 100% wt. at left extreme to 0% wt at right extreme

Three different phase region exist

(1) Liquid (L)

(2) Solid (α)

(3) Two phase region( α + L)

Boundary b/w two phase region and liquid is the liquidus curve
Boundary b/w two phase region and solid is the solidus curve

Three kinds of information's are available from a phase diagram corresponding to specific
composition and temperature.

(1) The phases that are present?
(2) The composition of these phases ?
(3) The relative percentage of phases ?





(1) What are the phases that are present?



Every Binary phase diagram follow 1-2-1 Rule 



2. What are the composition of these phases Present?





Determination of composition of Phases – Tie Line Rule



Determination of composition of Phases – Tie Line Rule

(a) A tie-line is drawn horizontally across the two phase region corresponding to the selected

temperature

(b) The intersection of the tie line with phase boundaries on both sides are noted.

(c) Vertical lines are drawn downwards from the intersecting points to the composition axis, from

which the composition of phases is obtained.



3. What are the relative amount or Proportion of phases present in the system?



Determination of relative amounts of phases – Lever Line Rule



(1) A tie-line is constructed across the two phase region at the temperature of the alloy to intersect

the region boundaries.

(2) The relative amount of a phase is computed by taking the length of tie line from overall

composition to the phase boundary for the other phase, and dividing by the total tie-line length.

FL = MY / XY = (Cs - Co) / (Cs - CL)

Fs = MX / XY = (Co - CL) / (Cs - CL)

Determination of relative amounts of phases – Lever Line Rule



57

L % = mn /mo x 100

α % = no /mo x 100

Lever Phase Rule

10
Liquid % = x100 = 62.5%

16

6
 % =  x 100 = 37.5 %

16


Constant temperature line 
– Tie line





DEVELOPMENT OF MICROSTRUCTURE IN ISOMORPHOUS ALLOYS (EQUILIBRIUM COOLING)

• Here cooling occurs very slowly, in that phase equilibrium

is continuously maintained.

• 35 wt% Ni–65 wt% Cu as it is cooled from 1300 0C.

• At 1300 0C point a, the alloy is completely liquid

• At point b , 1260 0C point, the first solid begins to form.

• The solidification process is virtually complete at about

1220 0C. point d

• Upon crossing the solidus line, this remaining liquid

solidifies; the final product then is a polycrystalline -phase

solid solution that has a uniform 35 wt% Ni–65 wt% Cu

composition



DEVELOPMENT OF MICROSTRUCTURE IN ISOMORPHOUS ALLOYS (NONEQUILIBRIUM COOLING)

Cored structure (Coring ) form by Nonequilibrium cooling





• The center region of the each grain, which is rich in the high melting element,
whereas the low melting elements increases with position from the region to the
grain boundary. Thus concentration gradients across the grains are established,
which is shown in figure. This is often termed a cored structure.

• A cored structure is reheated, grain boundary regions will melt first as they are
richer in the low melting component. This produces a sudden loss mechanical
integrity due to the thin liquid film that separates the grains.

Richer in high 

melting element
Richer in low melting 

element

Slow cooling
Equilibrium phases

Fast cooling

Non-equilibrium phases



MECHANICAL PROPERTIES OF ISOMORPHOUS ALLOYS

• Each component will experience solid-solution strengthening , or an increase in strength
and hardness by additions of the other component.



When components are not completely soluble in the solid state, it is known as eutectic System

This usually results in two different categories of eutectic system.

(a) Components are completely soluble in liquid state and completely insoluble in solid state

(b) Components have complete solubility in liquid state, but limited solubility in the solid state.

Eutectic reaction: When a liquid solution of definite composition solidifies at a fixed
temperature, two separate phases are formed.

The word eutectic means easy to melt

Eutectic Systems



Eutectic temperature: In a eutectic system, there is always an alloy of a specific composition

which solidifies at a fixed lower temperature than alloys of all other composition. This temperature
is known as eutectic temperature.

On a phase diagram the intersection of the eutectic temperature and the eutectic composition gives

the eutectic point.



(a) Components are completely soluble in liquid state and limited solubility in solid state

• Eg., Copper–Silver system; a binary
eutectic phase diagram.

Melting temperature of pure copper, point A 1085 0 C
Melting temperature of pure Silver, point B  961.8 °C



• Three single phase regions

α - solid solution of Ag in Cu matrix,
β - solid solution of Cu in Ag matrix,
L - liquid

• Three two-phase regions

α + L
β +L
α +β



Boundaries

• Liquidus Boundary (AE and EF) :  Liquid (L) Changes to (Liquid + α)  or Liquid (L) Changes to (Liquid + β)

• Solidus Boundary  (AB and GF)   :  Solid (α ) Changes to (α +  Liquid) or Solid (β) Changes to (β + Liquid) 

• Solvus Boundary (CB and GH)   : Solid (α ) Changes to  ( α + β )  or Solid ( β ) Changes to  ( α + β )

• Eutectic horizontal isotherm (BG) : Liquid (L) Changes to  ( α + β ) solid

Eutectic reaction is a invariant reaction with fixed temperature and concentration, and 
corresponding point also called invariant point.



Alloy in the eutectic composition called

eutectic alloy

Compositions that are on left-hand-side of

the eutectic composition are known as

hypo-eutectic compositions or (hypo-

eutectic alloy) while compositions on

right-hand-side of the eutectic composition

are called hyper-eutectic compositions

or (hyper-eutectic alloy) .

Solvus line separates one solid solution

from a mixture of solid solutions. Solvus

line shows limit of solubility

The regions of limited solid solubility at
each end of a phase diagram are called
terminal solid solutions



Eutectic system : Eg. 2 , Lead –Tin Phase Diagram

• Another common eutectic system 
is that for lead and tin; the phase 
diagram.

• Soldering Process requirements 
are,
• Low melting point
• Strength ( allow stronger than 

that of alloy)
• Pb Melting Point : 327 0C
• Sn Melting Point : 232 0C

(a) Components are completely soluble in liquid state and limited solubility in solid state



Micro-structure development for eutectic alloy that passes mainly through terminal solid solution



Cooling curve and micro-structure development for eutectic alloy that passes through terminal solid
solution and Multi without formation of eutectic solid.



Cooling curve and micro-structure development for eutectic alloy that passes through eutectic-point





Micro-structure development for two phase region





(b) Components are completely soluble in liquid state and insoluble  in solid state

Cadmium (Cd) –Bismuth(Bi) 

Phase diagram

L + Solid Bi
L + Solid Cd

Solid Cd+ Solid Bi

145 ̊ C



Courtesy:- Higgins

completely insoluble in the solid state

Eutectic reaction = Liquid        Solid1 + Solid2



Ternary Phase diagram

• A ternary or three component phase diagram has the form of an triangular prism
with an equilateral triangle as a base.

• Pure components are at each vertex, sides are binary compositions and ternary
compositions are within the triangle.

• The composition lines on the triangle is constructed from projections of surfaces.



• The temperature varies along the height of the prism.

• The composition triangle is an isothermal section.

• The composition of any point in the triangle is determined by drawing

perpendiculars from corners to the opposite sides and measuring the distance of

the point along the perpendicular.

• Point p, for example, lies on the isocomoposition line 25% A along the

perpendicular A-50. Hence, percentage of A in the alloy is 25%. Similarly B is 50%

and C is 25%.



Reaction Characteristics
Schematic 

Representation
Examples

Eutectic
Pb-Sn, Ag-

Cu, Pb-Sb

Peritectic
Ag-Pt, Fe-C, 
Fe-Ni, Cu-zn

Eutectoid
Fe-C, Cu-Zn
Pd-Ti, Al-Cu

Peritectoid Ag-Al, Al-Cu

Monotectic Cu-Pb

Invariant Reactions



A peritectic reaction is a reaction where a solid phase and liquid phase will together

form a second solid phase at a particular temperature and composition.

e.g. Liquid (L) + alpha (α) Beta (β)

Peritectic reaction

Peritectics are not as common as

eutectics and eutectiods, but do

occur in some alloy systems



Eutectoid reaction

This invariant reaction involves transformation of a solid phase on cooling to two other solid

phases of different composition.

The eutectoid structure having alternate layers of the two solid phases resembles the eutectic

structure



Peritectoid reaction

Peritectoid reaction is simply the reverse of the eutectoid reaction. Two different solid phase

on cooling form another solid phase

Monotectic reaction

Here, a liquid phase transforms into another liquid phase of a different composition and a

new solid phase precipitates out.

The two liquid phases involved in the reaction are immiscible like water and oil.



85



Steel is an interstitial solid solution of carbon in iron.

Theoretically steel has a maximum of 2.11% carbon.

In practice, the amount of carbon rarely exceeds 0.8%

Steels



• Pure iron when heated experiences 2 changes in crystal structure before it melts.
• At room temperature the stable form, α ferrite has a BCC crystal structure.
• Ferrite experiences a polymorphic transformation to FCC γ austenite at   912 ˚C.
• At 1394˚C (2541˚F) austenite reverts back to BCC phase δ ferrite and melts at 1538 ˚C .

Polymorphic transformation in IRON 





Fe-C Phase diagram (Iron – Carbon Equilibrium Phase 

diagram 





Fe-C Phase diagram













A1

Lower critical temp.

A3;  Acm

Austenite (γ) 

- FCC

mixture = Ledeburite

Ferrite (α) - BCC

Steel Cast Iron

Ledeburite + cementite

A2 - designates the loss of the ferromagnetism of ferrite with

a heating up over 768 °C - (point of curie).

A2

- pearlite





Phases in Fe-C system

• α-ferrite – Interstitial solid solution of C in BCC iron. Max solubility of C is
0.025%. Exists from 273  ̊C to 910  ̊C .

• γ-Austenite - Interstitial solid solution of C in FCC iron. Max solubility of C is
2.1%. Exists from 910  ̊C - 1394  ̊C .

• δ -ferrite (BCC) exists over the temp range of 1394  ̊C to 1539  ̊C . Max solubility
of C is 0.09%.

• Cementite( Fe3C) - is an intermetallic compound. C content in Fe3C is 6.67%.

• Graphite- the free form of C, also exists in the Fe-C system







Phases in Fe-C system

Phase Symbol Description

Liquid L Liquid solution of Fe and C

 Ferrite  Interstitial solid solution of C in -Fe (high
temperature BCC phase)

Austenite  Interstitial solid solution of C in -Fe (FCC
phase of Fe)

 Ferrite  Interstitial solid solution of C in -Fe (room
temperature bcc phase) Soft and Ductile

Cementite Fe3C Intermetallic compound of Fe and C
(ortho rhombic system) Hard and Brittle



TYPE OF STEEL

• Hypo-Eutectoid Steel: % of Carbon < 0.76

• Eutectoid Steel: % of Carbon = 0.76

• Hyper-Eutectoid Steel: % of Carbon > 0.76



Critical temperatures in Fe-C system

• Eutectoid temperature (727  ̊C)

• Currie temperature   (768  ̊C ) – temperature above which Fe turns  paramagnetic 
while heating.

• Eutectic temperature (1147  ̊C )

• Peritectic temperature (1493  ̊C ).



The Iron-Iron Carbide Diagram

The diagram shows three horizontal lines which indicate isothermal reactions (on
cooling / heating):

• First horizontal line is at 1493°C, where peritectic reaction takes place:

Liquid +  ↔ austenite 

• Second horizontal line is at 1130°C, where eutectic reaction takes place- 4.3%C:

Liquid ↔ austenite  + cementite

• Third horizontal line is at 723°C, where eutectoid reaction takes place-0.8%C:

Austenite  ↔ pearlite (mixture of ferrite & cementite)



Phase transformation in Fe-C system

Peritectic reaction at 1493  ̊C

(almost no engineering importance)

Eutectic reaction at 1147  ̊C

• The eutectic mixture of austenite (γ) and cementite (Fe3C) is called Ledeburite
• Compositions right and left of 4.3% are called hyper eutectic and hypoeutectic steels(cast Iron

) respectively.



Eutectoid reaction at 727  ̊C

• The eutectoid mixture of ferrite (α) and cementite (Fe3C) is called Pearlite.
• Compositions right and left of 0.8% are called hyper eutectoid and hypoeutectoid

steels respectively.
• Two-phase mixture (ferrite & cementite). They are steels



Microstructures

• A eutectoid steel (0.8% C) will have 100% pearlite (p) at room temperature

• The pearlite formed under equilibrium conditions consists of alternate lamellas of

ferrite and Fe3C

• Hypoeutectoid steels – α + p; hypereutectoid – Fe3C + p.

• Hypoeutectic cast irons consist of γ + ledeburite (Le)

• hyper eutectic cast irons will have a structure of Fe3C + Le

.



Microstructures 

Eutectoid

composition





Microstructures 

hypoeutectoid 

composition





Microstructures 
hypereutectoid 
composition





Microstructure 

in Cast Irons



Microstructure - Property relationship

• An alloy of iron and carbon containing 0.77% carbon is held at a temperature above the
eutectoid temperature (727OC) the microstructure contains grains of a phase called
austenite.

• When this alloy is slowly cooled to room temperature, the microstructure changes into
a two phase lamellar structure called pearlite. In this condition, the alloy shows poor
ductility and hence it cannot be rolled or drawn into wires. But it is strong.

•
• When this alloy is again heated to a temperature near to but less than the eutectoid

temperature and held for a long period of time, the microstructure changes into grains
of ferrite along with nearly spherical particles of cementite evenly distributed.

• At this condition, the ductility is very high and the alloy can be used for drawing wires.
Though the alloy contains the same microconstituents, the properties are different.



• When the same alloy is rapidly cooled to room temperature from the austenitic
range (above 727OC), neither ferrite nor cementite is formed. The microstructure at
room temperature is a single phase called martensite.

• The martensite has a body centered tetragonal structure and has very poor
ductility. But it is having higher hardness and strength. Now the material can be
used for making cutting tools.

• This example illustrates that the properties of a material are strongly governed by
its microconstituents. Almost all properties like mechanical, physical or electrical
can be governed by properly controlling the formation of microconstituents.
Suitable modification in microstructure lead to the desired properties being
imparted to the material.



• Which information's are obtained from phase diagram or TTT
diagram?

• Phase diagram

– Describes equilibrium of the microstructural development that is obtained at 
extremely slow cooling or heating conditions. 

– Provides no information on time to take to form phase and on shapes, size and 
distribution of phase.

• TTT diagram

– For a given alloy composition, the percentage completion 
of a given phase transformation on temperature-time axes is described.

T-T-T diagram





• This diagram indicates the phases existing in steel of a specific composition at
various temperatures and times. The diagram is helpful in selecting a suitable
cooling cycle to obtain desired microstructure and hence to design the properties
of the alloy. Transformations under non-equilibrium cooling represented in this
diagram are of much more practical use in heat treatment of alloys.



T-T-T diagram

• Measure the rate of transformation at a constant
temperature. In other words a sample is austenitised and then
cooled rapidly to a lower temperature and held at that
temperature whilst the rate of transformation is
measured. Obviously a large number of experiments is
required to build up a complete TTT diagram.



TTT Diagram for Eutectoid Steel



T-T-T diagram
• The relation between temperature and time for the formation of a phase is given

by T-T-T or temp – time – transformation diagrams also known as isothermal-
transformation diagram

A -austenite

B- bainite

M-martensite

P- pearlite.



•  Eutectoid composition, Co = 0.76 wt %C

•  Begin at T > 727 0C

•  Rapidly cool to 625 oC and hold isothermally (An isothermal process is a change of   

a system, in which the temperature remains constant: ΔT = 0 ).

COOLING HISTORY Fe-C SYSTEM

http://en.wikipedia.org/wiki/Thermodynamic_process
http://en.wikipedia.org/wiki/Temperature


S shaped curve









• At normal cooling rates pearlite (P) forms, higher cooling rates generates
bainite (B).

• The size of pearlite or bainite depends on the transformation temperature.

• Martensite (M) forms when the steel is cooled below the martensite start (Ms)
temperature at much higher cooling rate so that the nose of the T-T-T curve
is avoided

• Diffusion rates below Ms is so low that Austenite – Martensite
transformation is a diffusion less process (the C content remains same).

• However, the crystal structure changes from FCC (austenite) to body centered
tetragonal (BCT).



TTT diagram gives 

• Nature of transformation-isothermal or athermal (time independent) or mixed 
• Type of transformation-reconstructive, or displacive
• Rate of transformation
• Stability of phases under isothermal transformation conditions 
• Temperature or time required to start or finish transformation
• Qualitative information about size scale of diagram 
• Composition of steel- (a) carbon wt%, (b) alloying element wt% 
• Grain size of austenite 
• Heterogeneity of austenite



Pearlite
• At temperatures just below the eutectoid, relatively thick layers of both the α-

ferrite and Fe3C phases are produced

• At higher temperatures, high diffusion rates allow for larger grain growth and

formation of thick layered structure of pearlite this microstructure is called

coarse pearlite, and the region at which it forms is indicated to the right of the

TTT curve

• With decreasing temperature, the carbon diffusion rate decreases, and the

layers become progressively thinner.

• The thin-layered structure produced in the vicinity of 540ᵒC is termed fine

pearlite







Bainite

• In addition to pearlite, other micro constituents that are products of the
austenitic transformation exist; one of these is called bainite.

• The microstructure of bainite consists of ferrite and cementite phases, and thus
diffusional processes are involved in its formation.

• Bainite forms as needles or plates, depending on the temperature of the
transformation.

• It occurs at temperatures below those at which pearlite forms



Bainite Formation Example

❑Rapidly cool to 350 ˚C
❑Hold for 104 seconds

❑Quench to room temperature

Bainite, 
100%











Martensite
• Another micro constituent or phase called Martensite is formed when

austenitized iron–carbon alloys are rapidly cooled (or quenched) to a relatively
low temperature (220ᵒC).

• Martensite is a non-equilibrium single-phase structure that results from a
diffusionless transformation of austenite.

• The martensitic transformation occurs when the quenching rate is rapid
enough to prevent carbon diffusion.

• This occurs in such a way that the FCC austenite experiences a polymorphic
transformation to a body-centered tetragonal (BCT) martensite.

• All the carbon atoms remain as interstitial impurities in martensite; as such,
they constitute a supersaturated solid solution that is having a body-centred-
tetragonal lattice



• Instead of diffusion, a sudden reorientation of carbon and iron

atoms from the FCC solid solution (austenite) into a body

centred tetragonal (BCT) solid solution happens here. The

carbon atoms occupy potential interstitial spaces in the BCT

unit cell.



Martensite, 
100%

Martensite Formation example

❑Rapidly cool to 250 ˚C
❑Hold for 100 seconds

❑Quench to room temperature

Austenite, 
100%







Martensitic microstructure. 

The needle shaped grains are the martensite 
phase, and the white regions are austenite that 
failed to transform during the rapid quench.



• In C, rapid cooling is to 650OC, held for 20
secs, again cooled to 420OC, held till 103 secs
and quenched to room temperature. Here at
650OC, after about 7 secs pearlite
transformation begins. At the end of 20 secs,
about 50% pearlite transformation may be
completed.

• During the second stage of cooling to 420OC,
no transformation may take place. When the
specimen is held at 420OC, the remaining
austenite starts to transform into bainite.
The time available here is enough to
complete the bainite transformation.

• On further quenching, either pearlite or
bainite does not transform. Microstructure at
room temperature consists of 50% pearlite
and 50% bainite.



Spheroidite
• If a steel alloy having either pearlitic or bainitic microstructures is heated to, and left at,

a temperature below the eutectoid for a sufficiently long period of time—for example,

at about (700 0C ) for between 18 and 24 h—yet another microstructure will form. It is

called spheroidite .

• Instead of the alternating ferrite and

cementite lamellae (pearlite), or the

microstructure observed for bainite,

the Fe3C phase appears as sphere-like

particles embedded in a continuous

phase matrix. This transformation has

occurred by additional carbon

diffusion with no change in the

compositions or relative amounts of

ferrite and cementite phase.



TEMPERED MARTENSITE

• In the as-quenched state, martensite, in addition to being very hard, is so
brittle that it cannot be used for most applications; also, any internal
stresses that may have been introduced during quenching have a
weakening effect.

• The ductility and toughness of martensite may be enhanced and these
internal stresses relieved by a heat treatment known as tempering.

