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1.1 ATOMIC STRUCTURE

Atomic Structure

Fundamental Components of Atoms

Thomson’s Atomic Model
Rutherford’s Atomic Model
Bohr's Atom Model

Atomic Bonding in_Solids

lonic Bopding

Covalent Bonding

Metallic Bonding

Fluctuating Induced Dipole Bonds

Polar Molecule-Induced Dipole Bonds

Atoms are made of electrons, protons, and
neutrons. Electrons and prot'ons are negative and
positive charged particles respectively. The
magnitude of each charged particle in an atom is
1.6 x 107*° Coulombs.

The mass of the electron is negligible with respect
proton and the neutron (constitute the nucleus of
the atom). The unit of mass is an atomic mass
unit (amu) = 1.66 x 10-%" kg, and equal 1/12 the

--mass of a carbon atom. The Carbon nucleus has

Z =6, and_’A"—fﬁ, where Z is the number of
protons, and A the number of neutrons.

Neutrons and protons have very similar masses,
equal to 1 amu each. A electrically neutral
atom has the same number of electrons and
protons, Z.

A mole is the amount of matter that has a mass
in grams equal to the atomic mass in amu of the
atoms. Thus, a mole of oxygen has a mass of
32 grams.

The number of atoms in a mole is called the
Avogadro number-N_, = 6.023 x 10%.

N,, = 1 gram/1 amu.

Most solids have atomic densities around 6 x
1022 atoms/cm3.

The mean distance between atoms is 0.25 nm.
This gives the scale of atomic structures in solids.
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1.2 FUNDAMENTAL COMPONENTS GF ATOMS

Matter is composed of tiny particles called atoms. These particles can be divided in three
groups : '
1. Stable particles — electron, proton and neutron

2. Unstable particles — Position, neutrino, anti-neutrino and meson

3. Composite particles — Deutron and a-particles

> Electron : It carries a very small negative electrical charge. It has negligible mass i.e.,
its mass is 1/850th of the mass of hydrogen atom. Electrons are present in all the atoms,
they revolve around the nucleus in orbitals of definite energy levels. ’

Proton : It carries small positive electrical charge. Mass of each proton is same as
at of -hydrogen atcm. Protons are also present in all the atoms. It is identical with
hydrogen atom from which single electron has been removed.

> Neutron : It does not carry any electrical charge. Its mass is equivalent to that of
proton. - —

» Positron or positive electron : During studies on the effects of magnetié field upon
the particles-ejected. from atomic nucleus by absorption of cosmic rays, Anderson found

- ___fog.tracks exactly like those given electrons but deflected in opposite directions. Those

—particles-which are responsible for such tracks-are called positron. Thus, they are the
positive—counterpart of the electrons.

> Neutrino and anti-neutrino : They have no electrical charge and have small mass.
During the radioactive emission of electrons and positrons, a change in energy i$ observed.
The neutrino the radioactive emission of electrons and positrons, a change in energy is
observed. ~

The neutrino shares the energy of electron while the antineutrino occupies the same
position ‘with respect to positron. -

» Meson: The mass of meson particles is in-between the mass of electron and proton.
Mesons-were discovered during cosmic ray studies. They are of two types : (i) p-meson
which is heavier, (i) m-meson which is light. Both types of mesons may be either
negatively or positively charged. : -

» Deutron : It is positively charged. It is heavy hydrogen nucleus. Deutron bears same
relation with heavy hydrogen as proton bears with ordinary hydrogen. 1t does not play
any role in ultimate composition of matter. It is useful as bombarding particle.

» Alpha particles : They are double charged helium nucleus. They appear as product
of radioactive decay.
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1.4 RUTHERFORD’S ATOMIC MODEL

Atomic Structure and Interatomic Bonding 3

1.3 THOMSON’S ATOMIC MODEL

e Atom is a sphere filled with positively charged 7 --@4=x
‘matter. The positive charge is distributed uniformly, S A
with sufficient electrons embeddad in it to balance