• Tempering is accomplished by heating a martensitic steel to a temperature
below the eutectoid for a specified time period. Normally, tempering is
carried out at temperatures between 250 and 6500C.

• This tempering heat treatment allows, by diffusional processes, the
formation of tempered martensite, according to the reaction



• The microstructure of tempered martensite consists of extremely small and
uniformly dispersed cementite particles embedded within a continuous ferrite
matrix.

• This is similar to the microstructure of spheroidite except that the cementite
particles are much, much smaller.





Tempered Martensite







• Isothermal heat treatments are not the most practical to conduct
because an alloy must be rapidly cooled to and maintained at an
elevated temperature from a higher temperature above the eutectoid.

• Most heat treatments for steels involve the continuous cooling of a
specimen to room temperature. An isothermal transformation
diagram(TTT) is valid only for conditions of constant temperature.

• TTT diagram modified to CCT diagram for transformations that occur as
the temperature is constantly changing.

C-C-T Diagram



• In actual practice, steel is rarely quenched to a constant temperature and
isothermally transformed. But it is continuously cooled from the austenitic
range to room temperature following different cooling rates.

• Continuous Cooling Transformation (CCT) diagram shows the relationship
between transformation temperature and time during continuous cooling.

• For continuous cooling, the time required for a reaction to begin and end is
delayed. The CCT diagram for eutectoid steel is shown in figure along with
the TTT diagram.

• The two curves represent start and finish of pearlite transformation. It can
be seen that the transformation on continuous cooling starts at lower
temperatures and after longer times as compared to isothermal
transformation.







• Measure the extent of transformation as a function of time for a
continuously decreasing temperature. In other words a sample is
austenitised and then cooled at a predetermined rate and the degree
of transformation is measured. Obviously a large number of
experiments is required to build up a complete CCT diagram.

• CCT diagrams are generally more appropriate for engineering
applications as components are cooled (air cooled, furnace cooled,
quenched etc.) from a processing temperature as this is more economic
than transferring to a separate furnace for an isothermal treatment.

C-C-T Diagram





C-C-T Diagram



• Cooling rate is slow in curve P (0.01 ̊/s) and leads to 100 % coarse pearlite
at room temperature

• A cooling rate of 3  ̊C/s leads to 100% fine pearlite at room temperature
• A cooling rate of 35  C̊/s leads to 100% fine pearlite which is the limiting

value for 100% pearlite
• A cooling rate of 140  ̊C/s misses pearlite start curve and doesn’t enter in

to pearlite or bainite region
• Austenite transforms completely to martensite when crosses Ms line
• This cooling rate is called critical cooling rate.
• For cooling rates between 35OC/sec and 140OC/sec, the cooling curve

crosses the pearlite start curve, but not the pearlite finish curve. Only a
part of austenite is transformed to pearlite. A small portion of the
austenite is transformed to bainite and the remaining transforms to
martensite on crossing the Ms line.







Heat Treatment of Steel



Heat Treatment

Heating a material to a temperature ,holding it at that
temperature for a period of time followed by cooling at a
specified rate is called heat treatment.









Heat Treatment of Steel

• Most heat treating operations begin with heating the alloy into the 
austenitic phase field to dissolve the carbide in the iron and then 
cooling.

• Steel heat treating practice rarely involves the use of temperatures 
above 1040°C

• Classification
– Heating and rapid cooling (quenching)
– Heating and slow cooling



Purpose of heat treatment:

• Improvement in ductility
• Relieving internal stresses
• Grain size refinement
• Increase of strength and hardness
• Improvement in machinability and toughness
• Improve surface hardness



Factors involved

• Temperature up to which material is heated

• Length of time that the material is held at the elevated
temperature – Soaking time

• Rate of cooling

• The surrounding atmosphere under the thermal treatment.



Types of Heat Treatment



HEAT TREATMENT

BULK SURFACE

ANNEALING

Full Annealing

Recrystallization Annealing

Stress Relief Annealing

Spheroidization Annealing

AUSTEMPERING

THERMAL THERMO-

CHEMICAL

Flame

Induction

LASER

Electron Beam

Carburizing

Nitriding

Carbo-nitriding

NORMALIZING HARDENING 
& 

TEMPERING

MARTEMPERING

• A broad classification of heat treatments possible are given below. 
Many more specialized treatments or combinations of these are 
possible.

Types of Heat Treatment





Types of Heat Treatment

1.Simple Heat Treatment
– Process Annealing

• Full Annealing
• Spheroidsing

– Normalizing

2.Quench & Temper Heat Treatments
– Quenching or Hardening 
– Tempering



3.Iso Thermal Heat Treatments
– Austempering
– Martempering
– Marquenching

4.Precipitation Hardening

5.Surface Heat Treatments
A. Diffusion Methods
– Carburising
– Cyaniding
– Nitriding
– Carbonitriding



B. Selective Hardening

– Flame Hardening

– Induction Hardening

– Laser Hardening

– Selective Carburising



Medium
air

oil

water

Severity of Quench

small

moderate

large

Hardness
low

moderate

High

Effect of Quenching Medium

The severity of quench: water > oil > air

• During annealing or normalizing material is cooled in air and/or heating
furnace itself.

• For hardening, material is immersed in water / oil quench bath.



Effects of Heat treatment

Annealing & Normalizing Hardening or Quenching 

Furnace Cooling 
Air 

Cooling 

Oil 

Quenching 

Water 

Quenching 

 Softer, less strong Harder and stronger → 

 More ductile More brittle → 

 Less internal stress More internal stress → 

 Less distortion, cracking More distortion, cracking → 

 

 



The Iron– Carbon Phase Diagram
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Heat Treatment of Steel



Annealing Process

• Material is exposed to an elevated temperature for an extended time 
period and then slowly cooled, allowing phase changes.

• Utilized for low- and medium-carbon steels. 
• Different types

– Full Annealing

– Process Annealing 

or Stress Relief Annealing

– Spheroidising



Three stages of annealing  

▪ Heating to the desired temperature : The material is austenitized by heating to
15 to 40C above the A3 or A1 lines until equilibrium is achieved (i.e., the alloy
changes to austenite),

▪ Soaking or holding time: The material is held for 1h at the annealing
temperature for every inch of thickness (a rule of thumb)

▪ Cooling to room temperature: cooling rate of 100°F/hr is typical for full
annealing. Done in furnace itself.



Purposes of Annealing
1. Relieve Internal Stresses

• Internal stresses can build up in metal as a result of processing.

– such as welding, cold working, casting, forging, or machining.

• If internal stresses are allowed to remain in a metal, the part may eventually

distort or crack.

• Annealing helps relieve internal stresses and reduce the chances for distortion

and cracking.

2. Increasing Softness, Machinability, and Formability
• A softer and more ductile material is easier to machine in the machine shop.
• An annealed part will respond better to forming operations.

3. Refinement of Grain Structures
• After some types of metalworking (particularly cold working), the crystal

structures are elongated.
• Annealing can change the shape of the grains back to the desired form.



Full Annealing (Annealing)

• Hypoeutectoid steels are heated about 50-900C above the upper critical

temperature line(A3 line)

• Upon very slow cooling in the furnace the austenite decomposes into ferrite and

cementite

• The material gets softened and mechanical properties are improved

• Purpose: Remove structural imperfections by complete recrystallisation. Relieve

internal stresses due to cold working and hence improve ductility.



• A heat treatment used to negate the effects of cold work, i.e., to soften and increase
the ductility of a previously strain-hardened metal

• In process annealing, parts are not as completely softened as they are in full
annealing, but the time required is considerably lessened.

• Process annealing or stress-relief annealing is frequently used as an intermediate
heat-treating step during the manufacture of a part.

• Recovery and recrystallization processes occur during the process.
• Used for steels having less than 0.25%Carbon
• Heating the material to 550-6500C ,just below the lower critical tem(A1 line in Fe-C

Diagram)
• It is kept at this temp for certain duration and then slowly cooled in air
• It relieves the effects of cold working, reduces hardness and increase ductility
• This process is also called Sub-critical annealing

Process Annealing  (Intermediate Annealing)



https://www.youtube.com/watch?v=GFVeYXJJndw
Annealing – 1.20 -1.30 and 3.35 Minutes

https://www.youtube.com/watch?v=GFVeYXJJndw




Spheroidising
• This is similar to process annealing but results in a structure consists of globules or

spheroids of cementite in a matrix of ferrite.

• The material is heated to 300C below the eutectoid temp. Or lower critical

temperature line.

• It is held at this temp. For several hours and then allowed to cool very slowly in the

furnace

• It is used for high carbon steels(>0.6%C)

• The microstructure obtained as a result of this process is known as spheroidite,

which has a continuous matrix of soft machinable ferrite



• Purpose:

• To improve machinability and facilitate further cold working operations for 
hypereutectoid steels

• To reduce hardness and to increase ductility





Normalising

• The name “normalising” comes from the original intended purpose of the process —
to return steel to the “normal” condition it was in before it was altered by cold
working or other processing.

• Heating the alloy to 55 to 85C above the A3 or Acm and holding for sufficient time so
that the alloy completely transforms to austenite, followed by air cooling.

• To refine the grains and produce a more uniform and desirable size distribution for
steels that have been plastically deformed

• Normalising does not soften the material as much as full annealing does.

• The cooling process does not leave the material as ductile or as internally stress-free.

• A normalised part will usually be a little stronger, harder, and more brittle than a full-
annealed part.



Normalising

1. Heat to Upper Critical Temperature, at which point the 

structure is all Austenite.

2. Cool slowly in air.

3. Structure will now be fine pearlite.

4. Used to restore the ductility of cold or hot worked materials 

whilst retaining other properties.



2.Quench & Temper Heat Treatments

Quenching or Hardening

• Hardening of steels done to increase the strength and wear
resistance

• Heated to 30-50 °C above the upper critical temperature and then
quenched

• The quicker the steel is cooled, the harder it would be



Hardening Temperatures

• The temperatures for hardening depend on the carbon content.
• Plain carbon steels below 0.4% will not harden by heat treatment.
• The temperature decreases from approx 820 °C to 780 °C as carbon

content increases from 0.4% up to 0.8%.
• Above 0.8% the temperature remains constant at 780 °C.
• Hardening temperature same as that for normalising

Purpose:
• To increase hardness, strength and wear resistance
• Suitable microstructure which will have desired mechanical properties



Quenching Media

Four commonly used quenching media:
• Brine – the fastest cooling rate
• Water – moderate cooling rate
• Oil – slowest cooling rate
• Gas – used in automatic furnaces, usually liquid nitrogen, 

can be very fast cooling.
Too rapid cooling can cause cracking in complex and heavy 
sections.



Hardenability

• Steel become hard after hardening
• Hardness usually determined on the surface of the hardened component
• The hardness decreases along the cross section and this hardness is

called hardenability.
• Hardenability is a qualitative measure of the rate at which hardness

decreases with the distances from the surface of hardened specimen due
to decreased martensitic content.



Hardenability
• The hardenability of a steel is broadly defined as the property which determines the 

depth and distribution of hardness induced by quenching.

• This is dependent upon the chemical composition of the steel alloy.

• The addition of Nickel, Chromium and Molybdenum will slow the transformation to other 

phases and allow more martensite to form.

• Most heat treatable steels are alloys rather than plain carbon steels.

• Various elements like Cr, Mn, Ni, W, Mo etc are added to plain carbon steels to create alloy 
steels

• The alloys elements move the nose of the TTT diagram to the right
→ this implies that a slower cooling rate can be employed to obtain

martensite → increased HARDENABILITY

• The ‘C’ curves for pearlite and bainite transformations overlap in the case of plain carbon steels 
→ in alloy steels pearlite and bainite transformations can be represented by separate ‘C’ curves



Test for Hardenability 

• Jominy End Quench test - An austenitized steel bar is quenched at 

one end only, thus producing a range of cooling rates along the bar.

• Hardenability curves - Graphs showing the effect of the cooling rate 

on the hardness of as-quenched steel.

• Jominy distance - The distance from the quenched end of a Jominy 

bar. The Jominy distance is related to the cooling rate.



Jominy End Quench Test
• A standard specimen of 25.4mm dia and 100mm length is heated

above the austenising temp. for a specified period of time

• The specimen is removed from the furnace and quickly transferred to a

fixture.

• The lower end of specimen is quenched by a jet of water at a specific

flow rate.

• This results in different rates of cooling along the length of specimen.

• Surface hardness is measured along the length of the specimen and

curve is plotted between hardness and distance from quenched end

• The resulting curve is called Jominy curve.



Jominy End Quench Test

Dia=12.5mm

Dia=25.4mm

Water jet



• Hardenability is dependent mainly upon 

1. The amount of alloying elements present

2. Composition

3. Homogeneity and grain size of austenite



Tempering

• The brittleness of martensite makes hardened steels unsuitable for 

most applications.

• Different cooling rates between edge and core of components result in 

internal stresses.

• This requires the steel to be tempered by re-heating to a lower 

temperature to reduce the hardness and improve the toughness.  

• This treatment converts some of the martensite to bainite. 



Tempering
• The tempering temp varies from 150-6800C depending on the purpose for which it is

used.
• When steel heated to low temp.150-2500C the internal stresses are removed.

Toughness and ductility increases.
• Low temp tempering is applied to cutting tools made of tool steels and low alloy

steels
• When tempering is carried out in the range of 300-4500C ,the microstructure consists

of martensite and fine pearlite called troosite.
• This leads to decrease in hardness and strength with increase ductility
• This medium temperature tempering is used for springs, axles, hammers, chisels etc



Tempering

• High temp.tempering is done above4500C
• At this temp. martensite transforms into sorbite
• It increases ductility with hardness and strength
• It is applied to components like connecting rods, shafts, gears etc



Tempering Temperatures



Isothermal Heat Treatments

• Austempering - The isothermal heat treatment by which austenite transforms to 
bainite.

• Isothermal annealing - Heat treatment of a steel by austenitizing, cooling rapidly to 
a temperature between the A1 and the nose of the TTT curve, and holding until the 
austenite transforms to pearlite.



TTT Diagram



Microstructure Produced by Heat Treatment 
Process





Pearlite
• At temperatures just below the eutectoid, relatively thick layers of both the α-

ferrite and Fe3C phases are produced

• At higher temperatures, high diffusion rates allow for larger grain growth and
formation of thick layered structure of pearlite this microstructure is called
coarse pearlite, and the region at which it forms is indicated to the right of the
TTT curve

• With decreasing temperature, the carbon diffusion rate decreases, and the
layers become progressively thinner.

• The thin-layered structure produced in the vicinity of 540ᵒC is termed fine
pearlite







Bainite

• In addition to pearlite, other micro constituents that are products of the
austenitic transformation exist; one of these is called bainite.

• The microstructure of bainite consists of ferrite and cementite phases, and thus
diffusional processes are involved in its formation.

• Bainite forms as needles or plates, depending on the temperature of the
transformation.

• It occurs at temperatures below those at which pearlite forms



Bainite Formation Example
❑Rapidly cool to 350 C̊
❑Hold for 104 seconds
❑Quench to room temperature
❑Formed by Austempering

Bainite, 

100%







Martensite
• Another micro constituent or phase called Martensite is formed when

austenitized iron–carbon alloys are rapidly cooled (or quenched) to a relatively
low temperature (220ᵒC).

• Martensite is a non-equilibrium single-phase structure that results from a
diffusionless transformation of austenite.

• The martensitic transformation occurs when the quenching rate is rapid
enough to prevent carbon diffusion.

• This occurs in such a way that the FCC austenite experiences a polymorphic
transformation to a body-centered tetragonal (BCT) martensite.

• All the carbon atoms remain as interstitial impurities in martensite; as such,
they constitute a supersaturated solid solution that is having a body-centred-
tetragonal lattice



• Instead of diffusion, a sudden reorientation of carbon and iron

atoms from the FCC solid solution (austenite) into a body

centred tetragonal (BCT) solid solution happens here. The

carbon atoms occupy potential interstitial spaces in the BCT

unit cell.



Martensite, 
100%

Martensite Formation example

❑Rapidly cool to 250 ˚C
❑Hold for 100 seconds

❑Quench to room temperature

Austenite, 
100%







Martensitic microstructure. 

The needle shaped grains are the martensite 
phase, and the white regions are austenite that 
failed to transform during the rapid quench.



Spheroidite

• If a steel alloy having either pearlitic or bainitic microstructures is heated to, and left at,
a temperature below the eutectoid for a sufficiently long period of time—for example,
at about (700 0C ) for between 18 and 24 h—yet another microstructure will form. It is
called spheroidite .

• Instead of the alternating ferrite and
cementite lamellae (pearlite), or the
microstructure observed for bainite,
the Fe3C phase appears as sphere-like
particles embedded in a continuous
phase matrix. This transformation has
occurred by additional carbon
diffusion with no change in the
compositions or relative amounts of
ferrite and cementite phase.



TEMPERED MARTENSITE

• In the as-quenched state, martensite, in addition to being very hard, is so
brittle that it cannot be used for most applications; also, any internal
stresses that may have been introduced during quenching have a
weakening effect.

• The ductility and toughness of martensite may be enhanced and these
internal stresses relieved by a heat treatment known as tempering.

• Tempering is accomplished by heating a martensitic steel to a temperature
below the eutectoid for a specified time period. Normally, tempering is
carried out at temperatures between 250 and 6500C.

• This tempering heat treatment allows, by diffusional processes, the
formation of tempered martensite, according to the reaction



• The microstructure of tempered martensite consists of extremely small and

uniformly dispersed cementite particles embedded within a continuous ferrite

matrix.

• This is similar to the microstructure of spheroidite except that the cementite

particles are much, much smaller.





Tempered Martensite



MECHANICAL BEHAVIOR OF IRON–CARBON ALLOYS:

Pearlite

• Cementite is much harder but more brittle than ferrite.
– increasing the fraction of Fe3C while holding other microstructural

elements constant will result in a harder and stronger material.
– the tensile, yield strengths, and the Brinell hardness number increase

with increasing the weight percent carbon (or the percentage of Fe3C for
steels that are composed of fine pearlite).

• Cementite is more brittle, increasing its content will result in a
decrease in both ductility and toughness (or impact energy).



MECHANICAL BEHAVIOR OF IRON–CARBON ALLOYS:

Pearlite

• The layer thickness of each of the ferrite and cementite phases in the microstructure
influences the mechanical behavior of the material.
– Fine pearlite is harder and stronger than coarse pearlite.

• This behavior relate to phenomena that occur at the α–Fe3C phase boundaries.

– First, there is a large degree of adherence between the two phases across a boundary.

• the strong and rigid cementite phase severely restricts deformation of the softer
ferrite phase in the regions adjacent to the boundary;

• the cementite reinforces the ferrite.

– The degree of this reinforcement is substantially higher in fine pearlite

• because of the greater phase boundary area per unit volume of material.



MECHANICAL BEHAVIOR OF IRON–CARBON ALLOYS:

Pearlite

– Second, phase boundaries serve as barriers to dislocation motion in 
much the same way as grain boundaries. 

• For fine pearlite there are more boundaries through which a dislocation must 
pass during plastic deformation. 

– The greater reinforcement and restriction of dislocation motion in 
fine pearlite account for its greater hardness and strength.



MECHANICAL BEHAVIOR OF IRON–CARBON ALLOYS:

Spheroidite

• In spheroidite microstructures, the cementite phase has distinctly 
different shapes and arrangements to the pearlite microstructures.

• Alloys containing pearlitic microstructures have greater strength and 
hardness than do those with spheroidite.

• There is less boundary area per unit volume in spheroidite,
– plastic deformation is not nearly as constrained, 
– gives rise to a relatively soft and weak material. 



MECHANICAL BEHAVIOR OF IRON–CARBON ALLOYS:
Spheroidite

• In fact, of all steel alloys: 

– spheroidite microstructure are softest and weakest.

– spheroidized steels are extremely ductile, much more than either fine 

or coarse pearlite. 

– spheroidite microstructure are notably tough because any crack can 

encounter only a very small fraction of the brittle cementite particles 

as it propagates through the ductile ferrite matrix.



MECHANICAL BEHAVIOR OF IRON–CARBON ALLOYS:

Bainite
• Bainitic steels have a finer structure (i.e., smaller α-ferrite and 

Fe3C particles), 

– generally stronger and harder than pearlitic ones; yet they exhibit a 

desirable combination of strength and ductility. 



MECHANICAL BEHAVIOR OF IRON–CARBON ALLOYS:

Martensite
• Martensite is 

– the hardest and strongest 
– the most brittle; it has negligible ductility. 

• Its hardness is dependent on the carbon content, up to 
about 0.6 wt%. 



MECHANICAL BEHAVIOR OF IRON–CARBON ALLOYS:

Martensite

• In contrast to pearlitic steels, strength and hardness of 
martensite are not thought to be related to microstructure. 
Rather, 
– attributed to the effectiveness of the interstitial carbon atoms in 

hindering dislocation motion (as a solid-solution effect), 
– and to the relatively few slip systems (along which dislocations move) 

for the BCT structure.





Module 4
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SYLLABUS

Strengthening mechanisms - cold and hot working - alloy steels:
how alloying elements affecting properties of steel - nickel steels
- chromium steels - high speed steels -cast irons - principal non
ferrous alloys.

2



Course Outcomes

At the end of the Module students will be able to,

CO 3: Apply the basic principles of ferrous and non-ferrous
metallurgy for selecting materials for specific applications.

CO 5 : Define and differentiate engineering materials on the basis of
structure and properties for engineering applications

3
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Strengthening Mechanisms

• Strengthening mechanisms involves different processes to restrict/prevent
dislocation motion of a material, there by improving its mechanical properties.

• Strengthening mechanisms is the relation between dislocation motion and
mechanical behavior of metals.

• Because macroscopic plastic deformation corresponds to the motion of large
numbers of dislocations, the ability of a metal to plastically deform depends on the
ability of dislocations to move.

• Since hardness and strength (both yield and tensile) are related to the ease with
which plastic deformation can be made to occur, by reducing the mobility of
dislocations, the mechanical strength may be enhanced; that is, greater mechanical
forces will be required to initiate plastic deformation.

• The more unconstrained the dislocation motion, the greater is the facility with
which a metal may deform, and the softer and weaker it becomes.

5



Virtually all strengthening techniques rely on this simple principle: 

restricting or hindering dislocation motion renders a material 

harder and stronger.

6



Strengthening Mechanisms

1. Grain size reduction

2. Solid solution hardening

3. Work or Strain hardening

4. Age or Precipitation hardening

5. Dispersion hardening

7



1. Grain Size Reduction

8

• The size of the grains, or average grain diameter, in a polycrystalline metal 

influences the mechanical properties.
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• During plastic deformation, slip or dislocation motion must take place across this
common boundary—say, from grain A to grain B in Figure

• The grain boundary acts as a barrier to dislocation motion for two reasons:

1. Since the two grains are of different orientations, a dislocation passing into
grain B will have to change its direction of motion; this becomes more difficult
as the crystallographic misorientation increases.

2. The atomic disorder within a grain boundary region will result in a
discontinuity of slip planes from one grain into the other.

• For high-angle grain boundaries, dislocations tend to “pile up” (or back up) at grain
boundaries. These pile-ups introduce stress concentrations ahead of their slip
planes, which generate new dislocations in adjacent grains.

13



• A fine-grained material (one that has small grains) is harder and stronger than
one that is coarse grained, since the former has a greater total grain boundary
area to impede dislocation motion. For many materials, the yield strength varies
with grain size according to,

14



• Small-angle grain boundaries are not effective in interfering with the slip
process because of the slight crystallographic misalignment across the
boundary.

• Twin boundaries will effectively block slip and increase the strength of the
material.

• Boundaries between two different phases are also impediments to movements
of dislocations; this is important in the strengthening of more complex alloys.

• The sizes and shapes of the constituent phases significantly affect the
mechanical properties of multiphase alloys

15

Advantages

1. As grain size reduces yield strength increases. (Hall – Petch equation)

2. As grain size reduces, grain boundary increases which will prevent

dislocation motion. This will increase strength of the material.



2. Solid Solution Strengthening

Solute + Solvent = Solid solution

• Solis solution is stronger than pure element. 

• Solute atoms added will act as a barrier for dislocation motion.

• So adding solute atoms will increase the material strength.

• Alloying with impurity atoms that go into either substitutional or interstitial
solid solution.

• High-purity metals are almost always softer and weaker than alloys
composed of the same base metal. Increasing the concentration of the
impurity results in an attendant increase in tensile and yield strengths,
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• Alloys are stronger than pure metals because impurity atoms that go into solid
solution ordinarily impose lattice strains on the surrounding host atoms.

• Lattice strain field interactions between dislocations and these impurity atoms
result, and, consequently, dislocation movement is restricted.

19



• An impurity atom that is smaller than a host atom for which it substitutes exerts
tensile strains on the surrounding crystal lattice

• Conversely, a larger substitutional atom imposes compressive strains in its vicinity.

• The resistance to slip is greater when impurity atoms are present because the
overall lattice strain must increase if a dislocation is torn away from them.
Furthermore, the same lattice strain interactions will exist between impurity atoms
and dislocations that are in motion during plastic deformation.

• Thus, a greater applied stress is necessary to first initiate and then continue plastic
deformation for solid-solution alloys, as opposed to pure metals; this is evidenced
by the enhancement of strength and hardness.

20



3. Work or Strain hardening or Cold working

• Strain hardening is the phenomenon whereby a ductile metal becomes harder and
stronger as it is plastically deformed. Sometimes it is also called work hardening,
or, because the temperature at which deformation takes place is “cold” relative to
the absolute melting temperature of the metal, cold working. Most metals strain
harden at room temperature.

• During strain hardening the work piece is loaded/deformed.

• During deformation the dislocation density increases.

• As dislocation density increases, the dislocations will act as barrier to each other.

• On the average, dislocation–dislocation strain interactions are repulsive. The net
result is that the motion of a dislocation is hindered by the presence of other
dislocations.

• As the mobility of dislocations is hindered, the strength of material will increase.
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• The effects of strain hardening may be removed by an annealing heat
treatment.

• The strengthening effects due to grain size reduction and strain hardening
can be eliminated or at least reduced by an elevated temperature heat
treatment. Conversely, solid-solution strengthening is unaffected by heat
treatment.
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4. Age or Precipitation Hardening

• During precipitation hardening, small particles are made to precipitate into the
material by heat treatment.

• The strength and hardness of some metal alloys may be enhanced by the
formation of extremely small uniformly dispersed particles of a second phase
within the original phase matrix; this must be accomplished by phase
transformations that are induced by appropriate heat treatments.

• The process is called precipitation hardening because the small particles of
the new phase are termed “precipitates.” “Age hardening” is also used to
designate this procedure because the strength develops with time, or as the
alloy ages.

• Precipitation hardening is accomplished by two different heat treatments.

• The first is a solution heat treatment in which all solute atoms are dissolved to
form a single phase solid solution.
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5. Dispersion Hardening

• In dispersion hardened alloys, fine particles of one phases are added to another
phase which is weak.

• Fine particles are added in minor quantity.

• Fine particles act as obstacle for dislocation motion.

• This will increase the material strength.
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Cold working Vs Hot working

Cold working

Mechanical working is done with out raising the temperature.

• After cold working, the grains will be in distorted condition.

• Cold working will affect tensile strength, yield strength, hardness & electrical
conductivity.

Hot working

Mechanical working is done above the recrystallisation temperature.

• Specimen will become soft & ductile after hot working.
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Annealing of cold-worked metals

Annealing 

Steel

Cooling from Austenite at a very slow rate 
to form coarse pearlite

Any Deformed metal 

Heating a deformed metal to restore 
properties to values prior to deformation
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Recovery, Recrystallisation & Grain Growth

The phase transformation taking place during annealing can be divided into 3
stages:

1. Recovery,

2. Recrystallisation,

3. Grain growth.
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Recovery

• Happens during initial stage of annealing,

• Low temperature process,

• Microstructure is not affected,

• Internal stresses are released,

• Mechanical properties remains unchanged.
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Recrystallisation

• As annealing temperature & internal energy rises, the atoms break free to
form new crystals.

• New grains are formed from a group of atoms called nucleus.

• The nucleus will grow in size until the elongated grains of the deformed
material is completely transformed into strain free equiaxed grains.

• Internal energy is released completely during recrystallisation process.
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Stages of Recrystallisation

51

(a) Elongated & Deformed grains,

(b) Nuclei formation, (c) New grains growing from nuclei,

(d) Equiaxial grains after recrystallisation
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Grain Growth

• Grain growth happens when the specimen is kept at elevated temperature after
recrystallisation.

• After recrystallisation the grains will continue to grow and will become
coarse.

• This phenomenon is termed as grain growth.
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Grain Growth
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Fine grains during 

recrystallisation

Coarse grains after 

grain growth
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Hardness, Strength & Ductility during recovery, 
recrystallisation & grain growth
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Cold working Vs Hot working

Cold working: Mechanical working is done with out raising the temperature.

• After cold working, the grains will be in distorted condition.

• Cold working will affect tensile strength, yield strength, hardness & electrical
conductivity.

Hot working: Mechanical working is done above the recrystallisation temperature.

• Specimen will become soft & ductile after hot working.
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Bauschiner Effect

• During plastic deformation, dislocations will move along slip planes and gets piled up
at various barriers.

• These dislocation pile ups develops a back stress, which will be directed opposite to
the applied stress.

• If the direction of applied stress is reversed, deformation will occur in the reverse
direction.

• Now the back stress developed will support the dislocation movement.

• Due to this, the deformation will be initiated at a lower applied stress.

• This lowering of yield stress when deformation in one direction is followed by
deformation in opposite direction is called Bauschiner Effect.
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The initial yield stress of the material in tension is A. If the same ductile material were

tested in compression, the yield strength would be approximately the same, point

B on the dashed curve.

Now, consider that a new specimen is loaded in tension past the tensile yield stress to C

along the path OAC. If the specimen is then unloaded, it will follow the path CD, small

elastic-hysteresis effects being neglected. If now a compressive stress is applied, plastic

flow will begin at the stress corresponding to point E, which is appreciably lower than the

original compressive yield stress (point B) of the material. While the yield stress in

tension was increased by strain hardening from A to C, the yield stress in

compression was decreased. This is the Bauschinger effect.



A and B are approximately the same

Bauschinger strain β
This is the difference in

strain between the tension

and compression curves

at a given stress.

Reduced yield in compression

– Bauschinger effect

Reduced yield in tension – Bauschinger effect

A- Initial  yield in tension 

Unloading path

Reversed loading 

B - Initial  yield in compression 

Stress(tension)

Stress(compression)



Bauschiner Effect
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• The phenomenon is reversible, for had the specimen originally been

stressed plastically in compression, the yield stress in tension would
have been decreased. One way of describing the amount of

Bauschinger effect is by the Bauschinger strain β . This is the difference in
strain between the tension and compression curves at a given stress. If the
loading cycle is completed by loading further in compression to point F,
then unloading, and reloading in tension, a mechanical-hysteresis loop is
obtained. The area under the loop will depend upon the initial overstrain beyond the
yield stress and the number of times the cycle is repeated. If the cycle is repeated

many times, failure by fatigue is likely to occur. The Bauschinger effect plays an
important role in mechanical processing of steels and other alloys.

Courtesy - Dieter



• Bauschinger effect may be reduced by thermal treatment. Complete removal is
possible only by recrystallization of strained material. However, it may be reduced
by stress aging which is a process

of heating the material to a certain temperature while it is subjected to suitable
value of stress. By this process Bauschinger effect may be reduced at a low
temperatures (less than 200°C).

• The Bauschinger effect contributes to work softening of the workpiece, for
example in straightening of drawn bars or rolled sheets, where rollers subject the
workpiece to alternate bending stresses, thereby reducing the yield strength and
enabling greater cold drawability of the workpiece.

https://en.wikipedia.org/wiki/Bar_drawing
https://en.wikipedia.org/wiki/Rolling_(metalworking)


The cylindrical cup reverse

drawing test is composed of

two stages; forward draw and

reverse draw.



Alloying

• An alloy is a substance that has metallic properties and is composed of two
or more chemical elements, of which at least one is metal.

• During alloying impurity atoms are intentionally added to impart specific
properties to material such as improved strength, corrosion resistance etc.
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Steels - classification

• Steels – Alloys containing up to 2.14 % C

• Cast Iron – 2.1 to 4.3% C

• Plain Carbon Steels: C is the main alloying element
• Alloy steels: in addition to C, one or more other metallic elements also present
• Low C steels: 0.1 to 0.25%
• Medium C steels: 0.25 to 0.6%
• High C steels: 0.6 to 1.4%
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Effect of alloying elements on Steel

1. Dislocation movement

2. Polymorphic transformation temperature

3. Formation & Stability of carbides

4. Grain growth

5. Displacement of eutectoid point

6. Retardation of the transformation rates

7. Improvement in corrosion resistance

8. Mechanical properties 
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1. Effect of alloying elements on dislocation movement

• During alloying new atoms are introduced to the crystal structure.

• These added atoms will act as a barrier to dislocation motion to propagate

• Since dislocation is prevented the strength of material is increased.

• So simply, alloying prevents dislocation movements.

• Introduction of impurity atoms creates a pinning point for dislocations

• An alloying element is by nature a point defect

• It creates a stress field (due to size) when placed in to another crystallographic
position

• The alloying atom may have a different elastic modulus

• Reduce dislocation mobility; increase strength and hardness
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• Alloys are stronger than pure metals because impurity atoms that go into solid
solution ordinarily impose lattice strains on the surrounding host atoms.

• Lattice strain field interactions between dislocations and these impurity atoms
result, and, consequently, dislocation movement is restricted.
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2. Effect of alloying elements on Polymorphic transformation 
temperature

• α-γ transformation at A3 (912˚C) and γ-δ transformation at A4 (1394˚C)

• δ –ferrite, γ-austenite, α-ferrite exist in distinct regions of phase diagram.

• Mo, Cr, W, Si, V, Ti raise the A3 temp and lower the A4 temp…….
• Contract γ region and enlarge ferrite region.

• Ni, Mn, Cu, Co has the opposite effect.

• Cr, Mo, and W form very stable carbides and favour precipitation of carbides.

• In second case carbon tends to remain in solid solution in the austenite.
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3. Effect of alloying elements on formation of carbides

• Alloying elements combines with carbon in steel and form carbides.

• The hard carbides formed will increase the hardness, brittleness & wear
resistance.

• Carbides of Cr and V have very high hardness and wear resistance.

• Also act to reduce grain growth.

• Ni, Al, Si don’t form carbides in the presence of iron and causes instability of
iron carbide.

• Ti and Niobium have very strong carbide forming tendencies.

• Cr, Mo, W, V, Mn also form carbides.

• When more than one is added Complex carbides formed.

• Eg: TiC
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4. Effect of alloying elements on Grain growth

• Accelerate grain growth and increase brittleness

• Cr is the most important

• Ni, V retard grain growth

• Grain refiners
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5. Effect of alloying elements on displacement of Eutectoid point.

• Affects equilibrium conditions.

• The addition of any alloying element to carbon steel diminishes the solubility of
carbon in austenite and so results in a displacement of the eutectoid point towards
the left of the equilibrium diagram.

• Change position of eutectoid point and the positions of α and δ phase fields

• Eg: Addition of 2.5% Manganese to steel containing 0.65% carbon will give it a
completely pearlitic structure in the normalised condition, along with a reduction
in the eutectoid temperature to about 650°C

• Presence of Ni and Mn lowers the Eutectoid temperature
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Effect of 7 different alloying elements on displacement of eutectoid point.
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6. Effect of alloying elements on retardation of  
transformation rates

• Alloying has got high influence in phase transformation rates.

• Austenite transformation temp is shifted up or down by alloying elements

• Ni and Mn content lower Austenite transformation temp – postpone
transformation of Austenite on slow cooling

• Austenite stabilizers.
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7. Effect of alloying elements on corrosion resistance

• Alloying of elements has got good influence in corrosion resistance.

• Eg: Alloying Al/ Si/ Cr with steel will form thin oxide layers on the surface.
This layer will improve corrosion resistance of the material.
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8. Effect of alloying elements on mechanical properties

• Mechanical properties of a material is greatly influenced by the presence of
alloying elements.

• Eg: Alloying Iron with Carbon.
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Enhancement of steel properties by adding…

1. Molybdenum

2. Nickel

3. Chromium

4. Vanadium

5. Tungsten

6. Cobalt

7. Silicon
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8. Copper 

9. Lead

10. Sulphur

11. Titanium

12. Aluminium

13. Boron

14. Phosphorus



Effect on  properties of steel by adding Molybdenum (0.1-
0.4%)

1. Promotes hardenability of steel 

2. Makes steel fine grained 

3. Makes steel unusually tough at various hardness levels 

4. Counteracts tendency towards temper brittleness 

5. Raises tensile and creep strength at high temperatures 

6. Enhances corrosion resistance in stainless steels 

7. Forms abrasion resisting particles. 

81



Effect on  properties of steel by adding 
Nickel (1.0-5.0%)

1.Increases toughness and resistance to impact 

2.Reduces distortion in quenching 

3.Lowers the critical temperatures of steel and widens the range of 
successful heat treatment 

4.Strengthens steels 

5.Renders high-chromium iron alloys austenitic 

6.Does not unite with carbon. 

82



Effect on  properties of steel by adding Chromium (0.5-
4.0%)

❖ Combines with carbon to form chromium carbide, thus increases 
hardenability & improves…

1. Resistance to abrasion and wear 

2. Corrosion resistance

3. Resistance to oxidation

4. Strength
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Effect on  properties of steel by adding Vanadium (0.1-
0.3%)

1. Promotes fine grains in steel

2. Increases hardenability (when dissolved)

3. Imparts strength and toughness to heat-treated steel

4. Causes secondary hardening.
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Effect on  properties of steel by adding
Tungsten (2.0-3.0%)

1. Increases hardness (and also red-hardness) 

2. Promotes fine grains 

3. Resists heat 

4. Promotes strength at elevated temperatures. 
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Effect on  properties of steel by adding 
Cobalt (5.0-10.0%)

1.Contributes to red-hardness by hardening ferrite

2.Improves mechanical properties such as tensile strengths, fatigue
strength and hardness

3.Refines pearlite

4.Is a mild stabilizer of carbides

5.Improves heat resistance

6.Retards the transformation of austenite and thus increases
hardness and protection from cracking and distortion.
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Effect on  properties of steel by adding 
Silicon (1.5-2.5%)

❖ Removes oxygen from molten metal

❖ Improves,

1. Strength

2. Toughness

3. Magnetic properties

87



Effect on  properties of steel by adding 
Copper (0.15-0.25%)

❖ Improves

1. Corrosion resistance

2. Strength

3. Hardness
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Effect on  properties of steel by adding 
Lead (0.10-0.30%)

❖ Improves machinability. 
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High Speed Steel (HSS)

❖ Composition: 18% Tungsten, 4% Chromium, 1% Vanadium, Carbon 0.6%,
Iron – Remaining.

❖ Advantages:

1. Maintains hardness at high temperature (600o C)

2. Presence of carbides improves wear resistance

3. Increased shock resistance

4. Good machinability.
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Types of  High Speed Steel

1. Tungsten HSS,

2. Molybdenum HSS
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Tungsten HSS

• Tungsten HSS contains tungsten as dominant alloying
element along with Cromium, Vanadium & Cobalt.

• Eg: 18W4Cr1V HSS or 18:4:1 HSS
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Molybdenum HSS

• Molybdenum HSS consists of tungsten, chromium,
vanadium, cobalt & molybdenum.

• Eg: 6W6Mo4Cr1V or 6:6:4:1 HSS

93



Effect of different alloying elements on HSS

1. Cobalt- Improves hardness

2. Vanadium- Improves hardness & abrasion resistance

3. Chromium- Improves hardness

4. Silicon- Improves toughness

5. Tungsten & Molybdenum- Prevents softening at high
temperatures

6. Manganese- Improves hardness of HSS
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Cast Iron

Iron – Carbon alloys containing more than 2% carbon are called cast iron.