Electros

~~~~~~~~~~~~~ L Posi:;vely>
posiiive charge. O A ] chaoed
............. < matier
e The radius-of the sphere of an atom is about SO
10710 m. '
e Anatom is electrically neutral, so that total positive ag;fi’(’:sn?g:d
charge on it is equal to the total negative charge

on it

¢ The electrons posses vibratory, motion about their equilibrium, -pbsition and caug:
emission of light. .

1.3.1 Brawbacks of the Model

Thomson's model did not eXplain,

e The scattering of a-particles incident on metal foil
e “The emission of spectral lines by the atoms
This model of atom had, therefore, to be superseaded.’ '

On-the basis of a-particles scattering through large angle,

Rutherfordproposed the. following structure of atom :

¢ An atom have small central part éalled the nucleus, in
whichthe whole mass and positive charge are i
concentrated. The nucleus size is about 10%m. ) V

¢ As the atom is electrically neutral, so an equal number
of efectrons (negatively charged particles) are distributed
in the space around nucieus-to balance the positive Electrons around
charge of nucleus. (shown in figure) central nucleus

e Electrons are not stationary. The revolve around the nucleus in circular path in the
same way as planets go around the sun. By this way Rutherford éxplained the
stability of atom. He assumed that the electrons are revolving at a high speed around
the nucleus in close circular orbits. The force of attraction between nucieus and
electrons are balanced by the centrifugal force acting on the electron. :

1.4.1 Brawbacks of Rutherford’s Atomic Model

e Arevolving electron around the nucleus must be continuousiy accelerating due to the
change in direction of motion at every poirnt. According to electromagnetic theory, an

s b
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accelerating charge particle (a revolving around the nucleus possesses centripetal
acceleration and there would be continuous loss in energy of the revolving electron.
Thus, the electron must move along a spiral path of decreasing radius and ultimately
falls into the nucléus (Shown in Figure) when its whole rotational energy is exhausted.
This would result in annihilation of atom. '

According to electromagnetic theory the revolving
electron must radiate continuous radiations of all
increasing frequencies. But it is observed that
elements emit spectral lines of fixed frequencies
and not all the frequencies.

Nucleus

In Rutherford model, there is no discussion of

distribution of electrons. , Spiral path of ’
electron

1.5 BOHR’S ATOMIC MODEL

Bhor’s extended the above model further by applying Planck’s quantum theory. He made

_the following assumptions in his theory :

t

An atom consists of a small heavy central part called nucleus in
which whole of the mass and positive charge of the atom are
concentrated. The negatively charged electrons revolve around
the nucteus in close circular orbits (Shown in Figure). The
centripetal force required for rotation is provided by electrostatic

+
o

‘Close circular’

~ force-of attraction between positively charged nucleus and-the orbits

negatively charged electrons.

Letm = mass of electron revolving around the nucleus
Z = atomic number '
e = charge on electron
v = orbital velocity of electron
r = radius of the orbit

Ze = charge on the nucleus

0
The electrostatic force of attraction between nucleus and the electron,

g, = permitivity of free space = 8.854 x 102 F/m

1 ze’[ 1
= . =constant
4neg, 2 | 4negg

2
. mv

The necessary centripetal force = ——
r

Hence, according to Bohr’s theory

— M =AM~ M e T &
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| w1z

ving ‘on. ’ — = )

i 4

and ultimately r S , .

is exhausted. e The electrons revolve only in certain specific non- radiatlng orbits defined as stat|onary

orbits. When the electrons revolve in these orbits there is no loss of energy Bohr
found that electron can only occupy an orbit for which the angular momentum of
moving electron is an integral multiple of h/2r, where h is Planck’s constant. Thus,
for any given orbit, £

Nucleus

Momentum of electron = mv
Angular momentum of electron = mv r

According to the above postuiate of Bohr's theory, we have

= Nn-— - )
mvr o :
where n is any positive integer having values (n = 1, 2, 3
principal quantum number. n = 1, for innermost oribt.

e When an atom jumps from one orbit of higher energy to
anather orbit of lower energy, the energy is releaséd in
the form of radiations. The amount of energy released.is ,;
the difference of energies of -electron in the two orbiis
(Shown in figure). Thus, an atom may emit or absorb

Encigy
Phoion

Close circular energy photons only when one electron of atom jumps ST
orbifs - from higher to lower orbit or from lower to h(gher orbit “Nucleus—
respectively. Orbits-of-electrons -
Let, E, = energy of electron in inner or lower orbit

E, = energy of electron in outer or higher orbit

v frequency of -radiation emitted, when electron jumps from higher orbit
to lower orbit.

Now, accordlng to this postulate of Bohr’s theory, we have
hv = E, - E4

i

1.5.1 Drawback of Bohr’s Theory

e |t gives no information regarding the arrangement of distribution of electrons in the
atom.

e This theory does not explain wave nature of electrons.

e The thoery does not explain why only circular orbits have been considered where as
elliptical orbits are also possible.

e This theory does not explain the fine structural lines even for hydrogen.
e It does not give any information about the relative intensities of spectral lines.
e This theory expalins the atomic spectra only for simple atoms like hydrogen, etc.
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1.6 ATOMIC BORDING IN SOLIBS

“of the dipole inA: : -

lonic Bonding : This bond exists between two atoms when one of the atoms is
negative (has an extra electron) and another is positive (has lost an electron). Then .
there exist a strong, direct Coulomb attraction. lonic bonds are non-directional in
nature. CaCl, in this, there are more electrons around Cl, forming CI~ and fewer
electrons around Ca, forming Ca*. lonic bonds are the strongest bondg.

Covalent Bonding : In covalent bonding, electrons are shared between the atoms,
to saturate the valency. The simplest example is the H, molecule. Each bond is
between a specific pair of atoms, which share a pair of electrons (of opposite magnetic
spins). Typically, covalent bonds are very strong, and directional in nature.

Metallic Bonding : Metals are characterized by high thermal and electrical
conductivities. Thus, neithef covalent nor ionic bondings are realized because both
types of bonding localize thg valence electrons and stop conduction. However, strong

-bonding does occur in metals. The valence electrons of metals also are delocalized.

Thus surrounded by a sea of delocalized electrons. It is non-directional.

* Fluctuating Induced Dipole Bonds : As the electrons may be c;r; one side of the
_atom or the other, a dipole is formed : the positive nucleus at the center, and the

electron outside. Since the electron-moves, the dipole fluctuates.

electrons of an adjacent atom; B. Atom B then polarizes so that is outer-electrons
are on the side of atom closestto the positive side (or opposite to the negative-side)

Polar Molecule-Induced Dipole Bonds : Another
type of 'secondary bond -exists with asyntmetric
molecules, also termed as polar molecules
because of positively and negatively charged
regions. A permanent dipole moment arises from
net positive and negatiive charges that are
respecitvely associated with the hydrogen and
chiorine ends of the HCL molecule-formed the
bonding. The magnitude of this bond will be
greater than for fluctuating induced dipoles.

This two kinds of bonds are also called van der Waals bonds. Third type of secondary

bond is the hydrogen bond. It produces the strongest forces of attraction in this
categories. :