❖ Properties

1. Low melting temperature (About 1200o C)

2. Cast iron is brittle & has low tensile strength

3. High compressive strength

4. Ability to absorb vibrations (Damping capacity)

5. High heat & corrosion resistance.

6. Have high wear resistance

7. Have high hardness

8. Process good machinability

9. Can be cast in to intricate shapes
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• Cast iron is made by re-melting pig iron, often along with substantial
quantities of scrap iron and scrap steel.

• During melting various steps are taken to remove undesirable
contaminants such as phosphorus and sulfur.

• Depending on the application , carbon and silicon contents are reduced to
the desired levels
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Types of cast iron

1) Grey cast iron

2) White cast iron

3) Malleable cast iron

4) Ductile/ Nodular/ Spheroidal Graphite cast iron.
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1. Grey cast iron

• If cast iron is cooled slowly, graphitization takes place and graphite flakes will
get a chance to form.

• Carbon 2.5 - 4% + Silicon 1.0 - 3% + Manganese (Max 1.0 %) + Sulpher (
max 0.25%) + Phosphorous (max 1%) + Iron (Remaining)
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• Carbon is present in a free form (graphite) in a
matrix of ferrite and pearlite.



❖Properties

• Shows poor strength during tensile loading

• Performs well during compressive loading.

• Low melting point, good castability, good wear resistance.

❖Advantages

• Graphite act as a chip braker

• Graphite act as a lubricant during machining

• Good dry bearing qualities due to graphite

• High castability

❖Disadvantages

• Highly brittle

• Graphite act as a void and reduces strength

• Change in section size will cause variations in machining characteristics due to variation
in microstructure

• High strength gray cast irons are more expensive to produce
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Applications
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2. White Cast Iron

• If cast iron is cooled rapidly , the graphite flakes do not get a chance to form

• Instead , white cast iron forms with cementite

• Carbon 1.8-3.6% + Silicon 0.5-1.9% + Manganese (0.25-0.8%) + Sulpher (0.2%)
+ Phosphorous (0.18%) + Iron (Remaining)

• Carbon is present in a combined form ( Fe3C ) which is known as Cementite.
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❖Properties

• Hard & brittle,

• Machinability is poor

• Good wear resistance & compressive
strength

❖ Applications

• Brake shoes, Mining Shovels, Rolls for rolling 
mills, Rail car brake shoes, liners in 
machinery for processing abbressive
materials.
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3. Malleable Cast Iron

• Malleable cast iron is obtained from white cast iron, but with improved malleability

• Prepared by Reheating white cast iron to 927o C for a long periods of time in the
presence of materials containing oxygen, such as iron oxide.

• At elevated temperature cementite (Fe3C) decomposes into ferrite and free carbon

• Upon cooling, the combined carbon further decomposes to small compact particles
of (instead of flake like graphite in Gray cast iron)

• This free carbon is referred to as temper carbon, and the process is called
Malleabilising.

• Carbon 1.8-3.6% + Silicon 0.5-1.9% + Manganese (0.25-0.8%) + Sulpher (0.2%) +
Phosphorous (0.18%) + Iron (Remaining)

• Carbon is present in the form of ‘Tempered Carbon Packets’
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❖ Properties:

• Possess good mechanical & physical properties

• Good vibration & wear resistance

• Used for making brake drums, cam shafts & crank shafts
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• Advantages:

• Excellent Machinability

• Significant Ductility

• Good Shock resistance properties

• Disadvantages:

• Malleable cast iron undergoes excessive shrinkage during solidification

• As a result, large feeders are required.

Applications of Malleable Cast Iron

1. Universal joint yokes

2. Transmission gears

3. Difierential cases

4. Crankshafts and hubs

5. Flanges

6. Pipe fittings and valve parts

7. Marine and other heavy-duty applications



4. Ductile/ Nodular/ Spheroidal Graphite Cast Iron

• In spheroidal graphite cast iron, graphite is present in form of spherical nodules rather
than flakes, thus inhibiting the creation of cracks and providing the enhanced ductility
that gives the alloy its name.

• Mg, Ce, Ca or other spheroidizing elements are added in very small quantity.

• The elements added to promote spheroidization react with the solute in the liquid, to
form heterogeneous nucleation sites.

• The alloying elements are injected into mould before pouring.

• Carbon is present in the form of ‘Speroids’ or Nodules.

❖Composition:

• Iron , Carbon 3 to 4%, Silicon 1.8 to 2.8%, Manganese 0.1 to 0.5%, Magnesium 0.03 to 
0.05%, Phosphorus 0.1%, Sulphur 0.03%

❖Application: 

• Oil well pumps, automobile industry, aerospace applications…



Micro-Structure



• Advantages:

• High ductility

• High machinability

• High wear resistance

• Can be forged
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Non ferrous alloys

What is the material 

composition of a Beverage 

Can?
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Non ferrous alloys

The constituents of a Coke-Can

• The aluminum base, for beverage cans consists mostly of aluminum,

but it contains small amounts of other metals as well. These are

typically 1% magnesium, 1% manganese, 0.4% iron, 0.2% silicon, and

0.15% copper. A large portion of the aluminum used in the beverage

can industry is derived from recycled material.

• http://www.madehow.com/Volume-2/Aluminum-Beverage-Can.html
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Limitations of Ferrous alloys

• Relatively high density.

• Comparatively low electrical conductivity.

• An inherent susceptibility to corrosion in certain environments
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Non ferrous alloys

1. Aluminium alloys

2. Copper

3. Magnesium alloys

4. Copper – Nickel alloys

5. Titanium alloys

6. Babbitt metal
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Aluminium  & its alloys

❖Aluminium:

• Aluminium very abundant in the earth crust

• FCC Crystal structure

• 2700kg/m3 Density

• High thermal and electrical conductivity

• Pure aluminium has good Machinability, formability, workability and
castability. It is non-magnetic, non-toxic, easily available & less expensive.

• Main draw back is its low strength & hardness.
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• Aluminium alloys: Poor strength of aluminium can be improved by alloying 
it with Copper, Silicon, Magnesium, Chromium & Zinc.

Types of Aluminium alloys

1. Duralumin: Consists of 94% Aluminium + 4% Copper + 0.5% each of
Mg, Mn, Si & Fe.

• Good tensile strength & electrical conductivity.

• Used in aerospace applications, for making sheets,
tubes, forgings, rivets, surgical equipments…
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2. Y- alloy: Consists of 92.5% Al + 4% Cu + 2% Ni + 1.5% Mg

• Good strength & hardness at elevated temperatures.

• Suitable for cold working & casting.

• Used for making cylinder heads & crank cases of engines.
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3. Magnelium: The major alloying elements are Magnesium & Copper. In
addition to this traces of Ni, Sn, Fe, Mn & Si are also added.

• High tensile strength & machinability, but possess brittleness.

• Used in air craft & automobile industries.



5. Wrought alloys: Al-Mg & Al-Mn alloys are generally termed as wrought alloys.

• Possess low hardness & high ductility.

6. Casting alloys:

• Prepared by adding traces of Mg, Mn & Cu to Silumin alloy (Al + Si).
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4. Silumin alloys: Alloys based on Al-Si system are known as silumin alloys.

• Consists of 88% Al + 12% Si.

• Possess good castability, corrosion resistance, high ductility & low density.



Compositions, Mechanical Properties, and Typical Applications for Several Common Aluminum Alloys

119



Copper & its alloys

• Crystal structure: Face Centered Cubic (FCC)

• Melting paint: 10850C

• Density: 8920 kg/m3

• Distinctive reddish orange color

• Good corrosion resistance.

• Soft, malleable, ductile and very tough.

• High electrical and thermal conductivity.

• Thermal conductivity Order: Ag >Cu> Al

• 99.99% pure copper is used for wiring application.

• Possess around 97% conductivity of silver at 1/8 cost

• Copper & its alloys

1. Brass

2. Bronze
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Compositions, Mechanical Properties, and Typical Applications for Eight Copper Alloys
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1.Brass

❖ Properties:

1. Good strength, ductility & formability

2. Good Machinability

3. Good electrical & thermal conductivity

4. Excellent wear & corrosion resistance

5. Non – magnetic

6. Shining appearance 122

❖ Brass: Alloy of Copper + Zinc (5-54 %)

❖ Zinc, as a substitutional impurity,

❖ As zinc content increases , the strength, ductility and hardness increases but
conductivity decreases

Traces of Lead, Tin & Aluminium are also added to impart specific properties to
make it suitable for specific applications.



Types of brass

1. α – brass

2. Yellow α – brass

3. Cartridge brass

4. Admiralty brass

5. Aluminium brass

6. Red α – brass

7. Gilding metal

8. Leaded red brass

9. Duplex / (α + β) brass
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Some of the common uses for brass alloys include costume jewelry, cartridge 

casings, automotive radiators, musical instruments, electronic packaging, and 

coins.
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Types of brass

1. α – brass: Copper + Zinc (Max. 38%)

• Brasses containing only α phase are called α – brass

• Highly ductile & Corrosion resistant 

• FCC crystal structure, and

• Relatively soft, ductile, 

• and easily cold worked 
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Types of brass

2. Yellow α – brass: Copper + Zinc (20-38%)

• Appears in yellow colour & possess good corrosion resistance.

3. Cartridge brass: 70% Cu + 30% Zn

• Suitable for deep drawing process

• Used for making cartridges, shell cases & barrels of rifles.

4. Admiralty brass: 71% Cu + 28% Zn + 1% Sn

• Traces of tin is added to improve corrosion resistance.

• Widely used in marine applications.
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Types of brass

5. Aluminium brass: 76% Cu + 22% Zn + 2% Al

• Aluminium is added to improve the corrosion resistance.

6. Red α – brass: Copper + Zinc (5-20% Max.)

• Due to high copper content, the alloy is having a red appearance.

• Good corrosion resistance & workability.

7. Gilding metal: 95% Cu + 5% Zn.

• Resembles gold in colour & is very soft.

• High ductility & corrosion resistance

• Used for making coins, medals, imitation jewellery…
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Types of brass

8. Leaded red brass/ Three fives: Cu 85% + Lead + Tin + Zinc (5% each)

• Improved strength & Machinability.

• Used for making valves, pipe fittings, pump castings…
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Duplex or (α+β) brass

1. Muntz / Yellow metal: 60% Cu + 40% Zn.
• High strength & excellent hot working properties.
• Used for making chains, springs…

2. Naval brass: 60% Cu + 39% Zn + 1% Sn.
• Addition of Tin improves corrosion resistance.
• Used in marine applications, propeller shafts, valves, impellers for pumps…

3. Forging brass: 60% Cu + 38% Zn + 2% Pb
• Good hot working properties
• Used for making hardware & plumbing parts.
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Upon crossing 38% Zinc level, a new solid solution called β is also

formed along with existing α phase. This mixture is termed as duplex or

(α+β) brass.

Possess high hardness but poor ductility.

Types of Duplex



Bronze

• The bronzes are alloys of copper and several other elements, including tin,
aluminum, silicon, and nickel.

• Contain Tin(Sn) as a main substitutional impurity

• E.g. – 88% Copper + 12% Tin.

• Bronzes in general are softer & weaker than steel.

• These alloys are somewhat stronger than the brasses, yet they still have a high
degree of corrosion resistance.

• Possess good corrosion resistance, castability, anti-friction or bearing properties,
heat & electrical conductivity.

• Used for making bearings, springs, castings, bells, coins, statues…
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Types of bronze

1. Tin bronze

2. Gun metal

3. Aluminium bronze

4. Silicon bronze

5. Beryllium bronze
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Types of bronze

1. Tin bronze: 88-98% Copper + 1-11% Tin + 0.1-0.5% Phosphorus.

• Tin improves the wear & corrosion resistance of the alloy.

• Phosphorus improves hardness & wear resistance.

• Used for making springs, electrical contacts, clutch discs,
taps…
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2. Gun metal: Consists of 88% Copper + 10% Tin + 2% Zinc. 

• Possess good corrosion resistance.

• Widely used in marine applications. 



3. Aluminium bronze: Alloys of Copper & Aluminium are called aluminium bronze,
which usually contains 4-11% aluminium.

• Traces of Nickel, Manganese & Silicon are also added to impart specific
properties.

• Also known as imitation gold as it resembles gold in appearance.

• Good strength & corrosion resistance, but shows poor castability.
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4. Silicon bronze: Copper + Silicon (1-4%)

• Silicon improves strength of the alloy.

• Suitable for both hot & cold working.

• Possess good corrosion resistance & weldability.

• Traces of Manganese & Zinc are added to impart specific properties.

• Used for making rivets, bolts, nuts, screws & fasteners.



Types of bronze

5. Beryllium bronze: Copper + Beryllium (0.6-3%)

• Possess high strength, conductivity, elasticity & fatigue resistance.

• Also called beryllium copper.

• Used for making springs.
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Magnesium and Its Alloys 

• The most outstanding characteristic of magnesium is its density, 1.7 g/cm3,
which is the lowest of all the structural metals; therefore, its alloys are used
where light weight is an important consideration (e.g., in aircraft
components).

• Magnesium has HCP crystal structure.

• Possess brittle nature, poor modulus of elasticity, low resistance to wear,
fatigue & creep.

• Has a moderately low melting temperature 6510C

• Chemically, magnesium alloys are relatively unstable and especially
susceptible to corrosion in marine environments.

• On the other hand, corrosion or oxidation resistance is reasonably good in
the normal atmosphere;
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Magnesium alloys

• Aluminum, zinc, manganese, and some of the rare earths are the major alloying elements.

• Addition of Al to Mg increases strength, hardness & castability.

• Zinc & Manganese are added to Magnesium to improve its mechanical properties &
corrosion resistance.

• Adding traces of Zr refines grains of Mg & improves its strength.

• Mg alloys are used in aerospace applications, for making high speed machinery,
transportation & material handling equipments.

• Furthermore, in the last several years the demand for magnesium alloys has increased
dramatically in a host of different industries.

• For many applications, magnesium alloys have replaced engineering plastics that have
comparable densities inasmuch as the magnesium materials are stiffer, more recyclable, and
less costly to produce. For example, magnesium is now employed in a variety of hand-held
devices (e.g., chain saws, power tools, hedge clippers), in automobiles (e.g., steering wheels
and columns, seat frames, transmission cases), and in audio-video-computer-
communications equipment (e.g., laptop computers, camcorders, TV sets, cellular
telephones).
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Compositions, Mechanical Properties, and Typical Applications for Six Common Magnesium Alloys
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Copper – Nickel alloys

• When Ni & Cu are alloyed in the ratio 2:1, the alloy Monel is obtained.

• Monel possess excellent mechanical properties, corrosion resistance, toughness
& fatigue strength.

• R- Monel: Monel + Sulphur

• Adding Sulphur improves machinability

• K- Monel: Monel + 3% Aluminium

• H- Monel: Monel + 3% Silicon

• S- Monel: Monel + 4% Silicon
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Copper – Nickel alloys

❖Constantan: Consists of 58.5% Cu + 40% Ni + 1.5% Mn

• Possess high electrical resistivity.

• Used for making rheostats, thermocouples…

❖Nickel silver/ German silver: Contains Cu + 5-45% Zn + 5-30% Ni. 

• Possess good strength, plasticity & low thermal conductivity. 

• Used for making plumbing accessories. 
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Titanium and its alloys

141

• The major limitation of titanium is its chemical reactivity with other materials at elevated
temperatures. This property has necessitated the development of nonconventional refining,
melting, and casting techniques; consequently, titanium alloys are quite expensive.

• In spite of this high temperature reactivity, the corrosion resistance of titanium alloys at
normal temperatures is unusually high; they are virtually immune to air, marine, and a
variety of industrial environments.

• They are commonly utilized in airplane structures, space vehicles, surgical implants, and in
the petroleum and chemical industries.
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Titanium and its alloys

• Important alloying elements of Titanium are Al, Cr, Mn, V, Fe, Mo & Sn.

• Alloying Titanium improves its mechanical properties, creep resistance,
fatigue strength & corrosion resistance.

• Ti-6Al-4V is the most widely used titanium alloy.

• Used for making air craft turbines, air craft structures, chemical processing
equipments, valves, tanks…

145



146



Babbitt metal 

❖ Babbitt metal/ White metal represents Tin or Lead based alloys.

• Some of the common compositions of babbitt alloys are:

1. 90% Tin + 10% Copper

2. 89% Tin + 7% Antimony + 4% Copper

3. 80% Lead + 15% Antimony + 5% Tin

• Used for making bearing shells.
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MODULE 5



SYLLABUS

Fatigue: - creep -DBTT - super plasticity - need, properties and 
applications of composites, super alloy, intermetallics, maraging steel, 

Titanium - Ceramics:- structures, applications.





Course Outcomes

At the end of the course students will be able to,

CO 3 : How to quantify mechanical integrity and failure in materials.

CO 5 : Define and differentiate engineering materials on the basis of 
structure and properties for engineering applications.



Fracture

• The ultimate failure or rupture of a material under the influence of an 
external load is called fracture.

• Simple fracture is the separation of a body into two or more pieces in 
response to an imposed static stress at temperatures that are lower than 
material’s melting point.
• Any fracture process involves two steps

• Crack formation and 

• Crack Propagation in response to an imposed stress. 

• The mode of fracture is highly dependent on the mechanism of crack 
propagation.





Types of Fractures

• Ductile fracture

• Brittle fracture

• Ductile fracture

• Ductile materials typically exhibit substantial plastic deformation with high energy 
absorption before fracture.

• Brittle fracture

• There is normally little or no plastic deformation with low energy absorption 
accompanying a brittle fracture.



Brittle and Ductile fracture

• (a) Highly ductile fracture in which the specimen necks down to a point. (b) Moderately 
ductile fracture after some necking. (c) Brittle fracture without any plastic deformation.



Ductile fracture

• Ductile fracture is characterized by extensive plastic deformation in the
vicinity of an advancing crack.

• The process proceeds relatively slowly as the crack length is extended. Such
a crack is often said to be stable.

• That is, it resists any further extension unless there is an increase in the
applied stress.

• In addition, there will ordinarily be evidence of appreciable gross
deformation at the fracture surfaces (e.g., twisting and tearing).





5 Stages of Moderately ductile fracture

(a) Initial necking (b) Small cavity or microvoids formation (c) Coalescence/combination of cavities to form 
a crack  (d) Crack propagation (e) Final shear fracture

Cup-and-cone fracture in aluminum



Brittle fracture

• Brittle fracture takes place with out any appreciable plastic deformation,
and is caused by rapid crack propagation.

• In brittle fracture, cracks may spread extremely rapidly, with very little
accompanying plastic deformation.

• Such cracks may be said to be unstable, and crack propagation, once
started, will continue spontaneously without an increase in magnitude of
the applied stress.

Brittle fracture in a mild steel.





• Brittle fracture is a low energy fracture

• Ductile fracture is a High energy fracture





• Ductile fracture is almost always preferred for two reasons.

1. First, brittle fracture occurs suddenly and catastrophically without any
warning; this is a consequence of the spontaneous and rapid crack
propagation.

On the other hand, for ductile fracture, the presence of plastic deformation
gives warning that fracture is imminent, allowing preventive measures to be
taken.

2. Second, more strain energy is required to induce ductile fracture inasmuch as
ductile materials are generally tougher.

• Under the action of an applied tensile stress, most metal alloys are ductile,
whereas ceramics are notably brittle, and polymers may exhibit both types of
fracture.







Intergranular fracture 

• In intergranular fracture, cracks pass through grain boundaries.



• Intergranular failure is typically due to elemental depletion
(chromium) at the grain boundaries or some type of weakening of the
grain boundary due to chemical attack, oxidation, embrittlement or
due to the precipitation of brittle phase along grain boundaries

• Some FCC metals otherwise FCC metals are ductile in nature.



Transgranular (or transcrystalline) Fracture

• In transgranular fracture, cracks pass through the grains



• Cleavage - in most brittle crystalline materials, crack propagation that
results from the successive & repeated breaking of atomic bonds along
specific planes – particularly along those planes with fewer inter atomic
bonds.

• Such a process is termed as cleavage and known as cleavage fracture Flat
surface look grainy or granular BCC and HCP metals



Role of crack size on fracture

• Fracture stress on a body is not a material property

• Its depends on the cracks present in the body

• Paper experiment 

• Larger the crack size smaller the fracture stress

• Fracture stress also depends the material property

• Higher stiffness the higher  fracture stress



Griffith theory of brittle fracture

• It was observed that the measured fracture strengths of most brittle
materials are much lower than predicted by theoretical calculations based
on atomic bonding energy.