Permanent Dipole Bonds/Hydrogen Bonding : It occurs between molecules as
covalently bonded hydrogen atoms - for example C—H, F-H — share single electrons
with other atom essentially resulting in positively charged proton that is not shielded
any electrons. This highly positively charged end of the molecule is capable of strong
attractive force with the negative end of an adjacent molecule.

1.

Ac
m¢

(a)

(b}

(c)

(d)
Ru
of
foi
(b)
©

(d)

Th
is ¢

(a)

(c)
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{ auestions P

2.

According to Thomson’s plum pudding

model, an atom consists of

(a) A nucleus of negative charge with
protons around

(b) A sphere of negative charge sea-
soned with enough number of pro-
ton plums. :

{c) A heavy sphere of positive charge
seasoned with enough number of
electron plums to make it electri-
cally neutral

— «d) None of these

Rutherford's experiment of Bombardent
of a-particles by striking on a thin gold
foil showed that

{a) All-the a-particles passed straight
- through the foil

{b) All the a-particles were deflected
back

(c) Some particles passed through the -
foil and some were deflected back.

(d) Most of the a-particles went straight
through the foil while very few were
deflected the foil while very few
were deflected back by various
angles

The energy (E) of an electron in an atom
is equal to

mZ%e?
(@) 4gin’h?

mZ2%e?
@) ge2nh?
222e2

() 280n2h2

m?2Ze?
g2n?h?

4,

(@ Tgs0

Mesone carriesa. .......... charged

{a) Negativeiy
(b) Positively
{c) Either negatively or positively
(d) None of the above
Neutron carriesa......... e charged
{a) Positive electrical
(b) Negative electrical
{c) Either negative or positive
(d) None of the above
The weight of an electron is ......... of
the weight of a proton or neutron

1 1

1850 ) 2600

- 1

© %% D3m0
Hydrogen bonds are-stronger than
(a) Van der Waals bonds— o
(b) Metallic bonds—
(c) lonic bonds
(d) Covalent

The atomic number of a certain element
is 83. An atom of this element must con-
tain

(a) 42 protons and 41 electrons
(b) 83 neutrons

(c) 1 neutron, 41 electrons and 41
protons ’ '

(d) 83 electrons

Avogadro number, N

(a) 6.023x 102 (b) 6.02 x 10%
(c) 6.023x 10% (d) 6.023 x 10
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10. What is the atomic or ionic characteris- (@) 25 nm (b) 2.5 nm
tic that determines the elements of the (c) 0.25nm ~ (d) 0.025 nm

which the atom or ion is representative?
(@) The number of protons

(b) The number of neutrons

(c) The number of electrons

(d) The mass

Particles that most effects materiai

13.

Which one of the fo'll(')wing is not a
strong bond?

(a) Van der Waals bond
(b) Covalent bond- ‘
(c) Metallic bond

11. (d) lonic bond
propertis 14. Bond strength of seconedary bonds is
(b) Protons -~ (a) 1kd/mol (b) 10 kJ/mol
(c) Electrons (¢} 100 kd/mol {(d) 1000 kJ/mol
: (d) Valence electrons— 15. Electron seaexistsin
. _ Polar. .
12. Mean distance between atoms in the (a) Polarbonds (b lo_,nlc.bond
range of (c) Covalent bond (d) Metallic-bond
ooo
ANSWERS
1. 7. (a) 10. (a) - 13. (a)
2. (d) 5. (d) 8. (d) 1. (d) 14. (b)
3. (a) 0. (c) S. (a) 2. (c) 15.  _ (d)
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Grystal Structures

2.1 INTRODUCTION

Introduction

Unit Cells

FCC Crystal Struédture (Face Centred
Cubic)

Coordination Number

Atoms Perunit Cell

Atomic Packing Factor (APP)

BCC Structure (Body Centred Cubic)

Hexaqonal Closed Packing {HCP)

Lattice -Parameter Rélationships and
Fiqures Showing Unit-€Cell
Geometries for_the Seven
Crystal Systems

v

- Crystallographic Directions

Crystallographic _Planes

Anisotropy

Imperfections in Solids

Point Defects
Linear Defects
Interfacial Defects

Measurement of Grain Size

Plastic Deformation of Polycrystaline
Materials :

Bauschinger Effect
Recovery
Recrystallization

Grain Growth

A crystalline material is one in which atoms are
arranged in a regular pattemn over farge atomic
distances. Thass, a long range order exists and
upon solidiciation, atoms will positioned
themselves in a regular 3-D pattern.

Atoms are comsidered to.be as solid spheres
having well defined diameters

Latticeina 3-D arra); of atoms arranged in space.

Basic crystal structure govern by fracture strength
of material.

2.2 UNIT CELES

These are the smalfest unit of a structure which when
repeated in all 3-demensions produces the crystal
structure.

Unit cells for most crystals are parallelopiped as
parallelopipe having 3 sets of parallel planes.

It represents the symmetry of crystal structure.

It is the basic structural unit or building block of
the crystal structure and defires the crystal
structure by warie of its geometry and the atoms

-position withimn.

Space lattice + Basis = Unit cell

Way of filling-up of points in space lattice in atom
is known as basis.
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e Space lattice : Infinite array of points in 3-D space in which each point located with
respect to other. )

2.3 FCC CRYSTAL STRUCTURE (FACE CENTRED CUBIC]

e The unit cell has a cubic geometry, with atom located at the corners and centers of
all the cubic faces.

: €
°0 T ‘
o :r\ Q/Q\
O° ; oce a
i | _
e — a — o

Fce étmcture
So, from figure :

. R
a? + a? = (4R ry
2R
or a? = 8R? a | - ,
or = 9forR Y _/ '
=" B

2.3.1 Coordination Number

Itis eque’ 1o the number of nearest neighbour to an atom and number of atom touching
it. For FCC the coordination number is 12. o

2.3.2 Atoms Perunit Cell -

- As each corner atom is shared by eight unit cells thus, its contribution is 1/8™, while each
face atom is shared by two unit cells and its contribution is 1/2.

Thus; total no. of atoms per unit cell are :

=1/8 x 8+ 1/2 x 6 = 4.
2.3.3 Atomic Packing Factor [APP)

e [t is the ratio of volume of atoms per unit cell to total unit cell volume.

4x4/13xnxR®

(AD F)FCC = _6—3_ -

!
16 =R? |
T 3 (2J2R)?

T -0.7404

342

« FCC
. A“ SE
_sheilc
e Exan
> A
= b
ﬁo;c—aiii
a
2.4 BC
e Atomr
° Ther
e Coor
0.68
3 au
T
Here
or
or




& :cated with

centers of

1 iouching

vhile each

Crystal Structures 11

FCC structure has the maximum packing possible for spheres.

All sphere having the same diameter. Metals typically have large APP to maximize
sheilding provided by free electron cloud. o

Examples of Metals having FCC structure

Alumingsmn » Copper > Gold » Lead

Nickel > Platinum » Silver €

: Atomic packing factor of simple cubic is 0.523. Co-ordination number is 6

and effective number per unit cell is 1.

2.4 BCC STRUCTURE (BODY CENTRED CUBIC} ’

Atoms are locate at eight Comj and a single atom at the centre of cube.

There are two atoms per unit

| of a BCC structure.

Coordination number of BCC crystal structure is 8. and its atomic paokmg factor is
0.68.

8 atoms at the corner x 1/8 = 1 atom

1 centre atom = 1 atom

Tolal = 2 gtoms per unit ceH

i

JZ

. ._—6'\
i
|
O
&)

N
\
\

I
|
3

—
1
1
I
i
1

Here, a’? + a2 + a? = (dlagonai of oube)2 = (4R)? AN @//
or 382 = $6R? . BCC structure
B (@

4R
or a=

3

Volume of atoms perunit cell
APF =

Voiume of unit cell

: e
- B d\ ----- i

/\
i a
_8n  RP 8 2°x33 _ k—a—
3 (4R 3 64R’ (®)
&
J3

= —n=0.6801
8
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» Example of BCC structure are—
> Chrominum - fron (o) > Molybdenum

> Tantalum » Tungstun > Potassium (k)

2.5 HEXAGONAL CLOSED PACKING (HCP!)

o The third type of crystal is HCP. Here one dimension is greater than dfher two.
« The coordination number of HCP crystal is 12 and APF 0.74 same as FCC structure.

« Density computations:

Density = Dﬁ
Y7 WN
where, n = no. of atoms perunit cell. ¢fa ratio of
HCP should
A = At weight be 1.633
V = Voiume of unit cell
N = Avogadro’s mamber {6.023 x 1023 atoms/mol).

e.g. : graphite, Cd, Zn, Mg, Be, Ti, Mg, Zr

2.6 POLYMORPHISM

-Somemetals as well as non metals have more than one crystal structure, this phenomenon
is_called polymorphism -and when found in elemental solids the condition is termed as
aliotropy.