• As an explanation Griffith proposed that brittle materials contains large
number of fine cracks, which causes stress concentration.

• This leads to reach the theoretical cohesive strength near the cracks,
Hence crack propagates and cause the material to fracture

• As the applied stress increases, the crack enlarges and causes material
failure.

• Due to the ability to amplify an applied stress, the cracks or flaws are also
called stress raisers.



• All brittle materials contain a population of small cracks and flaws that
have a variety of sizes, geometries, and orientations.

• When the magnitude of a tensile stress at the tip of one of these flaws
exceeds the value of this critical stress, a crack forms and then
propagates, which results in fracture.

• Very small and virtually defect-free metallic and ceramic whiskers have
been grown with fracture strengths that approach their theoretical
values.



Griffith theory of brittle fracture



Griffith theory of brittle fracture



Griffith theory of brittle fracture



Griffith theory of brittle fracture



Griffith theory of brittle fracture



Griffith theory of brittle fracture





Stress concentration

• Stress concentration/amplification will take place at the tip of the crack, 
which will force the crack to propagate and thus causing the  material to fail.

(a) The geometry of surface and internal cracks. (b) Schematic stress profile along the line X–X’ 
demonstrating stress amplification at crack tip positions.





Where σm = Maximum stress  at crack tip

σo = Magnitude of applied stress

a = length of surface crack or half length of 

internal crack

ρt = radius of curvature at crack tip

a >> ρt, i.e σm >> σo

So it is clear that magnitude of stress at crack tip is much higher compared to

magnitude of applied stress and this is due to stress concentration

Stress Concentration Factor (Kt)



Primary & Secondary stress raisers

• Change in geometry of the part, key ways, holes, threads, steps or change in
diameter, bolt head etc. are Primary Stress Raisers.

• Surface discontinuities such as nicks, notches, machining marks, pitting,
corrosion, defects inherent in the material – non metallic inclusion, minute
cracks, voids etc. are Secondary Stress Raisers.



• Furthermore, the effect of a stress raiser is more significant in brittle than in
ductile materials.

• For a ductile material, plastic deformation ensues when the maximum stress
exceeds the yield strength. This leads to a more uniform distribution of stress in
the vicinity of the stress raiser and to the development of a maximum stress
concentration factor less than the theoretical value.

• Such yielding and stress redistribution do not occur to any appreciable extent
around flaws and discontinuities in brittle materials; therefore, essentially the
theoretical stress concentration will result.



Effect of impact loading on ductile material and its 
application in forging

• An impact load is a dynamic load; where load is suddenly applied.

• When a material is subjected to a sudden, intense blow, in which the
strain rate is extremely rapid, it may behave in much more brittle a
manner than is observed in the tensile test.

• Its effect is much grater than a steady load of same magnitude.

• Impact test is used to measure the toughness of the material, a measure
on the capacity of a material to store strain energy before it fails.

• High toughness is exhibited by materials with high strength and ductility.

• During impact loads, the ductile materials with voids and cracks will
behave like brittle materials, and it is not indicated in tensile tests.



• A brittle material requires less energy to break and hence lacks toughness
than pure ductile materials.

• Impact test are particularly useful for finding the ductile to brittle transition
characteristics of materials.

• The main objective of impact tests is to select materials with high fracture
toughness.



• In forging process the forces are applied on the
raw material such that the stresses induced are
greater than yield and less than ultimate
strength so that material is experiencing plastic
or permanent deformation to get required
shape.

• But in forging operation force applied can be
either continuous or intermittent impact loads.

• There are two kinds of forging process, impact
forging and press forging. In the former,
the load is applied by impact, and deformation
takes place over a very short time.

• Press forging, on the other hand, involves the
gradual build up of pressure to cause the metal
to yield. The time of application is relatively
long.



Impact Testing Apparatus

final height initial height





Impact tests – Izod & Charpy

Charpy test
Izod test

Test specimen

V notch



Izod & Charpy Tests

• For both Charpy and Izod tests, the specimen is in the shape of a bar of square
cross section.

• A V-notch is machined to the cross section.

• The load is applied as an impact blow from a weighted pendulum hammer that
is released from a cocked position at a fixed height h.

• The specimen is positioned at the base.

• Upon release, a knife edge mounted on the pendulum strikes and fractures the
specimen at the notch, which acts as a point of stress concentration for this
high velocity impact blow.

• The pendulum continues its swing, rising to a maximum height h’ which is
lower than h. The energy absorption, computed from the difference between
h and h’ is a measure of the impact energy.



Ductile to Brittle Transition

• Under some circumstances, ductile materials fracture abruptly and with very
little plastic deformation. Thus there is a transition from ductile to brittle
fracture, as crack propagation takes precedence over plastic deformation.

• This ductile to brittle fracture transition occurs in some metals when

a) the temperature is lowered

(b) the rate of straining increased and/ or

(c) a notch or stress raiser is introduced in the material.

• In steel and other BCC materials the ductile behavior changes to brittle with
decreasing temperature. This transition from ductile to brittle fracture behavior
is an important engineering phenomenon.



Ductile to brittle transition temperature (DBTT) in steels



• Titanic's hull was triple riveted with
using mild steel rivets, and double
riveted using wrought iron, in the
central length of the ship where
maximum stress was assumed to be
located .

• Where as the use of wrought iron and
mild steel rivets instead of steel rivets
caused the titanic disaster to take place .

• The steel rivets have good strength as
compared to wrought iron.

• Titanic had experienced a great forcefull
impact which caused the six
compartments of it to be opened to sea
where the used wrought iron rivets
failed.



Sinking of Titanic -14th April 1912

Titanic was made up of steel which has moderately high DBT

temperature. On the day of sinking, the temperature was –2 0C which

made the structure highly brittle which caused the damage.





• For these low-strength
steels, the transition
temperature is sensitive to
both alloy composition and
microstructure. For
example, decreasing the
average grain size results in
a lowering of the transition
temperature. Hence,
refining the grain size both
strengthens and toughens
steels. In contrast, increasing
the carbon content, while
increasing the strength of
steels, also raises the CVN
transition of steels,





• low-strength FCC metals (some aluminum and copper alloys) and most HCP 
metals do not experience a ductile-to-brittle transition and retain high impact 
energies (i.e., remain ductile) with decreasing temperature. 

• For high-strength materials (e.g., high-strengthsteels and titanium alloys), the 
impact energy is also relatively insensitive to temperature however, these 
materials are also very brittle, as reflected by their low impact energy values.



Ductile to brittle transition (DBT)

1. FCC materials do not show DBT

• Good for cryogenic application

• Austenic stainless steel is good for low temp use ( Astenite : FCC)

• Mild steel is not good for low temp use (Ferrite BCC)

2. Finer grain size lower the transition temp.

• Enhances the ductile behavior

3. High strain rate increases the transition temp.

• Enhances the brittle behavior

4. Notches increases the transition temp.

• Enhances the brittle behavior



Structural changes during DBTT

• The reason for this transition is that, at higher temperatures, the atoms in the
materials vibrate with greater frequency and amplitude. This increase allows
the atoms under stress to slip to new positions within the material (to break
bonds and form new ones with other atoms in the material).

• This slippage of atoms is observed outside of the material as plastic
deformation, a feature of ductile fracture.

• However, when the temperature is lowered, the atoms may not be able to slip
to new positions in the material. As the applied stress becomes high enough
the atoms just break their bonds, but do not form new ones.

• The decrease in slippage does not cause plastic deformation. Thus, the material
behaves in a brittle manner at lower temperatures.



• The appearance of the failure surface is indicative of the nature of fracture and
may be used in transition temperature determinations. For ductile fracture this
surface appears fibrous or dull (or of shear character), as in the steel specimen

• A brittle surfaces have a granular (shiny) texture (or cleavage character)

• Over the ductile-to-brittle transition, features of both types will exist



Fatigue
• Materials subjected to repetitive or fluctuating stress will fail at a stress much

lower than that required to cause failure under steady loads. This behavior is
called fatigue.

• Failure of a component subjected to cyclic loading at a stress considerably lower
than the yield stress of a static loading.

• Fatigue is an important form of behavior in all materials including metals,
polymers and ceramics. Fatigue is important, because it is the single largest
cause of failure in metals (almost 80 to 90% of all metallic failure is due to
fatigue).

• This type of failure is very dangerous, because it occurs without any warning or
signs of failure.

• Fatigue failure is brittle like in nature even in normally ductile metals, in that
there is very little, if any, gross plastic deformation associated with failure. The
process occurs by the initiation and propagation of cracks, and ordinarily the
fracture surface is perpendicular to the direction of an applied tensile stress.



Fatigue occurs in structures that are subjected to dynamic,  rapidly fluctuating and cyclic stresses (e.g, 
rotating shafts,  bridges, air craft wings, machine components, automobile  parts etc.).



Types of Loading

1. Axial loading (Tensile or Compressive)

2. Shear loading (Torsional OR Twisting)

3. Flexural loading (Bending)



Stress cycles



(a)Reversed (sinusoidal) stress cycle,

• In which the stress alternates from a maximum tensile stress to a maximum compressive stress of
equal magnitude.

• The amplitude is symmetrical about a mean zero stress level.

(b) Repeated stress cycle

• In which maximum and minimum stresses are asymmetrical relative to the zero
stress level

(c) Random stress cycle.





Fatigue test

• Rotating-bending test apparatus, commonly used for fatigue testing

• The compression and tensile stresses are imposed on the specimen as it is
simultaneously bent and rotated.

• Tests are also frequently conducted using an alternating uniaxial tension-
compression stress cycle





• The machine consists of an electric motor, bearings and collets to support the
specimen and a revolution counter. The test specimen, which forms the
extension of a shaft, is placed in the machine.

• A dead weight is attached at the center of the specimen. When the specimen is
rotated by a motor, the center of the specimen will be under tension on the
lower surface and compression on the upper surface due to the attached
weight.

• Hence, the specimen is subjected to alternate tensile and compressive stresses
while it is rotating. This sinusoidal variation of stress leads to the condition that
the stress is greatest at the surface and zero at the centre.

• The number of cycles for failure to occur depends on the value of applied
stress. When the applied stress is high, the number of cycles to failure will be
small. As the stress is reduced, failure can be expected after a larger number of
cycles. When the applied stress is lowered again, an ultimate value will be
reached, below which failure will not take place within the limits of the test.
This value of stress is the endurance limit or fatigue limit.



Fatigue test

• The test is carried out by subjecting a specimen to the stress cycling at a
maximum stress amplitude σmax, usually on the order of two-thirds of the static
tensile strength.

• The number of cycles to failure is counted.

• This procedure is repeated on other specimens at progressively decreasing
maximum stress amplitudes.

• The resulting data is presented as a plot of stress (S) versus the logarithm of
the number of cycles (N) to failure for each of the specimen.



S-N curve

• Two distinct types of S–N behavior are observed.

• As these plots indicate, the higher the magnitude of the stress, the smaller the 
number of cycles the material is capable of sustaining before failure.



S-N curve

• For some ferrous (iron base) and titanium alloys, the S–N curve becomes (figure
a) horizontal at higher N values; or there is a limiting stress level, called the
fatigue limit (also sometimes the endurance limit), below which fatigue failure
will not occur.

• This fatigue limit represents

the largest value of fluctuating

stress that will not cause

failure for essentially an

infinite number of cycles.

• For many steels, fatigue limits

range between 35% and 60%

of the tensile strength.





S-N curve

• Most nonferrous alloys (e.g., aluminum, copper, magnesium) do not have a
fatigue limit, in that the S–N curve continues its downward trend at
increasingly greater N values (Figure b).Thus, fatigue will ultimately occur
regardless of the magnitude of the stress.

• For these materials, the fatigue

response is specified as fatigue

strength, which is defined as the

stress level at which failure will

occur for some specified number of

cycles (e.g., 107cycles).



S-N curve

• Another important parameter that characterizes a material’s fatigue behavior is
fatigue life (Nf).

• It is the number of cycles to cause failure at a specified stress level, as taken from
the S–N plot.





Fatigue 

Fatigue life (Nf)

It is the number of cycles to cause failure at  a specified stress level, as taken from 
the S–N plot.

Fatigue strength

The stress level at which failure will occur for some specified number of cycles 
(e.g., 10 7 cycles).



Mechanism of fatigue failure.

• The process of fatigue failure is characterized by three distinct steps: 

(1) Crack initiation, wherein a small crack forms at some point of high stress concentration;

(2) Crack propagation, during which this crack advances incrementally with each stress cycle

(3) Final failure, which occurs very rapidly once the advancing crack has reached a critical size.

• Thus the fatigue life of a  structure consists of the time required for initiation and  
growth of a crack to the point of failure.

• Cracks associated with fatigue failure almost always initiate (or nucleate) on the 
surface of a component at some point of stress concentration.

• Crack nucleation sites include surface scratches, sharp fillets, keyways, threads,
dents, and the like.

• In addition, cyclic loading can produce microscopic surface discontinuities
resulting from dislocation slip steps that may also act as stress raisers, and
therefore as crack initiation sites.



Mechanism of fatigue failure.

• The fracture surface is relatively smooth, and on close examination, concentric
curves can be seen. The portion of the surface that experienced rapid crack
growth ordinarily has a rougher texture.

• Fracture surface with crack initiation at

top edge. The smooth region also near

the top corresponds to the area over

which the crack propagated slowly.

• Surface shows predominantly dull

fibrous texture where rapid failure

occurred after crack achieved critical

size.





Mechanism of fatigue failure.



Fatigue failure

Smooth concentric striations

Rough granular appearance



Factors affecting fatigue strength

• Fatigue behavior of engineering materials is highly sensitive to a number of
variables. Some of these factors include mean stress level, geometrical design,
surface effects, and metallurgical variables, as well as the environment.

• Different factors are,

• Mean Stress

• Design Factors(Stress concentration)

• Size effect(Size of the component)

• Surface Effects(Surface roughness)

• Surface Treatments(Change in surface properties)

• Surface residual stress.

• Environment in which component is functioning

• The environment in which the component is functioning has a marked influence on fatigue. It
has been observed that the fatigue life in vacuum is about 10 times more than that in a moist
atmosphere. Hence a corrosive atmosphere reduces fatigue life. Fatigue resulting out of
corrosion is known as corrosion fatigue.



1. Stress concentration

• The design of a component can have a significant influence on its fatigue
characteristics. Any notch or geometrical discontinuity can act as a stress raiser
and fatigue crack initiation site; these design features include grooves, holes,
keyways, threads, and so on.

• The sharper the discontinuity (i.e., the smaller the radius of curvature), the more
severe the stress concentration. The probability of fatigue failure may be reduced
by avoiding (when possible) these structural irregularities, or by making design
modifications whereby sudden contour changes leading to sharp corners are
eliminated—for example, calling for rounded fillets with large radii of curvature at
the point where there is a change in diameter for a rotating shaft



2. Size effect

• Tests show that larger specimens have lower fatigue strength than smaller ones.

• This is called the size/thickness effect. It is comprised by different sub-effects;
the so-called geometric, statistical size effects.

• The geometric size effect relates to the stress gradient due to stress
concentrations and direct or superimposed bending, which becomes steeper
when the joint become thinner. The combined stress field at the crack tip of a
given crack size ai will thus be less intense for a thin joint compared to a thick
joint, i.e. for t1 < t2, we get σ1 < σ 2, when the nominal surface stress is the same.



Statistical size effect

• The statistical size effect considers that the probability of a severe defect

occurring is higher in a large volume (thick joints) than in a small volume (thin

joints).

• On a large specimen from all the material, it will necessarily contain the severe

defect and, when tested, it will show low fatigue strength.

• If instead we made 6 small specimens from the same material, only one of

them will contain the severe defect. So when testing, one of the resulting data

points will show low fatigue strength, while the other 5 will show much higher

fatigue strength.



3. Surface roughness

• During machining operations, small scratches, machining marks and grooves are
invariably introduced into the workpiece surface by cutting tool action. These
surface markings can limit the fatigue life.

• It has been observed that improving the surface finish by polishing will enhance
fatigue life significantly.



4. Change in surface properties(Case hardening )
• By this technique both surface hardness and fatigue life are enhanced for steel

alloys. This is accomplished by a carburizing or nitriding process whereby a
component is exposed to a carbonaceous or nitrogenous atmosphere at an
elevated temperature.

• A carbon- or nitrogen-rich outer surface layer (or “case”) is introduced by atomic
diffusion from the gaseous phase. The case is normally on the order of 1 mm
deep and is harder than the inner core of material.

• The improvement of fatigue

properties results from increased

hardness within the case, as well

as the desired residual

compressive stresses the

formation of which attends the

carburizing or nitriding process.



5. Surface residual stress

• One of the most effective methods of increasing fatigue performance is by
imposing residual compressive stresses within a thin outer surface layer.

• Thus, a surface tensile stress of external origin will be partially nullified and
reduced in magnitude by the residual compressive stress. The net effect is that
the likelihood of crack formation and therefore of fatigue failure is reduced.

• Residual compressive stresses are commonly introduced into ductile metals
mechanically by localized plastic deformation within the outer surface region.
Commercially, this is often accomplished by a process termed shot peening.

• Small, hard particles (shot) having diameters within the range of 0.1 to 1.0 mm
are projected at high velocities onto the surface to be treated.

• The resulting deformation induces compressive stresses to a depth of between
one-quarter and one-half of the shot diameter.



Shot Peening
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Ways to improve fatigue life

• By preventing or delaying the initiation of cracks at the surface

Methods

1. Surface treatments

Fatigue failure is observed to be caused by tensile stresses on areas of stress
concentration. If compressive stresses are introduced at the surface of a
component, the applied tensile stresses get cancelled, thereby considerably
increasing the fatigue life of components.

a) Shot peening

b) Surface rolling

2. Carburising followed by hardening and nitriding

• Carburising and nitriding introduce strong and hard surface layers which also increase
the resistance to crack initiation at the surface. This method is particularly useful in alloy
steels.



Ways to improve fatigue life

3. Polishing the surface

• Improving the surface finish is another effective method in enhancing the fatigue life. Rough
surfaces invariably have potential sites of stress concentration. Therefore, polishing the
surfaces of component to a good surface finish removes surface irregularities which may act
as stress raisers.

4. Preventing decarburisation while heat treatment

5. Grain refinement

• A fine grain structure is found to improve  fatigue resistance. 

6. Proper design

• Regions of stress concentration like notches, sharp corners, sudden contour changes etc.
should be avoided. Processing methods, which reduce the number of internal/ external
defects must also be adopted. Prevention from corrosive, chemical or abrasive atmosphere
will also enhance fatigue life.





Thermal fatigue and its applications in metal cutting.

• Thermal stresses result when the change in dimensions of a member as result
of temperature change is prevented by some kind of a constraint. If a bar with
fixed supports is heated thermal stresses will develop by a temperature change.

• The value of thermal stress so developed is given by σ = EαΔT, where α – linear
thermal co-efficient of expansion, E- elastic modulus and ∆T- change in
temperature.

• If the failure occurs by a single application of stress, then it is called thermal
shock.

• If failure occurs after repeated application of thermal stress, it is called thermal
fatigue.

❖Thermal Fatigue: Thermal cycling causes expansion and contraction,
which will act as tensile and compressive loads.

• Solutions:
• Eliminate restraint by design

• Use materials with low thermal expansion coefficients



Thermal fatigue and its applications in metal cutting.

• Principle of thermal fatigue is made use of in thermo mechanical machining.
This method is used for the removal of burrs and fins by exposing the material
to hot corrosive gases for a short period of time.

• Hot gases are formed by detonating an explosive mixture of oxygen, hydrogen
and natural gas in a chamber with the material. A thermal shock wave vaporizes
the burrs found on gears, die castings, valves and so on.



Thermal fatigue and its applications in metal cutting.

• Another area where thermal fatigue becomes significant is in metal cutting tool
life. In machining operations in which there is interrupted cutting, such as
milling, heat is generated at each cut. Thus the tool is subjected to a heating
and cooling cycle.