e.g., graphite and diamond, o -iron, §-iron, ¥ -iron.
These material have different structure at different temperature.
Crystal Systems ]
The\ unit cell geometry is completly defined in terms of the
(i) Three edges are a, b and c.
(ii) Three inter axial angle o, § and . ' -
Based on differeht possible combinations of (a, b & ¢) and (o, f and v).

There are seven diff. possible crystal structures called crystal system:.

p—

Cubi

Hex:

Ovtl

Niot

Tric
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2.7 LATTICE PARAMETER RELATIONSKIPS AND FIGURES SHOWING

UNIT CELL GEOMETRIES FOR THE SEVEN CRYSTAL SYSTEMS

Crystal system Axial Interaxi Angles Unit cell Geometry
Relationship ‘
Cubic a=b=c a=p=y=90°
e.g. Au, Po, Li, Na, Ag, Al etc. b
. a
Hexagonal ‘a=b=c a=f3=90°y=120°
BR = (0
i
e.g. La, Pr, Nd, Am, Se, Te, AgCl sl ;_ii
[ . : 4
a
| P
Tetragonal a=b=c a=p=y=90° ©
- ! ' y a
e.g. Pa, In, white Sn, KH,PO,, U(668°C tv 774°C)
Rhombohedral a=b=c a=p=y=90°

e.g. B, Si0,, CaCO,, LiNbO,, LiTaO,

Orthorhombic

ab=#c a=pg=y=90°
e.g. As, Sb, Bi, BaSO,, KNO,, MgSO, “l

Monoclinic azb#c oa=y=90°%p
e.g- Na,S0O,, Li,SO,, CaS0,, Rochelle salt, FeSO,, S
- Q7
Triclinic azb=c o= f#y=90°
e.g. K,Cr,0,, CuSQO, c \\‘
CIN,

b
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2.8 CRYSTALLOGRAPH!IC DIRECTIONS

1. A vector of convinient {ength is positioned such that it passes through the origin of
the coordinate systems.

2. The lenght of this vector projections on each of 3 axis is determined in term of unit
cell dimentions a, b, ¢

3. The three number obtained are multiplied or divided by a common fadgéor to reduce
them to smallest integer values.

4. The direction are represented as [uvw]. i.e. not seperated by commas.

Q.1: Determins the indices for direction shown in the figure :

z
1 3
2 (001} ]
i
T S
€ (010) .
| = _F Y \'\Q(?l— Ll"----}y
X —‘fd e e .
la— b—>l et .
& [100], [010], [001} [ & {111]
X direction
org e oo 1 a Oz\i R
' D J

rection indices 1%10}

* Multiplying all the co-ordinate by 2.
Hence the direction indices is[120]

Q.2: Draw [110] direction within a cubic unit cell.

?

(-y)< = (0,0,0) -

Sol. When several number of ‘n’ parallel directions with different indices are equivalent
they are called family of indices.

Ex
[oc
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Example: In crystal all direction represented by an indices [100], [010], [010], {001},

{001] constitute a family. For hexagonal crystal instead of z axes we have four axes.
origin of :

2.9 CRYSTALLOGRAPHIC PLAKES

1 of unit
» The layers of atoms or the planes along which atoms are arranged are known as
crystallographic planes. The relation of a set of planes to the axes of the unit cell is
desginated by Miller indices. One comer of the unit Cell is assumed to be the ongm
of the space coordinates and any set of planes is identified by the reciprocals of its
intersections with these coordinates.

- reduce

The unit of the coordinates is the lattice parameter of the crystal.
. !

if a plane is parallel to an axis, it intersects it at infinity.

In figure (b), or the cubic system, the

[
crosshatched plane BCHG intersects the Y axis X{Yy ZJ
at one unit from the origin and is parallel to the Intersection ® T ]= §
X and_Z axes or intersects them at infinity. Re ciprocal 141 l}
Therefore, LRI L

Miller indices | O [ oot

The shown plane has Miller indices of (010).
If a plane cuts any axis on the negative side of the origin.

The index will be negative and is indicated by placmg a minus sign above the iosx,
as (hkl).

For example, the Miller indices ¢f the plane ADEF which goes through the origin
(point A) cannot be determined without changing the location of the -origin.

Any point in the cube may be selecied as the origin.

For convenience, take point B. The plane ADEF is parallel to the X-axis {BC) and the
Z-axis (BG) but intersects the Y-axis at —1.

The plane has Miller indices of (010).

- Y | Z
As another example, the Miller indices of the X 1
plane BDJ (figure) may be detemmined as follows: | Intersection | 1 | 1 5
Hence this plane has Miller indices of (112). ] 1 11
Reciprocal - | = %/2
If the Miller indices of a plane result in fractions, S 111
these fractions must be cleared. Miller indices { 1 {1 | 2
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(111)

gl

— 010)
i il

B CN\ (110)
X

Determination of Miller indices : the (010)
plane, the (111) plane, and the (112) plane. 1

Figure (b)

Example : Consider a plane that'intersects the x-axis at 1, the y-axis at 3, and the
z-axis at 1. ‘

Taking reciprocals gives indices of 1, 1/3, and 1. '

Multiply:ig through oy 2 o ciezs fractions weoois in Mitler indices oF (313} fo the
plane.

All parailel plarnics have the sanc indices.

arentheses (hk/) around Milier indices s’s‘émfy & specific piane. or set ol paratiel
planes. )

Braces signify a family of planes of the same “form™ (which are equivalent in the
crystal), such as the cube faces of a cubic crystai: {1060} = (100) + (010) + {001
+ (100)+(010)+(001).

Reciprocals are not used to deternmine the indices of a direction.

In order to arrive at a point on a given direction, consider that starting at the origin.

It is necessary to move a distance u times the -unit distance along the x-axis, v
times the unit distance b along the y-axis, and w times the unit distance ¢ along
the z-axis.

If u, v and w are the smallest infegers to meet the desired motion, they are the
indices of the direction and are enclosed in square brackets (uvw).

A group of similar directions are enclosed in an angular brackets <uvw>

Example : In figure to determing the direction AC starting at the origin (point A), it is
necessary to move one unit along x-axis to point D and one unit in the direction of y-
axis to reach the point C. The directiorn AC would have indices of [110].

Lir

Lin

Co
No
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° In a cubic crystal the direction has the same
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Plane | becc. | fcc.
(100) | 4 5

indices as the plane to which it is perpendicular.

e - An aproximate idea of the packing of atoms on a (110) | 5 6
p:?rticular plane may be obtained by visualizing a EORIE 6
single unit cell of the b.c.c. and f.c.c. structure.

Considering the atoms as the lattice points, the (120) | 2 3
(221) |1 1

number of atoms on a particular plane would be :¢
Linear and Planer Densities
For a particular material, equivalent directions have equal finear density.

No.of atomscentered onunitlengthof direction vettor .
Lengthof the direction vector L

Linear density {LD) =

Consider an eg. of FCC unit cell and the [110] direction, therei
No of atoms centered on direction vector are 1/2 + 1 + 1/2 = 2 atoms
Length of Direction vectors R + 2R + R = 4R

I

sy e s
POV L

piane ABCD

(110) direction

(ii) Planer density: Equivalent crystallographic planer have equal planer density.

No. of atoms centered on a plane
Area of the plane

PD =

for the same case of (110) plane with an FCC unit cell.
No. of atoms centered on plane ABCD = 1/2 + 1/2 + 122 + 1/2 = 2
Area of plane ABCD = 4R x a = 4R x 2./2 R = 82RZ

2 1

PD. = =
8J2R?  4./2R>2
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rystallographic planes, an in those planes, along directions having greatest atomic

.D and PD are important considerations as slip taken place on most dense packed
C
packing:

Cl_ose-Packed Crystal Structures

HOP - AB AB AB AB..
FCC -~ ABC ABC ABC...

For HCP let A be first plane of closed packed atoms. The second plane atoms(B plane)
are placed is the voids made by atoms of first plane,” while atoms of next A plane are
directly above the (A) atoms of first plane. Thus forming AB AB AB... structure.

For FCC structure B plane atoms also rest in triangular voids of A plane atoms while C
ptane atoms rest in triangular voids of B plane atoms. This sequence is repeaied,

Single crystals : -

When the periodic and repeated arrangement of atoms is perfect and exitends throughtout