• If the thermal conductivity of the tool material is low and the coefficient of
thermal expansion is high, tool failure can take place soon. Similar situation
may exist in hot forging dies. Careful considerations in selection of tool material
is required to avoid tool failure due to thermal fatigue.



Effect of temperature on fatigue life

• As temperature increases, the crack growth rate will also increases.

• So an increase in temperature decreases fatigue strength.



Fracture toughness, applications

• Fracture toughness is the ability of a material to resist fracture or Fracture
toughness is a quantitative way of expressing a material's resistance to brittle
fracture.

• Fracture Toughness is the ability of material with indigenous cracks to resist
fracture by absorbing energy. Also defined as the resistance to cracks
propagation.

• If a material has high fracture toughness it will probably undergo ductile
fracture and brittle fracture usually happens to materials with less fracture
toughness.

• Fracture toughness is one of the most important property of a material for
many design applications.

• Fracture toughness values are applied practically in fracture mechanics studies
for material selection to avoid catastrophic failure, for example, in nuclear
power stations, aeronautics, off-shore applications, ships, bridges, pipelines,
and pressure vessels. Also they can be used advantageously in the rehabilitation
of old bridges or pressure vessels.



Creep
• Q1. Why do tungsten filament bulbs fuse?

• Q2. How do glaciers move?

• Q3. What limits the life of a jet engine turbine blades?



Creep

• At Time t= 0 min

• At Time t=5 min



Creep
• Creep is time dependent continued plastic deformation at constant load or 

stress at high temperature (> 0.5 Tm). 



Effect of Temperature



Creep curves
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MODULE 5



SYLLABUS

Fatigue: - creep -DBTT - super plasticity - need, properties and 
applications of composites, super alloy, intermetallics, maraging steel, 

Titanium - Ceramics:- structures, applications.





Course Outcomes

At the end of the course students will be able to,

CO 3 : How to quantify mechanical integrity and failure in materials.

CO 5 : Define and differentiate engineering materials on the basis of 
structure and properties for engineering applications.



Fracture

• The ultimate failure or rupture of a material under the influence of an 
external load is called fracture.

• Simple fracture is the separation of a body into two or more pieces in 
response to an imposed static stress at temperatures that are lower than 
material’s melting point.

• Any fracture process involves two steps

• Crack formation and

• Crack Propagation in response to an imposed stress.

• The mode of fracture is highly dependent on the mechanism of crack 
propagation.





Types of Fractures

• Ductile fracture

• Brittle fracture

• Ductile fracture

• Ductile materials typically exhibit substantial plastic deformation with high energy 
absorption before fracture.

• Brittle fracture

• There is normally little or no plastic deformation with low energy absorption 
accompanying a brittle fracture.



Brittle and Ductile fracture

• (a) Highly ductile fracture in which the specimen necks down to a point. (b) Moderately 
ductile fracture after some necking. (c) Brittle fracture without any plastic deformation.



Ductile fracture

• Ductile fracture is characterized by extensive plastic deformation in the 
vicinity of an advancing crack.

• The process proceeds relatively slowly as the crack length is extended. Such 
a crack is often said to be stable.

• That is, it resists any further extension unless there is an increase in the 
applied stress.

• In addition, there will ordinarily be evidence of appreciable gross 
deformation at the fracture surfaces (e.g., twisting and tearing).





5 Stages of Moderately ductile fracture

(a) Initial necking (b) Small cavity or microvoids formation (c) Coalescence/combination of cavities to form 
a crack (d) Crack propagation (e) Final shear fracture

Cup-and-cone fracture in aluminum



Brittle fracture

• Brittle fracture takes place with out any appreciable plastic deformation,
and is caused by rapid crack propagation.

• In brittle fracture, cracks may spread extremely rapidly, with very little
accompanying plastic deformation.

• Such cracks may be said to be unstable, and crack propagation, once
started, will continue spontaneously without an increase in magnitude of
the applied stress.

Brittle fracture in a mild steel.





• Brittle fracture is a low energy fracture

• Ductile fracture is a High energy fracture





• Ductile fracture is almost always preferred for two reasons.

1. First, brittle fracture occurs suddenly and catastrophically without any
warning; this is a consequence of the spontaneous and rapid crack
propagation.

On the other hand, for ductile fracture, the presence of plastic deformation
gives warning that fracture is imminent, allowing preventive measures to be
taken.

2. Second, more strain energy is required to induce ductile fracture inasmuch as
ductile materials are generally tougher.

• Under the action of an applied tensile stress, most metal alloys are ductile,
whereas ceramics are notably brittle, and polymers may exhibit both types of
fracture.







Intergranular fracture

• In intergranular fracture, cracks pass through grain boundaries.



• Intergranular failure is typically due to elemental depletion
(chromium) at the grain boundaries or some type of weakening of the
grain boundary due to chemical attack, oxidation, embrittlement or
due to the precipitation of brittle phase along grain boundaries

• Some FCC metals otherwise FCC metals are ductile in nature.



Transgranular (or transcrystalline) Fracture

• In transgranular fracture, cracks pass through the grains



• Cleavage - in most brittle crystalline materials, crack propagation that
results from the successive & repeated breaking of atomic bonds along
specific planes – particularly along those planes with fewer inter atomic
bonds.

• Such a process is termed as cleavage and known as cleavage fracture Flat
surface look grainy or granular BCC and HCP metals



Role of crack size on fracture

• Fracture stress on a body is not a material property

• Its depends on the cracks present in the body

• Paper experiment

• Larger the crack size smaller the fracture stress

• Fracture stress also depends the material property

• Higher stiffness the higher fracture stress



Griffith theory of brittle fracture

• It was observed that the measured fracture strengths of most brittle
materials are much lower than predicted by theoretical calculations based
on atomic bonding energy.

• As an explanation Griffith proposed that brittle materials contains large
number of fine cracks, which causes stress concentration.

• This leads to reach the theoretical cohesive strength near the cracks,
Hence crack propagates and cause the material to fracture

• As the applied stress increases, the crack enlarges and causes material
failure.

• Due to the ability to amplify an applied stress, the cracks or flaws are also
called stress raisers.



• All brittle materials contain a population of small cracks and flaws that
have a variety of sizes, geometries, and orientations.

• When the magnitude of a tensile stress at the tip of one of these flaws
exceeds the value of this critical stress, a crack forms and then
propagates, which results in fracture.

• Very small and virtually defect-free metallic and ceramic whiskers have
been grown with fracture strengths that approach their theoretical
values.



Griffith theory of brittle fracture



Griffith theory of brittle fracture



Griffith theory of brittle fracture



Griffith theory of brittle fracture



Griffith theory of brittle fracture



Griffith theory of brittle fracture





Stress concentration

• Stress concentration/amplification will take place at the tip of the crack, 
which will force the crack to propagate and thus causing the material to fail.

(a) The geometry of surface and internal cracks. (b) Schematic stress profile along the line X–X’ 
demonstrating stress amplification at crack tip positions.





Where σm = Maximum stress at crack tip

σo = Magnitude of applied stress

a = length of surface crack or half length of

internal crack

ρt = radius of curvature at crack tip

a >> ρt, i.e σm >> σo

So it is clear that magnitude of stress at crack tip is much higher compared to 

magnitude of applied stress and this is due to stress concentration

Stress Concentration Factor (Kt)



Primary & Secondary stress raisers

• Change in geometry of the part, key ways, holes, threads, steps or change in
diameter, bolt head etc. are Primary Stress Raisers.

• Surface discontinuities such as nicks, notches, machining marks, pitting,
corrosion, defects inherent in the material – non metallic inclusion, minute
cracks, voids etc. are Secondary Stress Raisers.



• Furthermore, the effect of a stress raiser is more significant in brittle than in
ductile materials.

• For a ductile material, plastic deformation ensues when the maximum stress
exceeds the yield strength. This leads to a more uniform distribution of stress in
the vicinity of the stress raiser and to the development of a maximum stress
concentration factor less than the theoretical value.

• Such yielding and stress redistribution do not occur to any appreciable extent
around flaws and discontinuities in brittle materials; therefore, essentially the
theoretical stress concentration will result.



Effect of impact loading on ductile material and its 
application in forging

• An impact load is a dynamic load; where load is suddenly applied.

• When a material is subjected to a sudden, intense blow, in which the
strain rate is extremely rapid, it may behave in much more brittle a
manner than is observed in the tensile test.

• Its effect is much grater than a steady load of same magnitude.

• Impact test is used to measure the toughness of the material, a measure
on the capacity of a material to store strain energy before it fails.

• High toughness is exhibited by materials with high strength and ductility.

• During impact loads, the ductile materials with voids and cracks will
behave like brittle materials, and it is not indicated in tensile tests.



• A brittle material requires less energy to break and hence lacks toughness 
than pure ductile materials.

• Impact test are particularly useful for finding the ductile to brittle transition 
characteristics of materials.

• The main objective of impact tests is to select materials with high fracture 
toughness.



• In forging process the forces are applied on the
raw material such that the stresses induced are
greater than yield and less than ultimate
strength so that material is experiencing plastic
or permanent deformation to get required
shape.

• But in forging operation force applied can be
either continuous or intermittent impact loads.

• There are two kinds of forging process, impact
forging and press forging. In the former,
the load is applied by impact, and deformation
takes place over a very short time.

• Press forging, on the other hand, involves the
gradual build up of pressure to cause the metal
to yield. The time of application is relatively
long.



Impact Testing Apparatus

final height initial height





Impact tests – Izod & Charpy

Charpy test
Izod test

Test specimen

V notch



Izod & Charpy Tests

• For both Charpy and Izod tests, the specimen is in the shape of a bar of square
cross section.

• A V-notch is machined to the cross section.

• The load is applied as an impact blow from a weighted pendulum hammer that
is released from a cocked position at a fixed height h.

• The specimen is positioned at the base.

• Upon release, a knife edge mounted on the pendulum strikes and fractures the
specimen at the notch, which acts as a point of stress concentration for this
high velocity impact blow.

• The pendulum continues its swing, rising to a maximum height h’ which is
lower than h. The energy absorption, computed from the difference between
h and h’ is a measure of the impact energy.



Ductile to Brittle Transition

• Under some circumstances, ductile materials fracture abruptly and with very
little plastic deformation. Thus there is a transition from ductile to brittle
fracture, as crack propagation takes precedence over plastic deformation.

• This ductile to brittle fracture transition occurs in some metals when

a) the temperature is lowered

(b) the rate of straining increased and/ or

(c) a notch or stress raiser is introduced in the material.

• In steel and other BCC materials the ductile behavior changes to brittle with
decreasing temperature. This transition from ductile to brittle fracture behavior
is an important engineering phenomenon.



Ductile to brittle transition temperature (DBTT) in steels



• Titanic's hull was triple riveted with
using mild steel rivets, and double
riveted using wrought iron, in the
central length of the ship where
maximum stress was assumed to be
located .

• Where as the use of wrought iron and
mild steel rivets instead of steel rivets
caused the titanic disaster to take place .
• The steel rivets have good strength as

compared to wrought iron.

• Titanic had experienced a great forcefull
impact which caused the six
compartments of it to be opened to sea
where the used wrought iron rivets 
failed.



Sinking of Titanic -14th April 1912

Titanic was made up of steel which has moderately high DBT

temperature. On the day of sinking, the temperature was –2 0C which

made the structure highly brittle which caused the damage.





• For these low-strength
steels, the transition
temperature is sensitive to 
both alloy composition and
microstructure. For
example, decreasing the
average grain size results in
a lowering of the transition
temperature. Hence,
refining the grain size both
strengthens and toughens
steels. In contrast, increasing
the carbon content, while
increasing the strength of
steels, also raises the CVN
transition of steels,





• low-strength FCC metals (some aluminum and copper alloys) and most HCP 
metals do not experience a ductile-to-brittle transition and retain high impact 
energies (i.e., remain ductile) with decreasing temperature.

• For high-strength materials (e.g., high-strengthsteels and titanium alloys), the 
impact energy is also relatively insensitive to temperature however, these 
materials are also very brittle, as reflected by their low impact energy values.



Ductile to brittle transition (DBT)

1. FCC materials do not show DBT

• Good for cryogenic application

• Austenic stainless steel is good for low temp use ( Astenite : FCC)

• Mild steel is not good for low temp use (Ferrite BCC)

2. Finer grain size lower the transition temp.

• Enhances the ductile behavior

3. High strain rate increases the transition temp.

• Enhances the brittle behavior

4. Notches increases the transition temp.

• Enhances the brittle behavior



Structural changes during DBTT

• The reason for this transition is that, at higher temperatures, the atoms in the
materials vibrate with greater frequency and amplitude. This increase allows
the atoms under stress to slip to new positions within the material (to break
bonds and form new ones with other atoms in the material).

• This slippage of atoms is observed outside of the material as plastic
deformation, a feature of ductile fracture.

• However, when the temperature is lowered, the atoms may not be able to slip
to new positions in the material. As the applied stress becomes high enough
the atoms just break their bonds, but do not form new ones.

• The decrease in slippage does not cause plastic deformation. Thus, the material 
behaves in a brittle manner at lower temperatures.



• The appearance of the failure surface is indicative of the nature of fracture and
may be used in transition temperature determinations. For ductile fracture this
surface appears fibrous or dull (or of shear character), as in the steel specimen

• A brittle surfaces have a granular (shiny) texture (or cleavage character)

• Over the ductile-to-brittle transition, features of both types will exist



Fatigue
• Materials subjected to repetitive or fluctuating stress will fail at a stress much

lower than that required to cause failure under steady loads. This behavior is
called fatigue.

• Failure of a component subjected to cyclic loading at a stress considerably lower
than the yield stress of a static loading.

• Fatigue is an important form of behavior in all materials including metals,
polymers and ceramics. Fatigue is important, because it is the single largest
cause of failure in metals (almost 80 to 90% of all metallic failure is due to
fatigue).

• This type of failure is very dangerous, because it occurs without any warning or
signs of failure.

• Fatigue failure is brittle like in nature even in normally ductile metals, in that
there is very little, if any, gross plastic deformation associated with failure. The
process occurs by the initiation and propagation of cracks, and ordinarily the
fracture surface is perpendicular to the direction of an applied tensile stress.



Fatigue occurs in structures that are subjected to dynamic, rapidly fluctuating and cyclic stresses (e.g,

rotating shafts, bridges, air craft wings, machine components, automobile parts etc.).



Types of Loading

1. Axial loading (Tensile or Compressive)

2. Shear loading (Torsional OR Twisting)

3. Flexural loading (Bending)



Stress cycles



(a)Reversed (sinusoidal) stress cycle,
• In which the stress alternates from a maximum tensile stress to a maximum compressive stress of

equal magnitude.

• The amplitude is symmetrical about a mean zero stress level.

(b) Repeated stress cycle

• In which maximum and minimum stresses are asymmetrical relative to the zero 
stress level

(c) Random stress cycle.





Fatigue test

• Rotating-bending test apparatus, commonly used for fatigue testing

• The compression and tensile stresses are imposed on the specimen as it is 
simultaneously bent and rotated.

• Tests are also frequently conducted using an alternating uniaxial tension-
compression stress cycle





• The machine consists of an electric motor, bearings and collets to support the
specimen and a revolution counter. The test specimen, which forms the
extension of a shaft, is placed in the machine.

• A dead weight is attached at the center of the specimen. When the specimen is
rotated by a motor, the center of the specimen will be under tension on the
lower surface and compression on the upper surface due to the attached
weight.

• Hence, the specimen is subjected to alternate tensile and compressive stresses
while it is rotating. This sinusoidal variation of stress leads to the condition that
the stress is greatest at the surface and zero at the centre.

• The number of cycles for failure to occur depends on the value of applied
stress. When the applied stress is high, the number of cycles to failure will be
small. As the stress is reduced, failure can be expected after a larger number of
cycles. When the applied stress is lowered again, an ultimate value will be
reached, below which failure will not take place within the limits of the test.
This value of stress is the endurance limit or fatigue limit.



Fatigue test

• The test is carried out by subjecting a specimen to the stress cycling at a
maximum stress amplitude σmax, usually on the order of two-thirds of the static
tensile strength.

• The number of cycles to failure is counted.

• This procedure is repeated on other specimens at progressively decreasing
maximum stress amplitudes.

• The resulting data is presented as a plot of stress (S) versus the logarithm of
the number of cycles (N) to failure for each of the specimen.



S-N curve

• Two distinct types of S–N behavior are observed.

• As these plots indicate, the higher the magnitude of the stress, the smaller the 
number of cycles the material is capable of sustaining before failure.



S-N curve

• For some ferrous (iron base) and titanium alloys, the S–N curve becomes (figure
a) horizontal at higher N values; or there is a limiting stress level, called the
fatigue limit (also sometimes the endurance limit), below which fatigue failure
will not occur.

• This fatigue limit represents

the largest value of fluctuating

stress 

failure

that will not cause 

for essentially an

infinite number of cycles.

• For many steels, fatigue limits

range between 35% and 60%

of the tensile strength.





S-N curve

• Most nonferrous alloys (e.g., aluminum, copper, magnesium) do not have a
fatigue limit, in that the S–N curve continues its downward trend at
increasingly greater N values (Figure b).Thus, fatigue will ultimately occur
regardless of the magnitude of the stress.

response is specified as

• For these materials, the fatigue

fatigue

strength, which is defined as the

stress level at which failure will

occur for some specified number of

cycles (e.g., 107cycles).



S-N curve

• Another important parameter that characterizes a material’s fatigue behavior is 
fatigue life (Nf).

• It is the number of cycles to cause failure at a specified stress level, as taken from 
the S–N plot.





Fatigue

Fatigue life (Nf)

It is the number of cycles to cause failure at a specified stress level, as taken from 
the S–N plot.

Fatigue strength

The stress level at which failure will occur for some specified number of cycles 
(e.g., 10 7 cycles).



Mechanism of fatigue failure.

• The process of fatigue failure is characterized by three distinct steps:

(1) Crack initiation, wherein a small crack forms at some point of high stress concentration;

(2) Crack propagation, during which this crack advances incrementally with each stress cycle

(3) Final failure, which occurs very rapidly once the advancing crack has reached a critical size.

• Thus the fatigue life of a structure consists of the time required for initiation and
growth of a crack to the point of failure.

• Cracks associated with fatigue failure almost always initiate (or nucleate) on the
surface of a component at some point of stress concentration.

• Crack nucleation sites include surface scratches, sharp fillets, keyways, threads,
dents, and the like.

• In addition, cyclic loading can produce microscopic surface discontinuities
resulting from dislocation slip steps that may also act as stress raisers, and
therefore as crack initiation sites.



Mechanism of fatigue failure.

• The fracture surface is relatively smooth, and on close examination, concentric
curves can be seen. The portion of the surface that experienced rapid crack
growth ordinarily has a rougher texture.

• Fracture surface with crack initiation at

top edge. The smooth region also near

the top corresponds to the area over

which the crack propagated slowly.

• Surface 

fibrous

shows predominantly dull 

texture where rapid failure

occurred after crack achieved critical 

size.





Mechanism of fatigue failure.



Fatigue failure

Smooth concentric striations

Rough granular appearance



Factors affecting fatigue strength

• Fatigue behavior of engineering materials is highly sensitive to a number of
variables. Some of these factors include mean stress level, geometrical design,
surface effects, and metallurgical variables, as well as the environment.

• Different factors are,

• Mean Stress

• Design Factors(Stress concentration)

• Size effect(Size of the component)

• Surface Effects(Surface roughness)

• Surface Treatments(Change in surface properties)

• Surface residual stress.

• Environment in which component is functioning

• The environment in which the component is functioning has a marked influence on fatigue. It
has been observed that the fatigue life in vacuum is about 10 times more than that in a moist
atmosphere. Hence a corrosive atmosphere reduces fatigue life. Fatigue resulting out of
corrosion is known as corrosion fatigue.



1. Stress concentration

• The design of a component can have a significant influence on its fatigue
characteristics. Any notch or geometrical discontinuity can act as a stress raiser
and fatigue crack initiation site; these design features include grooves, holes,
keyways, threads, and so on.

• The sharper the discontinuity (i.e., the smaller the radius of curvature), the more
severe the stress concentration. The probability of fatigue failure may be reduced
by avoiding (when possible) these structural irregularities, or by making design
modifications whereby sudden contour changes leading to sharp corners are
eliminated—for example, calling for rounded fillets with large radii of curvature at
the point where there is a change in diameter for a rotating shaft



2. Size effect

• Tests show that larger specimens have lower fatigue strength than smaller ones.

• This is called the size/thickness effect. It is comprised by different sub-effects;
the so-called geometric, statistical size effects.

• The geometric size effect relates to the stress gradient due to stress
concentrations and direct or superimposed bending, which becomes steeper
when the joint become thinner. The combined stress field at the crack tip of a
given crack size ai will thus be less intense for a thin joint compared to a thick
joint, i.e. for t1 < t2, we get σ1 < σ 2, when the nominal surface stress is the same.



Statistical size effect

• The statistical size effect considers that the probability of a severe defect

occurring is higher in a large volume (thick joints) than in a small volume (thin

joints).

• On a large specimen from all the material, it will necessarily contain the severe

defect and, when tested, it will show low fatigue strength.

• If instead we made 6 small specimens from the same material, only one of

them will contain the severe defect. So when testing, one of the resulting data

points will show low fatigue strength, while the other 5 will show much higher

fatigue strength.



3. Surface roughness

• During machining operations, small scratches, machining marks and grooves are
invariably introduced into the workpiece surface by cutting tool action. These
surface markings can limit the fatigue life.

• It has been observed that improving the surface finish by polishing will enhance
fatigue life significantly.



4. Change in surface properties(Case hardening )
• By this technique both surface hardness and fatigue life are enhanced for steel

alloys. This is accomplished by a carburizing or nitriding process whereby a
component is exposed to a carbonaceous or nitrogenous atmosphere at an
elevated temperature.

• A carbon- or nitrogen-rich outer surface layer (or “case”) is introduced by atomic
diffusion from the gaseous phase. The case is normally on the order of 1 mm
deep and is harder than the inner core of material.

• The improvement of fatigue

properties results from increased

hardness within the case, as well

compressive

as the desired

stresses

residual

the

formation of which attends the 

carburizing or nitriding process.



5. Surface residual stress

• One of the most effective methods of increasing fatigue performance is by
imposing residual compressive stresses within a thin outer surface layer.

• Thus, a surface tensile stress of external origin will be partially nullified and
reduced in magnitude by the residual compressive stress. The net effect is that
the likelihood of crack formation and therefore of fatigue failure is reduced.

• Residual compressive stresses are commonly introduced into ductile metals
mechanically by localized plastic deformation within the outer surface region.
Commercially, this is often accomplished by a process termed shot peening.

• Small, hard particles (shot) having diameters within the range of 0.1 to 1.0 mm
are projected at high velocities onto the surface to be treated.

• The resulting deformation induces compressive stresses to a depth of between
one-quarter and one-half of the shot diameter.



Shot Peening
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http://www.google.co.in/url?sa=i&rct=j&q&esrc=s&frm=1&source=images&cd&cad=rja&docid=DxFmghXaGcBkiM&tbnid=49YDo0XzloAyBM%3A&ved=0CAUQjRw&url=http%3A//www.themetalcasting.com/peening-process.html&ei=ECNeUomuOsGkrQebk4CwCg&bvm=bv.54176721%2Cd.bmk&psig=AFQjCNF7ikCaMT0dsnSs51gUhwq_o4BTgg&ust=1381987359429065


Ways to improve fatigue life

•By preventing or delaying the initiation of cracks at the surface 

Methods

1. Surface treatments

Fatigue failure is observed to be caused by tensile stresses on areas of stress 
concentration. If compressive stresses are introduced at the surface of a

considerablycomponent, the applied tensile stresses get cancelled, thereby 
increasing the fatigue life of components.

a) Shot peening

b) Surface rolling

2. Carburising followed by hardening and nitriding

• Carburising and nitriding introduce strong and hard surface layers which also increase
the resistance to crack initiation at the surface. This method is particularly useful in alloy
steels.



Ways to improve fatigue life

3. Polishing the surface

• Improving the surface finish is another effective method in enhancing the fatigue life. Rough
surfaces invariably have potential sites of stress concentration. Therefore, polishing the
surfaces of component to a good surface finish removes surface irregularities which may act
as stress raisers.

4. Preventing decarburisation while heat treatment

5. Grain refinement

• A fine grain structure is found to improve fatigue resistance.

6. Proper design

• Regions of stress concentration like notches, sharp corners, sudden contour changes etc.
should be avoided. Processing methods, which reduce the number of internal/ external
defects must also be adopted. Prevention from corrosive, chemical or abrasive atmosphere
will also enhance fatigue life.





Thermal fatigue and its applications in metal cutting.

• Thermal stresses result when the change in dimensions of a member as result
of temperature change is prevented by some kind of a constraint. If a bar with
fixed supports is heated thermal stresses will develop by a temperature change.

• The value of thermal stress so developed is given by σ = EαΔT, where α – linear
thermal co-efficient of expansion, E- elastic modulus and ∆T- change in
temperature.

• If the failure occurs by a single application of stress, then it is called thermal
shock.

• If failure occurs after repeated application of thermal stress, it is called thermal
fatigue.

❖Thermal Fatigue: Thermal cycling causes expansion and contraction, 
which will act as tensile and compressive loads.

• Solutions:
• Eliminate restraint by design

• Use materials with low thermal expansion coefficients



Thermal fatigue and its applications in metal cutting.

• Principle of thermal fatigue is made use of in thermo mechanical machining.
This method is used for the removal of burrs and fins by exposing the material
to hot corrosive gases for a short period of time.

• Hot gases are formed by detonating an explosive mixture of oxygen, hydrogen
and natural gas in a chamber with the material. A thermal shock wave vaporizes
the burrs found on gears, die castings, valves and so on.



Thermal fatigue and its applications in metal cutting.

• Another area where thermal fatigue becomes significant is in metal cutting tool
life. In machining operations in which there is interrupted cutting, such as
milling, heat is generated at each cut. Thus the tool is subjected to a heating
and cooling cycle.

• If the thermal conductivity of the tool material is low and the coefficient of
thermal expansion is high, tool failure can take place soon. Similar situation
may exist in hot forging dies. Careful considerations in selection of tool material
is required to avoid tool failure due to thermal fatigue.



Effect of temperature on fatigue life

• As temperature increases, the crack growth rate will also increases.

• So an increase in temperature decreases fatigue strength.



Fracture toughness, applications

• Fracture toughness is the ability of a material to resist fracture or Fracture
toughness is a quantitative way of expressing a material's resistance to brittle
fracture.

• Fracture Toughness is the ability of material with indigenous cracks to resist
fracture by absorbing energy. Also defined as the resistance to cracks
propagation.

• If a material has high fracture toughness it will probably undergo ductile
fracture and brittle fracture usually happens to materials with less fracture
toughness.

• Fracture toughness is one of the most important property of a material for
many design applications.

• Fracture toughness values are applied practically in fracture mechanics studies
for material selection to avoid catastrophic failure, for example, in nuclear
power stations, aeronautics, off-shore applications, ships, bridges, pipelines,
and pressure vessels. Also they can be used advantageously in the rehabilitation
of old bridges or pressure vessels.



Creep
• Q1. Why do tungsten filament bulbs fuse?

• Q2. How do glaciers move?

• Q3. What limits the life of a jet engine turbine blades?



Creep

• At Time t= 0 min

• At Time t=5 min



Creep
• Creep is time dependent continued plastic deformation at constant load or 

stress at high temperature (> 0.5 Tm).



Effect of Temperature





Creep curves
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Module 5
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INTERMETALLIC COMPOUNDS
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Intermetallics

• A compound of two metals that has a distinct chemical formula. On a phase
diagram it appears as an intermediate phase that exists over a very narrow
range of compositions.

• Most of the alloy system do not show complete solid solubility. When the
amount of solute element is more than the limit of solid solubility, a second
phase also appears apart from the primary solid solution. The second phase
which forms is an intermediate phase.

• It is a phase formed at intermediate composition between the two primary
components (pure metals).

• The crystal structure of the intermediate phase is different from the both
primary components.

• Some of these intermediate phases have a fixed composition and are called
Intermetallic compounds.
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• Intermetallic compound, any of a class of substances composed of
definite proportions of two or more elemental metals, rather than
continuously variable proportions (as in solid solutions).

• The crystal structures and the properties of intermetallic compounds
often differ markedly from those of their constituents.

• In addition to the normal valences of their components, the relative
sizes of the atoms and the ratio of the total number of valence
electrons to the total number of atoms have important effects on the
composition of intermetallic compounds.
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Superalloys
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Amazing property of superalloys:

they become stronger at higher temperature
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• Superalloys are high-temperature alloys use in jet engines, gas turbines 
and reciprocating engines.

• Able to maintain high strengths at high temperatures

• Good corrosion and oxidation resistance at high temperatures (Cr, Al)

• Good resistance to creep and rupture at high temperatures



• Developed in 1930s during the second world war.

• Three classes
• Ni based------most commonly used

• Co based

• Fe based

• Ni through out the temperature it has FCC crystal structure

• Co at room temp HCP, above 400ºC FCC

• Fe based b/w (910ºC 1400ºC) FCC



• Why do we want FCC?

• FCC structure is more close packed

• Hence diffusibility are very low, so the creep resistance are very high

• We use stabilizers to stabilize close packed structures for high
temperature applications.

• Tungsten has BCC structure at high temp, hence creep resistance is
very low



• Examples of super alloys

• Nimonic 75----(75% Ni, 19.5%Cr)

• Nimonic 80----(80% Ni, 19.5%Cr)

Also add Al &Ti for 

Ni3 (Al &Ti ) 

Precipitate 

strengthening
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Ni based super alloys

• Basilcally they get their strength at high temperature because of 

• The matrix (γ phase) Nickel (solid solution strengthening)

• γ ‘ prime phase (precipitate (precipitation strengthening))
• γ ‘‘ double prime phase Strengthener at low Temperature, issues at high 

Temperature 

• Some carbides and borides



Strengthening mechanisms in 
Nickel based super alloy





1.The matrix (γ phase) Nickel

• Solid solution strengthening (strength the matrix)

• By adding different alloy elements to the Ni base metal

• Considering the solubility of impurities

• Strength achieved proportional to the size difference b/w  base metal & 
impurities or size factor(ρ)

• But solubility indirectly proportional to size factor

• So a trade off b/w size factor(ρ) and solubility required



2.Precipitation strengthening γ’         Ni3(Al, Ti)

• These intermetallic compounds give additional strength

• A3B Structure

• γ’ FCC structure in all direction it is close packed
• A element go to face Center

• B go to body corner



3. Dispersion strengthening

Y2O3 , ThO2, Al2O3

4. Formation of carbides at the grain boundary
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Maraging steels
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Introduction 

• MARAGING STEELS are low-carbon < 0.02%, iron-nickel steels that possess 
an excellent combination of strength and toughness superior to carbon-
hardened steels

• Very high nickel, cobalt, and molybdenum contents and very low carbon 
contents.

• Strength due to the formation of iron-nickel martensite and then formation 
of iron nickel intermetallic compounds as precipitate phase during aging.

• Hence the name maraging steel – Martensite + Aging

• Carbon content in these alloys is kept very low in order to prevent the 
formation of TiC.
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• The martensite obtained is soft due to very low Carbon content

• This allow cold working of alloys to desired shape

• After cold working, this martensite is subjected to artificial ageing at
500 0 C

• Due to ageing, strain induced precipitation hardening occur due to
precipitation of intermetallic compounds.
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• Maraging steels are special class of high strength steels that differ from
conventional steels in that they are hardened by a metallurgical reaction that
does not involve carbon.

• Maraging steels are highly alloyed with Ni, Co, and Mo and possess yield
strengths up to 2400 MPa.

• They derive such a high strength from age hardening of low carbon, Fe-Ni
martensitic matrix.

•Maraging = Martensite + Aging

Properties Structural

Steels

HSLA

Steels

Maraging

Steels

σY ( MPa) 250 350 1700

UTS  ( MPa) 400 490 1800

Ductility( %e) 40 18 13-15



Advantages of maraging steels

• High yield strength(2000-3000MPa)

• High weldability

• High fracture toughness

• Intricate shapes can be easily machined
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• Maraging steels are a specific class of carbon-free (or small amounts)
ultrahigh-strength steels that derive their strength not from carbon but
from precipitation of intermetallic compounds and martensitic
transformation

• The commonly available maraging steels contain 10–19% Ni, 0–18% Co,
3–14% Mo, 0.2–1.6% Ti, 0.1–0.2% Al, and some intermetallic
compounds are Ni3Ti, Ni3Mo, Fe2Mo, etc. Since these steels develop
very high strength by martensitic transformation and subsequent age-
hardening, they are termed maraging steels.
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• There are four types of maraging steels, namely 200,250,300,and 350
grades;

• The number refers to the ultimate tensile strength in ksi (kpsi). The
tensile strength is based on the Ti content, which varies between 0.2
and 1.85%.

• In these grades, C content is maintained at a very low level (<0.02%);
the sum of Si and Mn is lower (0.2%); and P and S contents are also
very small (<0.005 and <0.008%, respectively)

• Carbon content restricted to less than 0.02%
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Applications

• Maraging steels have found applications where lightweight structures
with ultrahigh strength and high toughness are essential and cost is not a
major concern.

• Aerospace and aircraft industry for critical components such as missile
cases, load cells, helicopter flexible drive shafts, jet engine drive shafts,
and landing gear.

• Tool manufacturing industries for stub shafts, flexible drive shafts, splined
shafts, springs, plastic molds, hot-forging dies, aluminum and zinc die
casting dies, cold- heading dies and cases, diesel fuel pump pins, router
bits, clutch disks, gears in the machine tools, carbide die holders, auto
frettage equipment, etc.
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Typical Grades:

Grade Ni Mo Co Ti Al

18Ni 200 grade 18 3.3 8.5 0.2 0.1

18Ni 250 grade 18 5.0 8.5 0.4 0.1

18Ni 300 grade 18 5.0 9.0 0.7 0.1

18Ni 350 grade 18 4.2 12.5 1.6 0.1

Advantages of maraging steels:

▪ Good combination of strength and toughness   

▪ No quench crack problems.

▪ Good dimensional stability during heat treatment.

▪ Excellent workability and machiniability.

▪ They can be hot- worked as well as cold- worked.

▪ No danger of decarburization during any stage of thermal processing.

▪ Good weldability



Strength of maraging steels

1. Formation of lath martensite

2. Precipitation/age hardening of lath martensite
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1. Formation of iron nickel lath Martensite

• Iron nickel martensite – martensitic structure formed when iron nickel
alloy is heated above 800 °C (austenite formation temperature) and then
cooled to temp below 300 °C

• Iron nickel martensite is called lath martensite with BCC structure
formed by diffusionless transformation of FCC austenite (no diffusion to
α phase during cooling, but crystal structure changes from FCC to BCC )

• LATH martensite is not as hard as ordinary martensite but more tough

and ductile.
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Phase diagram of iron nickel alloys

50

•Nickel levels > 18% results in the retention of austenite and thus prevent complete 

transformation into martensite

•18 Ni chosen as the standard maraging steel composition as it prevent complete 

transformation into martensite during quenching



Martensite formation & morphology

• For iron containing 5 to 10% Ni, martensite is formed with rapid cooling

• Excess of 10% Ni lowers the cooling rate required for martensite formation

• lath martensite is formed in iron containing up to 23% Ni

• If the nickel content is increased above 23%, the lath martensitic structure
is replaced by a twinned martensite

• Lath martensitic structure is preferred in maraging steels

because, following aging, this structure is tougher than a twinned

martensitic structure
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Lath martensite

• The lath martensitic structure of maraging steels consists of several
martensitic packets and numerous blocks within each packet

• Packets and blocks are planar, lie along one direction, and are parallel to each
other

• Packets are the predominant structure of lath martensite followed by the
block structures that appear as discrete areas within each packet
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• The martensite is normally a low-carbon, body-centered cubic (bcc) lath
martensite containing a high dislocation density but no twinning. This
martensite is relatively soft ( 30 HRC), ductile, and machinable
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 The low carbon martensite formed after annealing has hardness value

very low (30-35 HRC). Intricate shapes can be machined in soft

conditions and then it can be hardened as there is only a slight change

in dimensions during age hardening.

 The precipitate particles are of a lattice size comparable to that of the

martensite matrix and cause little distortion of the matrix. This

characteristic, together with the absence of carbon, allows the steel to

be age hardened to very high strength levels while minimizing changes

in the shape of the part being hardened.



2. Precipitation Aging of lath martensite

• Lath martensite is again reheated in the temperature range 450-500 °C 
and aging is done for a certain time period( 1 – 6 hr)

• Aging is done to minimize or eliminate the reversion of martensite into 
austenite(γ) and ferrite(α) 

• During aging, ordered precipitate phase of nickel-rich intermetallic 

compounds is formed in the lath martensitic structure

• Precipitation of the Ni3Mo and Ni3Ti intermetallic compounds
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Effect of aging time on hardness 

Plots of aged hardness versus aging time at 455 °C (850 °F) for 

Fe-18Ni-5Mo and Fe-18Ni-5Mo-8Co maraging steels



Effect of aging time on hardness 
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Hardness of 18Ni(250) maraging steel versus aging time for various 

aging temperatures



• The above graph clearly shows that the hardness first increases and then
decreases with the increase in the time of aging because of the fact that its
structure has a tendency to revert to equilibrium phases-mainly ferrite and
pearlite on prolonged aging but enough hardness is achieved up to 1035
MPa before this reaction starts.

• This softening occurs due to 2 reasons

a) over aging i.e. coarsening of precipitate particles.

b) austenitic reversion

These two processes are interlinked i.e. the dissolution of metastable
nickel-rich precipitate particle in favor of equilibrium iron rich precipitate
locally enriches the matrix in nickel, which favors austenite formation.
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Effect of Ti, Mo and Cobalt

• Ti – strong hardener and Mo - Moderate hardener

• Co helps the precipitation of Ni3Mo and a finer, more uniform
distribution of Ni3Mo precipitates is formed

• The good structural fit between (Ni3Mo and Ni3Ti ) precipitates and the
BCC martensitic matrix gives coherence and ordered precipitate phase
necessary for required hardness and toughness
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Effect of alloying elements – Ni, Mo, Ti, Co, Al

• Ni, Mo, Ti – lowers Ms (martensite formation start – 200-300 0 C) temperature,
low Ms favors formation of twinned martensite which is not desirable

• Ni, Mo, Ti – helps in precipitation hardening(desirable)

• Co – increases Ms temp and favors formation of lath martensite (upto 6-8%
composition)

• Hence Co added to compensate for excess use of Ni, Mo, Ti and maintains Ms
temperature required for lath martensite formation

• In the absence of cobalt, other elements such as nickel, molybdenum, and
titanium must be maintained or reduced to levels to ensure an adequately high
Ms temperature

• Nickel lowers Ms temperature heavily if in excess of 18%, hence Ni level kept at
18%

• Upto 0.1% Al slightly increases Ms temperature
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Variation of strength and hardness in maraging steels
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Strength/toughness combination of 18 Ni maraging steels compared 

to conventional high-strength carbon steels



Super Plasticity

• Super plasticity is the ability of some metals and alloys to deform as much
as 20 times at elevated temperature and slow loading rates.

• These metals or alloys will not show super plasticity when loaded at
normal temperature.
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Conditions for super plasticity

The following conditions are to be met by the material & loading process to
attain super plasticity

1. The material should have very fine grain size. (5-10μm)

2. Loading temperature should be high. (> 0.5 Tm)

3. A low loading rate should be adopted and it should be strain rate sensitive.
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Advantages of super plastic forming

1. Reduced number of assembly operations,

2. Reduced number of fastening holes to be drilled, which will prevent
initiation of fatigue cracks due to stress concentration.

3. Reduced weight of the component with increased durability,

4. Reduced tooling & manufacturing cost.
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Applications of super plasticity

The property of super plasticity is widely used in metal forming process like,

1. Thermo forming

2. Blow forming

3. Vacuum forming

4. Deep drawing

❖ Deep or complex shapes can be made as one piece by single operation pressing, thus
avoiding multistep conventional pressing or multi piece assemblies.
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• The four variables measured during a creep test are stress, strain,
temperature and time. The test is carried out at constant temperature
by applying a fixed load or stress and the induced strain in the
specimen is noted at regular intervals of time.