entire specimens without interruption. The result is single crystal. All unit cells have the
same orientation. Single crystals exist as nucies grows at the expense of surrounding
liquid. Grains formed have different orientations and boudaries seperating these different
orientations are called grain boundaries.

—
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% tiquid
c © 4 metal
> Grain
Boundaries
Initial

ot < T nucled

Grain growth

2.10 AKISOTROPY -

The physical properties of some substances depend upon the crystallographic direction
in which measurements are takenior eg: The elastic moduless, the electrical conductivity

and refraction index may have diff

rent values in [100] & [111] directions. This directionality

of properties is termed as ‘Anisotropy’ and it is associated with variance of atomic and
ionic spacing with crystallographic direction.

Substances for which physical properties are independent of direction of measurment
are isotropic materials. '

“The extent of anistropic effects is afunction of symmetry of the crystal structure
i.e. degree of anisotropy increases with decreasing structure symmetry.

Thus monoclinic, triclinic strqcturé are higily anisotropic.

For many polycrystalline matenials,-the crysiallographic orieintations of individual
granis are random. Each grain is anisotropic in nature but the specimen composed
of aggregates of grains behaves isotropicaily. Also the magnitude of measured value
represents some average of the directional values. '

Sometimes the grain in polycrystalline materials have preferential direction of orientation
or growth, in which case the material is said to have a “Texture”.

Crystalline Materials
(Metal etc) -
Non crystalline material
{polymer, glass eic.)
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2.11 IMPERFECTIONS IN SOLIDS

2.11.1 Point Defects
Those associated with one or two atomic positions. They are :

(i) Vacancies.

«
(i) Self-interstitials '
(iii}) Substitutional impurity
(iv} Interstitial impurity
Equilibrium, no. of vacancies are given as —
: (-Q,) . .
Nu = Nexp '\ . J Qv = energy required for vacancy formation,
T
T = temperature - [
Thus, as temperature increases vacancies increases exponsntially.
Avogadro'sNo. X
where N = - .g P
Atomic weight ofvacanceyatoms.
N+« © Crystal imperfection causes change in yield point, semiconductivity and
ductility.

Frankel Defect

When the atom in the lattice point goes and occupies the inierstitial void of other atom:
‘then it is called Frenkel defect.

Schottky Defect

In the combination of cation and anton if there is a vacancy defect it is called schottky
defect.

Mechanical & electrical properties of metals such as yield, fracture strength electrical
conductivity are adversly affected by these defects, they are known as “structure sensitive

Where properties such as melting point, specific heat, coefficient of thermel expansion

are_structure insensitive properties.
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OOVODO
4= /
?;a;tcuggt O QAP O  |Interstitial
site atom
O

Substitutional
impurity

Intersiitial
Impurity

2.11.2 Linear Defects

1. Edge Disfocation : This defect occurs
when an extra half plane of atoms is
 introduced into the crystal strucrure. This
defect centers around the dislocation lir
that is defined along the end of the ext:..
half plane of atoms. Edge dislocation i
perpendicular to the plane of the page.
Around .edge dislocation there is some
lattics distortion.

Extremely plane
of atoms (1)

Atoms above the dislocation fines are squeezed togethers and these below are
pulled apart. Magnitude of this distortion decreases at distances away from the
dislocation line. For extra half plane of atoms included on bottom portion of the
crystal, the symbol is (T).

2. Screw Dislocation : This Dislocation is formed by shear stress, the upper front
region of the crystal is shifted one atomic distances to the right relative to the bottom
portion.

The screw disfocation derives its name from the spiral or helical path traced by the
atomic planes around the dislocation line.
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Dislocation
C line A

Bergers vector (b)

(ifi)

C

The magnitude and direction of the distortion associated with a dislocation is expressed
in terms of “Burgers Veciors”. (b) For an edge dislocation burgers vector are
perpendicular to dislocation line and are parallel to dislocation line for sérew
dislocation. They are neither perpendicular nor paraliel to mixed location. For mettalic
materials, the burgers vector for a dislocation will point in a close packed crytallographic
direction, and its magnitude equal to interatomic setting.

2.11.3 Interfacial Defects , . (iv)

These are foilowing tvpes : o,

B \ )

External surfaces : i is the boundary at which ihe crystal structure terminates.

Atoms at the surface are not bonded to maximum. Number of nearest neighbours
ind therefore are in a higher energy state. To reduces this energy they tend to
inimize the surface area e.g., liguid droplet become spherical-

(v,

rain Boundaries : Grains boundaries are boundaries seperating two crystals, have Bu
ferent crystallographic orientation within a polycrystalline material. When the
‘match in orieptation between adjacent boundaries is small then they are called Po
il angle grain boundary or tilt boundary. ' : . . fat

—ore ‘
\ \ / | 2.

\ i Tilt boundary {3

\ [N is angie of miscrientation (,)

W

0 — - )
* When the angle of misorientation parallel to the boundary (grain} it is called a
‘Twist Boundary’.

— e

Er———

\‘\
—

!_\
\ !
\

=

—
———,

The atoms are bonded less regularly along a grain boundary and thus boundaries
are in a high energy state. The magnitude of this energy is a function of degrees
of misorientation {(being larger for high angle boundaries).
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* Grain boundaries. are chemically more reactive than the grain themselves. Further
more, the impurity atoms preferentially segregate along these boundaries because
of their high energy stzte. .

e The total interfacial enerqy is lower for coarse grain material as compared to fine
grained ones because of less total boundary area.

(iii) Twin Boundaries :

e : :

s ltis a special type of grain boundary such that atoms on one side of the boundary

are mirror images of atoms on the other side of the boundary. The region of
material between these boundaries is called “twin'.

e Twins are produced by atomic displacements by mechanical shear force
(mechanical twins) and afso during annealing heat treatment, following deformation
(Annealing twin). ,

¢ Annealing twins are typically found in FCC crystal structure, while mechanical
twins are found in BCC and HCP metals.

(iv) Stacking faults : These are found in ECC metals when there is interuption in the
ABC ABC ABC——stacking sequences of closed packed atoms.

(v) Phase Boundaries : Boundaries seperating two different nhases having diffarcnos
mechanical properties and chiemical characteristics.

(vi) Ferromagnetic Domain walls : Boundary that seperates region having different
directions of magnetizatien ts termed as domain wall.

Bulk or Velume Defects

Pores, cracks foreign inclusign. they are normally introduced during processing and
fabrication sieps.

2.12 MEASUREMENT OF GRAIN SIZE

(iy Straight lines of same length are drawn on micropictograph that show the grain
structures. The grain intersected by each line segment are counted, and the lenght
of line is divided by an average of the number of grains intersected over all the line
segments. The average gran is then found by divided this result by linear magnification
of the photomicrographs.

(ii} Another way is through ASTM size number charts. Which has grain size number from
1-10 (Higher number indicaies fines grain}. : '

Grain structure is photograptied at a magni fication of 100. The grain size is expressed
as grain size number of the chart that most neatly matches the grain in the micrograph.

Average number of grains per inch at magnification of 100, [N = 2%

where n = given size numher.
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2.13 PLASTIC DEFORMATION OF POLYCRYTALLINE MATERIALS

© In polycrystalline material there are many preferred planes and direction for different
grains due to their random orientation.

. Thus, in case of poly-crystalline materials “gross plastic deformation” take place,
where in individual grains undergo comparable distortion and the grain boundaries
do not come apart or open up. € '

. Before deformation the grains are equiaxed but after deformation they get elongated

in the direction of applied forces.

e Polycrystalline materials are stronger than single crystal material because they
require more stresses to initiate slip and yielding.

. These higher stresses are consequences of constraints that are imposed on the
grains during deformation. '

- Elongated grains
> © After deformation ¢

Equioxed grain

[R—

2.13.1 Bauschinger Effect

When the specimen unload the strength of material got increase due to work hardening
and if reloading it in opposite direction then back stress now support the movement of
dislocation. As a result-of that yieid points in opposite direction appears prematurely. This
phenomenon called Bauschinger effect.

b ' ' - " UTS
1\ \,\g\\'\ _
\ e S 0" R
Tensile |\ @ o o = ke
strength “ f z -7
I s etrengih 1 . —Power law
ductility Vield st 8 - Hooke s/ /1 _Hollomon equation
o law I
Duciiity & y
% Cold work Strain—»

¢ Attemperature = 0.4 melting temperature, upen cold woiking the number of-dislocation
in the material increases.

¢ The amount of dislocation multiplication takes place, is the property of material and
it is expressed by work hardening exponent (n) in the flow curve equations o, = Ke®

where, k = strength coefficient, o, = true stress and € = true strain.

~ Higher the value of ‘n’, creation of dislocation is increased by cold working. Finally.
these dislocation gather at the grain boundary and created dislocation forest.

Thes
the n

~This

from

2.14 Rl

Durir
dislo
enha
Ther
as €l

2.15R|

L

ever
is the
ars 4

fovce

i1 ale
mxie
recn

Recr
O




RIALS

or different

ake place,
youndaries

t elongated
sause they

sed on the

hardening
wvement of
turely. This 3

dislocation

aterial and
IS G; = Ken

1g. Finally,
orest.

Crystal Structures 25

These dislocation are repulsive in nature, which resuits in creation of back stress in
the ‘movement of dislocation. )

This is finally results in increase in strength of material upon unloading the spacimen
from the region of work hardening and reloading in opposite direction.

2.14 RECOVERY

During recovery, some of the stored internal strain &nergy is relieved by virtue of

-~—dislocation motion in the absence of an externally applied stress, as a result of

enhanced atomic diffusion at an elevated temperature.

There is some reduction in the number of dislocation also. Physical properties such

as electical and thermal conductivities are recovered to their pre cold worked states.
t

2.15 RECRYSTALLIZATION

Even after recovery the grains are still in a high strain energy state. Recrystallization
is the formation of new set of strain free grains that are required. Dislocation densities
are reduced and properties are restored to pre cold work conditions. “The driving
force-is the difference in the internal energy of strained and unstrained material.

The new grains {onas initially as a small nuclel and grow et ihe <
material.

NS Wl [P LA

i also refines the grain structure.

Extent of recrystallization depends upen both time and temperature The degree of
recrystallization increases with time. -

Recrystallization temperature is the temperature-at which recTyétaIlization just reaches
completion i 1 hour. |t typically ranges between 0.3Tm- 0.5Tm for most materials
and alloy, where T_ = melting point temperature.

As the amount of cold work increases, the degree of recrystaliization is enhanced
and thus the recrystallization temperature is lowered and approaches a constant
value at high deformation. There is some critical degree of cold work below which
recrystallization will not take place.

Thne recrystailization rate increases exponentially with temperature.

A larger the initial grain size, the greater degree of deformation is required to produce
an equivalent recrystallization temperature. _
A minimum amount of deformation is needed to cause recrystallization temperature. .
Smaller the degree of deformation, higher will be recrystallization temperature.

Greater the degree of deformation and lower the annealing temperature, the smaller
will be the recrystallization grain size.

Alloying raises the recrystaliization upto 0.7 T_.
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2.16 GRAIN GROWTH

After recrystallization is complete, the grains‘Wll continue to grow if the metal specimen
is left at elevated temperature, this phenomenan is called grain growth.

Grains boundaries are asociated with higher energies, and as the grain size increases
the total grain boundary area decrease resulting in reduction of totat energy. This is
the driving force for grain growth.

Here large grains grown at the expense of smaller grains which further shrink in size.
Average grain size increases. ‘

This is done by short range diffusion of atoms from one side of boundary to the other.
The direction of boundary movement and atomic-motion are opposite to each other.

Time dependences of grain. growth is
d" —do" =kt
where k,n ar constants and ‘do’ is initial grain size.

Grain growth proceeds more rapidly at higher temperature as diffusion rate increases
with temperature.
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{ auestions )

In metals subjected to cold working,
strain hardening effect is due to

(a) Slip mechanism

(b} Twining mechanism

(c) Dislocation mechanism

(d) Fracture mechanism

Which of the following properties of a
solid are dependent om crystal
imperfections?

1. Yield stress

2. Meliing point

3. Semiconductivity

4. Ductility ,

Select the correct answer using the
codes given below:

(@ 1and 3 (b) 1, 3and 4
(c}).2,.3 and 4 (d) 2 and 4

A unit celf-of a crystal is shown in given

figure. The miller indices of the direction -

(arrow} shown in the figure is

.
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5. Maich List-t (Material) with List-ii

(Structure) and select the correct
answersusing the codes given below

the lists:

List-l List-if
A. Charcoal 1. FC.C.
B. Graphite 2. HCP.
C. Chromium ! 3. Afnorphous
D. Copper 4. B.C.C.
Codes:

A C D
(a)'3 1 4
by 3 2 4
(c) 2 3 4 1
d 2 3 1 4

DIRECTIONS:

The following items consists of two
statements; one labelled as ‘Assertion (A)
and the other as ‘Reason {R)’. You are to
examine these two statements carefully and
select the answers to these items using the
codes given below:

Codes:

(a) Both A and R are true and R is the
correct explanation of A

(b) Both A and R are true but R is not
a correct explanation of A
(c) A is true but R is false
(d) A is faise but R is true
7. Assertion (A): Carbon would form an
interstitial solid solution with iron.

Reason (R}): The atomic radius of iron
is smaller than that of carbon.
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8.

10.

1.

Match List-l (Crystal structure) with
List-11 {Atomic packing factor) and
select the correct answer using the
codes given below the lists:

List-1 List-l
A. Simple cubic 1. 74%
B. Body-Centred cubic 2. 74%
C. Face-Centred cubic 3. 52%
D. Hexagonal close 4. 68%

packed
Codes:

A B CD
(a) 3 4 2 1
by 4 3 2 1
() 3 4 1 2
(d) 4.3 1 2

The set of Miller indices of the plane
shown in the given figure is

z

A

—F
—=

| AU

>y

X

(@) (100) (b) (100)

(c) (1 01) (dy(110)
Atomic backing factor (APF) in the
case of copper crystal is

(a) 0.52 (b) 0.68