• The specimen of the same dimensions used for the tensile test is
usually employed for creep testing. For applying a constant load, the
test setup requires a dead weight and a system of levers to multiply it
to the targeted load.



• In order to conduct a creep test at elevated temperature, the
specimen needs to be placed in an electric furnace.

• Now the specimen can be heated to a specified temperature and at
the same time a constant load can be applied using the setup as
shown in figure.



• The resulting strain in the specimen is measured using a strain gauge
or an extensometer. The test is repeated with four or five specimens
tested under different loads at each temperature.

• The change in length (strain) of the specimen over a period of time is
plotted against time to obtain a creep curve. The characteristics of
creep are studied based on the creep curve obtained.



Super plasticity

• Super plasticity refers to the ability of some metals and alloys, such as 
aluminium and titanium alloys, to deform as much as 2000 percent at 
elevated temperatures and slow loading rates. These alloys do not 
behave super plastically when loaded under normal temperatures



To achieve superplastic behavior, the material and the loading process 
must meet the following conditions.

• The material must possess very fine grain size (5-10mm)

• It must be highly strain rate sensitive

• A high loading temperature, greater than 50 percent of the melting 
temperature of the metal (>0.5Tm)

• A low and controlled strain rate. (0.01-0.001 s-1)



• The deformation mechanisms like grain boundary sliding, grain 
boundary diffusion (or grain boundary migration) which are operative 
at elevated temperatures are responsible for superplastic behavior. 

• At elevated temperatures a large amount of strain is believed to be 
accumulated by the sliding and rotation of individual grains or clusters 
of grains.



Application

• The property of superplasticity has been widely made use of in metal 
forming processes like thermoforming, blow forming, vacuum 
forming, deep drawing etc. for the production of large complex 
shaped products. 

• Deep or complex shapes can be made as one piece, single operation 
pressings, rather than multistep conventional pressings or multipiece
assemblies. 

• The elevated temperatures required to promote superplasticity also 
reduce the flow stress of the material and thereby the force 
requirements.



Composites / Composite Materials
• Composites are combinations of two materials in which one of the materials,

called the reinforcing phase (in the form of fibers, sheets, or particles) is
embedded in other material called matrix phase.

• It can be defined as a combination of two or more dissimilar materials
having a distinct interface between them such that the properties of the
resulting materials are superior to the individual constituting components.

• The reinforcing material and the matrix material can be metal, ceramic, or
polymer.
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E.g. Reinforced concrete

Concrete (Matrix) + Steel (Reinforcement)

Wood --- Lignin (Matrix) + Cellulose fibre (Reinforcement)
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Role of constituent phase (matrix)

• The matrix material holds the fibres together.

• The matrix plays an important role to keep the fibres at desired positions.
The desired distribution of the fibres is very important from
micromechanical point of view.

• The matrix keeps the fibres separate from each other so that the
mechanical abrasion between them does not occur.

• It transfers the load uniformly between fibers. Further, in case a fibre is
broken or fibre is discontinuous, then it helps to redistribute the load in the
vicinity of the break site.

• It provides protection to fibers from environmental effects.

• It provides better finish to the final product.

• The matrix material enhances some of the properties of the resulting
material and structural component (that fibre alone is not able to impart).
For example, such properties are: transverse strength of a lamina, impact
resistance
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Role of reinforcement phase

• In most of the composites the load on the material is mainly born by
the reinforcing phase.

• The reinforcing phase, embedded in the matrix, may be present in the
form of either particles or fibers.

• The reinforcing phase is usually of low density, strong, stiff and
thermally stable in nature.

• These are the main load carrying constituents.

• The reinforcing materials, in general, have significantly higher desired
properties. Hence, they contribute the desired properties to the
composite.

• It transfers the strength and stiffness to the matrix material.
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Need of development of composites

87

• The need for new materials with properties different from that of the existing

materials.

• The need for developing totally new materials with precise combination of properties

needed for meeting the design requirements for specific tasks of the future.

• The list of the desired properties, depending upon the requirement of

the application, is given below.

1. Strength

2. Stiffness

3. Toughness

4. High corrosion resistance

5. High wear resistance

6. High chemical resistance

7. High environmental degradation resistance

8. Reduced weight

9. High fatigue life

10. Thermal insulation or conductivity

11. Electrical insulation or conductivity

12. Acoustic insulation

13. Radar transparency

14. Energy dissipation

15. Reduced cost

16. Attractiveness



Geometrical & spatial characteristics of particles

88
(a) Concentration (b) Size (c) Shape (d) Distribution (e) Orientation 



CLASSIFICATION OF 
COMPOSITES
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Particle reinforced composites

91

Matrix: ferrite (α)
Ductile nature 

2. Large Particle Composite

Concrete :  gravel + sand + cement

- Why sand and gravel?    

: Sand packs into gravel voids 

Particles: Cementite (Fe3C)

Brittle nature 

1. Dispersion Strengthened Composite. E.g.: Spheroidite Steel



Fiber reinforced composites
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Aligned

Continuous

Aligned                Random

Discontinuous



Structural composites

1. Laminates
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Structural composites

2. Sandwich panels 
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Classification of composites 
– based on type of matrix used

1. Polymer Matrix Composite (PMC)

2. Metal Matrix Composite (MMC)

3. Ceramic Matrix Composite (CMC)
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PMC
• The polymeric matrix materials are further divided into:

Thermoplastic – which soften upon heating and can be reshaped
with heat and pressure.

Thermoset – which become cross linked during fabrication and
does not soften upon reheating.

• These composites are composed of a polymer resin (a high molecular
weight plastic) in which are embedded the high strength, high stiffness
fibres. Reinforcements other than fibres are very uncommon.

• PMCs have some advantages over metal or ceramic matrix composites
because of their low density, high specific strength, high specific
stiffness, ease of fabrication, ability to be made into intricate shapes and
low fabrication cost. In addition they also posses reasonably good
mechanical and electrical properties, and good corrosion resistance.
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• Thermosetting plastics like epoxies and phenolics which can withstand high
temperatures are common polymer matrix materials with continuous fibres
as the reinforcing phase.

• Epoxies have better mechanical and electrical properties, but costlier.
Phenolics, though cheaper than the epoxies, can withstand higher service
temperatures, but have relatively lower mechanical properties.

• Thermoplastics are also used as matrix materials because they can be
reworked, have low processing time and at normal temperature they have
an optimum combination of toughness, rigidity and creep resistance.

• Glass, graphite, carbon and aramid are the most common fibre materials
used with PMCs.
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Glass Fibre – reinforced polymer (GFRP) composites.

• Popularly known as fibre glass, these composites contains glass fibre
as reinforcing phase in a polymer matrix.

• Glass fibres can easily be drawn into high strength fibres, and when
embedded in a plastic matrix, produces a composite having very high
specific strength.

• Applications of fibre glass are:Automotive and marine bodies, storage
containers, industrial floorings, plastic pipes etc.



Carbon Fibre - Reinforced Polymer (CFRP) Composites

• Mostly used fibers

• The reasons are: of all the reinforcing fibre materials carbon fibres
have the highest specific strength.

• They retain their higher strength even at elevated temperatures.

• At room temperatures carbon fibres are not affected by moisture or a
wide variety of solvents and acids.

• Relatively inexpensive manufacturing process have also been
developed.



Applications

• CFRP applications include:

• aerospace structural components,

• filament wound rocket motor cases,

• sports and recreational equipments,

• pressure vessels etc
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Examples of Metal Matrix Composites (MMC)



MMC

• In practice metal matrices are used for those applications where polymer
matrices are unable to meet the service and engineering requirements.

• MMCs are capable of developing better characteristics than their base
metals. Hence reinforcing metal matrices are observed to have improved
specific strength, specific stiffness, abrasion resistance, creep resistance,
thermal conductivity and dimensional stability.

• Some of the advantages of MMCs over PMCs are their higher operating
temperatures, non flammability and greater resistance to degradation by
organic fluids.

• MMCs are much more expensive than PMCs. Hence their use is somewhat
restricted.



• Generally, metals with low density, together with their low
temperature toughness are preferred as the matrix metal

• The most commonly used metal matrices are aluminium,
magnesium, titanium and their alloys.

• The other metal matrices which are used for special purpose include
super alloys, copper, nickel and silver.

• The reinforcement may be in the form of particulates, both
continuous and discontinuous fibres and whiskers in selected
applications.



Applications of MMCs

• MMCs with Al, Mg and Ti matrices are used in automobile and
aerospace applications.

• MMCs with super alloys as matrices are used for high temperature
applications like, gas turbine blades because of their high
temperature creep and rupture properties, together with high
temperature oxidation resistance and impact resistance.

• Copper and Silver based MMCs are used for electrical contacts and
such other applications. Cemented carbides, and dispersion
strengthened composites discussed earlier belong to MMCs.
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CMC

• Ceramic materials have high melting points and good resistance to
oxidation and deterioration at elevated temperature.

• But they are brittle with very low tensile strength, impact resistance and
thermal shock resistance.

• So the primary objective for developing CMCs was to enhance the
toughness while retaining the high temperature properties.

• The fracture toughness of ceramic materials have been improved
significantly by embedding particles, fibres or whiskers of another
suitable material.

• Crack initiation normally occurs with the matrix phase, while the crack
propagation is impeded or hindered by the embedded second phase
particles.



• Increasing the content of second phase improves strength and
fracture toughness.

• In addition, these CMCs exhibit improved high temperature creep
behaviour and resistance to thermal shock.



• CMCs are used for components in automobile and aircraft gas turbine
engines, as cutting tool inserts for machining hard metal alloys.

• Carbon-carbon composites are developed by reinforcing the carbon
matrix with carbon fibres.

• High elastic strength and elastic modulus are achieved in these
composites which are retained even at high temperatures of the
order of 2000°C.

• Carbon-carbon composites are used in rocket motors, as frictional
material in aircrafts and in high performance automobiles.
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Composites used in aircraft structures

121

CFRP: Carbon Fibre Reinforced Polymer

GFRP: Glass Fibre Reinforced Plastic

GLARE: Glass Laminate Aluminium Reinforced Epoxy
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Applications of composites in biomaterials 



Ceramics

• The term “ceramic” comes from the Greek word keramikos, which
means “burnt stuff,” indicating that desirable properties of these
materials are normally achieved through a high-temperature heat
treatment process called firing.

• Most ceramics are compounds between metallic and nonmetallic
elements for which the interatomic bonds are either totally ionic, or
predominantly ionic but having some covalent character.
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Ceramic Vs Metal Vs Polymer
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Eg: Al2O3, NaCl, SiC, SiO2



Ceramic Structures

• For those ceramic materials for which the atomic bonding is predominantly
ionic, the crystal structures may be thought of as being composed of
electrically charged ions instead of atoms.

• The metallic ions, or cations, are positively charged, because they have given
up their valence electrons to the nonmetallic ions, or anions, which are
negatively charged.

• Two characteristics of the component ions in crystalline ceramic materials
influence the crystal structure: the magnitude of the electrical charge on each
of the component ions, and the relative sizes of the cations and anions.

• With regard to the first characteristic, the crystal must be electrically neutral;
that is, all the cation positive charges must be balanced by an equal number
of anion negative charges.

• The chemical formula of a compound indicates the ratio of cations to anions,
or the composition that achieves this charge balance.
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Ceramic Structures
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Ceramic Structures
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Crystal structure of ceramics are influenced by

1. Magnitude of the electrical charge of each ions

• Charge balance dictates chemical formula (Ca2+ and F- form CaF2).

2.   Relative sizes of cation (rC) and anions (rA)

Cations are generally smaller than anions

C

A

r
 1

r
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AX - Type crystal structures

• Some of the common ceramic materials are those in which there are equal numbers
of cations and anions. These are often referred to as AX compounds, where A
denotes the cation and X the anion. There are several different crystal structures for
AX compounds; each is normally named after a common material that assumes the
particular structure.

• Rock Salt Structure
• Perhaps the most common AX crystal structure is the sodium chloride (NaCl),

or rock salt, type. The coordination number for both cations and anions is 6, and
therefore the cation–anion radius ratio is between approximately 0.414 and
0.732.
• A unit cell for this crystal structure is generated from an FCC arrangement of

anions with one cation situated at the cube center and one at the center of each
of the 12 cube edges. An equivalent crystal structure results from a face-
centered arrangement of cations. Thus, the rock salt crystal structure may be
thought of as two interpenetrating FCC lattices, one composed of the cations,
the other of anions. Some of the common ceramic materials that form with this
crystal structure are NaCl, MgO, MnS, LiF, and FeO.
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AX - Type crystal structures

• A unit cell for this crystal structure is generated from an FCC arrangement of anions
with one cation situated at the cube center and one at the center of each of the 12 cube
edges. An equivalent crystal structure results from a face-centered arrangement of
cations. Thus, the rock salt crystal structure may be thought of as two interpenetrating
FCC lattices, one composed of the cations, the other of anions. Some of the common
ceramic materials that form with this crystal structure are NaCl, MgO, MnS, LiF, and
FeO.
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• Cesium Chloride Structure

• a unit cell for the cesium chloride (CsCl) crystal structure; the coordination
number is 8 for both ion types. The anions are located at each of the corners
of a cube, whereas the cube center is a single cation. Interchange of anions
with cations, and vice versa, produces the same crystal structure. This is not a
BCC crystal structure because ions of two different kinds are involved.



AmXp - Type crystal structures
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AmXp - Type crystal structures
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Am BmXp - Type crystal structures

• It is also possible for ceramic compounds to have more than one type
of cation; for two types of cations (represented by A and B), their
chemical formula may be designated as Am BmXp .

Eg: BaTiO3, SiZrO2 and SiSeO3
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Am BmXp - Type crystal structures
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Types and Applications of Ceramics
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Types and Applications of Ceramics

• Glasses
• They are noncrystalline silicates containing other oxides, notably CaO, Na2O, K2O,

and Al2O3, which influence the glass properties

• The glasses are a familiar group of ceramics; containers, lenses, and fiberglass
represent typical applications.

• Glass–ceramic.
• Most inorganic glasses can be made to transform from a noncrystalline state to one

that is crystalline by the proper high-temperature heat treatment. This process is
called crystallization, and the product is a fine-grained polycrystalline material which
is often called a glass–ceramic.

• The most common uses for these materials are as ovenware, tableware, oven
windows, and range tops—primarily because of their strength and excellent
resistance to thermal shock. They also serve as electrical insulators and as substrates
for printed circuit boards, and are used for architectural cladding, and for heat
exchangers and regenerators
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Types and Applications of Ceramics

• CLAY PRODUCTS

• One of the most widely used ceramic raw materials is clay. This inexpensive
ingredient, found naturally in great abundance, often is used as mined without any
upgrading of quality. Another reason for its popularity lies in the ease with which clay
products may be formed; when mixed in the proper proportions, clay and water form
a plastic mass that is very amenable to shaping. The formed piece is dried to remove
some of the moisture, after which it is fired at an elevated temperature to improve
its mechanical strength.

• Most of the clay-based products fall within two broad classifications: the structural
clay products and the whitewares. Structural clay products include building bricks,
tiles, and sewer pipes—applications in which structural integrity is important. The
whiteware ceramics become white after the high-temperature firing. Included in this
group are porcelain, pottery, tableware, china, and plumbing fixtures (sanitary ware).
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Types and Applications of Ceramics

• REFRACTORIES

• The salient properties of these materials include the capacity withstand high
temperatures without melting or decomposing, and the capacity to remain unreactive
and inert when exposed to severe environments. In addition, the ability to provide
thermal insulation is often an important consideration. Refractory materials are
marketed in a variety of forms, but bricks are the most common. Typical applications
include furnace linings for metal refining, glass manufacturing, metallurgical heat
treatment, and power generation.
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Types and Applications of Ceramics

• Abrasive ceramics

• Abrasive ceramics are used to wear, grind, or cut away other material, which
necessarily is softer. Therefore, the prime requisite for this group of materials is
hardness or wear resistance; in addition, a high degree of toughness is essential to
ensure that the abrasive particles do not easily fracture. Furthermore, high
temperatures may be produced from abrasive frictional forces, so some refractoriness
is also desirable.

• Abrasives are used in several forms—bonded to grinding wheels, as coated abrasives,
and as loose grains.
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The abrasive ceramics, being hard and tough, are utilized to cut, grind, 

and polish other softer materials. Diamond, silicon carbide, tungsten 

carbide, corundum, and silica sand are the most common examples. The 

abrasives may be employed in the form of loose grains, bonded to an 

abrasive wheel, or coated on paper or a fabric.



Types and Applications of Ceramics

• CEMENTS

• Several familiar ceramic materials are classified as inorganic cements: cement, plaster
of paris, and lime, which, as a group, are produced in extremely large quantities. The
characteristic feature of these materials is that when mixed with water, they form a
paste that subsequently sets and hardens.

• When mixed with water, inorganic cements form a paste that is capable of assuming
just about any desired shape. Subsequent setting or hardening is a result of chemical
reactions involving the cement particles and occurs at the ambient temperature. For
hydraulic cements, of which portland cement is the most common, the chemical
reaction is one of hydration.
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• ADVANCED CERAMICS

• Many of our modern technologies utilize and will continue to utilize advanced ceramics
because of their unique mechanical, chemical, electrical, magnetic, and optical
properties and property combinations.

1. Microelectromechanical Systems (MEMS)

• Microelectromechanical systems (abbreviated MEMS) are miniature “smart” systems
consisting of a multitude of mechanical devices that are integrated with large numbers of
electrical elements on a substrate of silicon. The mechanical components are microsensors
and microactuators. Microsensors collect environmental information by measuring
mechanical, thermal, chemical, optical, and/or magnetic phenomena. The microelectronic
components then process this sensory input, and subsequently render decisions that direct
responses from the microactuator devices—devices that perform such responses as
positioning, moving, pumping, regulating, and filtering. These actuating devices include
beams, pits, gears, motors, and membranes, which are of microscopic dimensions, on the
order of microns in size.

2. Optical Fibers

• The optical fiber is made of extremely high-purity silica, which must be free of even minute levels of
contaminants and other defects that absorb, scatter, and attenuate a light beam.
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Types and Applications of Ceramics

4. Ceramic Ball Bearings

• silicon nitride (Si3N4) balls have begun replacing steel balls in a number of 
applications, since several properties of Si3N4 make it a more desirable material.

5. Piezoelectric Ceramics

• A few ceramic materials (as well as some polymers) exhibit the unusual phenomenon of
piezoelectricity—electric polarization (i.e., an electric field or voltage) is induced in the
ceramic crystal when a mechanical strain (dimensional change) is imposed on it.

• Commonly used piezoelectric ceramics include barium titanate (BaTiO3), lead titanate
(PbTiO3), lead zirconate–titanate (PZT) [Pb(Zr,Ti)O3], and potassium niobate (KNbO3)
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Engine Components

Rotor (Alumina)

Gears (Alumina)
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Ceramic disc brakes
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TITANIUM
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Advantages of titanium alloys
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• Pure titanium exhibits an allotropic phase transformation at 882°C, changing from a
body-centered cubic crystal structure (β phase) at higher temperatures to a hexagonal
close-packed crystal structure (α phase) at lower temperatures.
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162Titanium usage in Boeing airframes
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Titanium usage in the GE-90 aero-engine



Titanium ore – rutile (TiO2) is converted into titanium sponge

• This high price is mainly a result of the high reactivity of titanium with
oxygen. The use of inert atmosphere or vacuum is required during the
production process of titanium sponge from titanium tetrachloride as
well as during the melting process.

• The high reactivity with oxygen leads to the immediate formation of a
stable and adherent oxide surface layer when exposed to air, resulting
in the superior corrosion resistance of titanium in various kinds of
aggressive environments, especially in aqueous acid environments.
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Classification of titanium alloys

• Commercially pure (CP) titanium alpha and near alpha titanium alloys

• Generally non-heat treatable and weldable

• Medium strength, good creep strength, good corrosion resistance

• Alpha-beta titanium alloys

• Heat treatable, good forming properties

• Medium to high strength, good creep strength

• Beta titanium alloys

• Heat treatable and readily formable

• Very high strength, low ductility
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