(c) 0.74 {d) 1.633

Which one of the following pairs of axis
lengths (a, b, ¢) and interaxial angles

12.

13.

14.

15.

(a,B.y) represents the tetragonal
crystal system?

= 90°
brc;a=p=7y =090

(a) a

(b) a

b:c;a:ﬁ:‘y

(c)axbzc;,a=p =y =90
v
da=b=c;a=p=7v ?90°

In the grain-size determination using

standard charts, the relation between

the given size number n and!the

average number of grains. ‘N’ per

square|inch at a magnification of 100

Xis

(a) N=2n (b) N = 2n—1

() N =2n*1 (d)N=2,”"1

Chemicals attack atoms within grain

poundaries preisieiiaily because ey

have _

(a) lower energy than those in the
grains _

(b) higher energy than those in the
grains

(c) .higher number of atoms than i
the grains

(d) lower number of atoms than in the

grains
The coordination number for FCC
crystal structure is
(a) 4
(c) 12

(b) 8
(d) 16

Match List-l (Crystal Structure) with

List-ll (Example) and select the correct
answer using the codes given below
the lists:

List-I
A. Simple Cubic
B. Body-centred Cubic

16.
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16.

17.

C. Face-centred Cubic
Hexagonal Close Packed
List-li

1. Zinc
2. Copper
.3. Alpha iron at room-temperature
4. Manganese
Codes:
ABCOD
@ 4 3 1 2
b) 4 3 2 1
(c) 3 4 2 1
d 3 4 1 2

Which one of the following pairs is not
correctly matched?

(@) Point defect in crystal lattice : Self
interstitial

(b) Linear defect in crystal lattice :
Grain boundary

(c) Planar defect in crystal 'llattice :
Extemal surface

(d) Volume defect in crystal lattice :
Other phases

A screw dislocation
1. Lies parallel to its Burger’s vector

2. Lies perpendicular to its Burger's
vector

3. Movesin a perpendicular direction
to the Burger’s vector

4. Moves in an inclined direction to
the Burger’s vector

Select the correct answer using the
codes given below:

(@) 1 and 4
(c) 2 and 3

(b) 1 and 3
(d)2 and 4

18.

19.

20.

21.

Consider the following statements
about FCC and HCP crystal structure:
1. .Both have same coordination
number and atomic packing
fraction.
2. Both represent closely packed
crygtal structures. o
3. Both structures are genefated by
stacking of close packed planes
on top of one another, but only
the stacking sequence is different.
Which of these statemgnts are correct?
(a) 1 and 2 " (b)2 and 3 z
(c) 1, 2and 3 (d)1 and 3
In Zinc Blende structure each atom is
surrounded by four atoms of the
opposite kind which are located at the
corners of which one of the following?
(a) Tetrahedron (b) Hexahedron
(c) Cube (d) Orthorhombic
Which one of the following pairs is not
correctly matched?

Space Lattice Relation between Atomic
Radius r andEdge Element a

(a) Simple cubic & = 4rz
structure )

(b) Body-centred . :  3a2 = 16m
cubic siucture

(c) Triclinic : 2a2 = 3r2

(d) Face-centred cubic az = 8r2

structure
What is the planar density of (100)
plane i FCC (face-centred cubic)
crystal with unit cell side a equal to?

1.484 2
(8 ~ (b) -5

1 V2
© = @
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22.

25,

Match List-l (Element) with List-ll
{Crystal Structure) and select the
correct answer using the codes given
below the lists:

List-l
A. Alpha lron 1.

List-l
Hexagonal
closed packed

B. Copper 2. Body-centred
cubic

C. Zinc 3. Amorphous

D. Glass 4. Face-centred
cubic

Codes:

A B C D

@y 2 3 t 4

(b) 1 4 2 3

>y 2 4 1 37

b is the movement of -block. of
-toms along certain crystallo-graphic
niane and directions, termed_as?

{a) Glide
(c) Slip

{b) Twinning
(d) Jog

Which one among the foliowing is the

most effective  strengthening
mechanism of nonferrous metal?

{a) Solid solution hardening

(b) Strain hardening

(c) Grain size refinement

{d) Precipitation hardening

Which one of the. following is the
correct ascending order of packing

density for the given crystal structures
of metals?

{a) Simple cubic ~ Face central cubic
— Body centrad cubic

{b) Body centred cubic — Simple cubic
— Face centred cubic

26.

27.

28.

29.

{c) Simple cubic — Body centred cubic
— Face centred cubic

{(d) Body centred cubic — Face centred
cubic—Simple cubic

For a Rhombohedral space lattice,

which one of the following is correct?

@ a=f=7Y =90 ¢
(b) « =p =y=90
€ o= =90 =7y
d a=pB=7y = 9°

)
In the atomic hard-sphere meodel of

the crystal structure of Copper, what
is the edge length of unit cell?

(a) 2 x Atomic radiuz
(b) (4/J3) x Atomic radius

(e} (2/2) > Atomic rodivs

(d) V2 x Atomic radius

What is a surface imperfection, which
separates crystals of different
orientations a poly-crystalline
aggregate, called?

' (a) Edge dislocation

(b) Stacking fault
(c) Grain boundary
(d) Screw dislocation

Which one of the following statements
is correct in the case of screw
dislocations?

(b = Burger's Vector; t = Imaginary
Vector)

(a) b is perpendicular to t
(b) b is parallel to t
(¢) b t

(d) b and t are non-coplaner and
non-intersecting

is inclined to i

31.

32.

33.

34.

35.
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30.

31.

32.

33.

34.

35.

Assertion (A): Elements are classified |

into metals and nonmetals on the basis
of their atomic weights.

Reason (R): The valence electron

structures contribute to the primary
bonding between the atoms to form

. aggregates.

Which one of the foliowing crystal
systems is valid for gold?

(a) Orthogonal (b) Cubic

(c) Hexagonal (d) Triclinic

Which one of the following is correct

for ‘Climb’?

(a) Dislocation moves parallel to the
slip plane

(b) Dislocation moves perpendicular
to the slip plane

(c) Sliding of one plane of atoms over
the other plane

(d) Dislocation moves from a slip
plane to another slip plane

Which one of the following is correct

for “Burger’s vector” in screw

dislocation?

(a) Perpendicular to the dislocation
fine

(b) Inclined to the dislocation line

(c) Parallel to the dislocation line

(d) Opposite to the dislocation line

Which one of the following defects is

‘Schottky defect'?

(a) Vacancy defect

(b) Compositional defect

(c) Interstitial defect

(d) Surface defect

Surface imperfections which separate
two orientations that are mirror image
of one another is called

(a) Stacking fault
(b) Grain boundary
(c) Tilt boundary
{d) Twinned boundary
36. An allotropic material has
(a) Fixed structure at all temperatures
(b) Atems distributed. in random
paherh

{c) Different crystal structures at
different temperature

(d) Fixed structure but random atom
distribution ,

37. Miller Indices (x, v, z) for the hatched
plafe in the below unit cell are
represented as

Z A
// / //”/
LA s
/ L )
X
(@ (100 (b) (11 0)
{111 o
DIRECTIONS:

The following items consists of two
statements; one lzbelled as ‘Assertion (A}

and the other as ‘Reason (R}

You are to

examine these two statements carefully and
select the answers to these items using the
codes given below:

Codes:

@) Both A and R are true and R is
the correct explanation of A

{b) Both A and R are true but R is not
a correct explanation of A

{¢) Ais true but R is false

(d) A is false but R is true
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38. Assertion (A): Most of the materials | 41. The effective number of lattice points
exist in single crystal. in the unit cell of simple cubic, body
Reason (R): Sugar is a single crystal centered cubic, and face centered
material. cubic space lattices, respectively, are

39. Assertion (A): Poly-crystalline material @@ 1,2, 2 ®)1, 2, 4
is stronger than ordinary one. T n
Reason (R): Crystals in Poly- (0)2 3, 4 (d) % 4, 4
crystalline material have different | 42. The material property which depends
orientations with respect to each other. only on the basic crystal structure is

40. Asseﬁion (A): Natural crystals always (a) fatigue strength
contain defects. . .

Reason (R): The defects may affect (b) work hardening o
colour and can make a crystal a (c) fracture strength
valuable gem. (d) elastic constant
Qg [
ANSWERS

11 (c) 11. (b) 19. (¢ 27.

2. (b) 12. (b) 20, (c) 28.  (¢) 36. (c)

4. (e) 13. (c) 21, (¢ 29. (Y i 37. (b)

5. (b) 14. (c) 2. (¢) 30. (d) | 38. (d). ‘

7. (c) 5. (b) 23. (o) 31. (b) 39. (b)

8. (a,b) 16. (b) 24 (d) 32. (b} 40. (c)

9. (b) 17. (b) 25 (o) 33. (c) 41. (b)
10.  (c) 18. (c) 26. (b) 34. (&) 42. (c)
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3.1 SOLID SOLUTIOR

R

Solid Solution

Substitutional Solid Solution
Interstitial Solid Solutions
Intermediate Alloy Phase of Compound
Solubility Unit

Phase

Gibb’s Phase Rule

Phase Equilibrium

Phase Diagram

Termiho]ogy Used in Phase Diagram
Type of Phase.Diagram

Various Type of Phase Diagrams
Reaction.

Congruent Phase Transformations

Relationship _between the Phase
Diagram and Propen‘tes of
Material

Allotropy of Iron

fron-lron Carbide Phase Diagram

Transformation Rate Effects and TTT
Diagrams, Microstructure and
Property Changes in Fe-C Alloys

Limitations of TTT Diagram

Effect of Afloying Elements on TTT
Curve

Influence of Alloying Elements an
Phase Diagram

Effect of Alloying Element on Fe

e Solute is the minor element that is added to the
solvent, and solvent is the major element of
solution.

¢« When a particular crystal structure of the solvent
is maintained during alloying the alloy is called a
solid solution.

!

e The amount of solute that may be d;ssolved by

the soiventis generally a fuiinl o of luiapon e
(with pressure constant) and usually increase with
temperature.

"| There are three possible condition for solution :

¢ Unsaturated
e Saturated
¢« Supersaturated.

There are fwo types of solid solutions :

3.1.1 Substitutionat Sotid Solution

If the size of the solute atom is similar to that of the

| solvent atom, the solute atoms can replace solvent

atoms to form a substitutionat solid solution.

Example : Brass, in which zinc (solute atom) is
introduced into the lattice of copper (Solvent).

Two conditions are generally required to from
complete substitutional solid solution.

(i) Two elements must have similar crystal structure.

(i) The difference in their atomic radii should be less
than 15%.
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Examptle : In the Aluminium nickei alfoy system, both metal are FCC. The reiative size
factor is 14%. However, nicke! is lower in valence then Al and as per relative valence
factor solid nickel dissolve 5% Al but higher valence Al, dissolve only 0.04 % Ni.

3.1.2 interstitial Solid Solutions

« [If the size of the solute atom is much smaller than that of the solvent atom the solute
atorn can occupy an interstitial position forming interstitial solid solutién.

s Since the space of the lattice structure are restricted in size, only atoms with atomic
radii less than 1 angstrom are generally form interstitial solid solution.

These are hydrogen (0.46), boroni (0.97),-Carbon (0.77), Nitrogen (0.71) and Oxygen
(0.80). ’

« More solute atoms may be dissolved interstitially until the solution become saturated
at that temperature.

« Interstitial solid solutions normatlly have limited solubility and generally are of a little
importance.

‘e Carbon in iron is a notable exception and forms the basis for hardening ‘steel.
s Carhon dissolves in iron interstitially. The maximum sotuhility of Carhon iniron (F.C.CH

is 2% at 1150°F while maximum sotubility of carbon in « iron (B.C.C.) is only 0.025%
at 727°C.

Two necessary conditions for forming 1SS _are :
(i) The solvent atom must have more than one valence.

(i) The atomic radius of solute atom must be less than 59% of the atomic radii of solvent
atom.

Example : Steel, where carbon alomis are present in interstitial positions between iron

atoms with maximum percentage of 2. Atomic radius of carbon is 0.071 nm which is less .

than 59% of 0.125 nm radius of iror atom.

3.1.3 Intermediate Alloy Phase ¢f Compound

The intermediate alloy phase are compound whose chemical composition are infermediate
between the two pure metals and generally have crystal structures different from those
of pure metals.

These are of three types

(i) Intermetallic compound or valency compound : These are generally formed
between chemical dissimilar metals and are combined by following the resuits of
chemical valence. They have strong bonding their properiies are essentially non
metallic. These are formed where metals are far away in periodic table.

i.e., poor ductility, poor electiical conductivity.
e.g., MgPb,, Mg,Sn, Cu,Se. TiAl, Ni;Al etc.

(i)

(iiif)
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(ii} Interstitial compound : These compounds formed between the transition metal
such as Scandium (SC), titanium (Ti), Ta, W, Fe etc with hydrogen, oxygen, carbon,
boron & nitrogen. ;

These compound are metallic having high melting poini and are extremely hard. »
e.g. TiC, TaC, Fe,N, W,C, CrN, TiH etc.

(iii} Efectron compound : These are formed by Copper, ggid,_siiver, iron, nickel with the
metal like cadmium, magnesium, tin, zinc and aluminium.

These compound have definite ratio of valence electrons to atom and therefore

called electron compound. Many electron compounds have properties resembling to
solid solution.

!

3.2 SOLUBILITY UNIT

e Maximum concentration of solute atoms that may dissolve in the solvent to form a
solid solution is called solubility limit.

e When this fimit is exceeded it results in the formation of another solid solution that
has distinctivelv different composition e.g., Sugar saglution in water.

100
80 o
Liquid solution (Syra iqui i
Temp('C) 60 - . (Syrap) Liquid iommn
Solid solution
; 40 Solubility
- unit  ——
20 A diagram
0 1 i S 1 !
Sugar © 20 40 60 80 100
Water 100 80 60 40 20 0

3.3-PHASE

¢ A phase is a physically distinct, chemically homogeneous and mechanicaily
seperable region in a system in equilibrium.

« If more than one phase is present in a given system, each phase will have-its own
distinct properties and a boundary seperating it form other phases will be there,
across which there will be abrupt change in physical and chemical characteristics.

o If two phases are present in a system it may not be neceassary that they differ in
both physical and chemical properties.

» (ases are always single phase. Liquids can be single phase (salt solution} or two
phase {oil 2nd water). Solids can be multiphase or single phase (Pure metal).
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3.3.1 Gibb’s Phase Rule » Prope
known
F+P=C+2 c
where, F = No. of degrees of freedom. + Lomg
- e Phas¢
P = No. of phases present.
C = No. of component o Equili
For a binary phase diagram . . g‘egre
. f e st
P < C + 1 as pressure is assumed to be constant. © =
At triple point the degree of freedom is zero. 3.3.5Tyi
3.3.2 Phase Equilibrium 1. Unan
. ] ) ! mefal.
e 1t is related to consistency in the physical and chemical characteristics of the phase v H
with respect to time. It does not specify the time length required for attaining gre
equilibrium conditions. : and ¢
. . . E
. Metastable State : In case of solid systems, the equilibrium state is never completely xamw
' achieved because the rate of approach to equilibrium is extremely slow, such a ' 2. Binar
system is said to be in a non equilibrium or metastable state. v These ar
’ Gra!n. boundary 33517
Alloying particles lie here
/ The mat
' »  Since
phase
[ The :
type
Figure: Two phase system with dark and white grains. o . by e
. cragr
3.3.3 Phase Diagram . .g
. §YHS
« A phase diagram is also called an equilibrium -or constitutional diagram. It shows the and t
_relationship between {emperature, the compositions and the quantities of phases metal
present in an alloy system under equilibrium conditions. e Thet
« When temperature is altered many microstructure develop due to phase show
transformation. [t may involve transition from one phase to another phase. Thus, " liquic
these diagram are helpful in predicting phase transformation and the resulting conn
microstructures. - - sofidi
. . . e Area
3.3.4 Terminology Used in Phase Diagram cons
« System : The isolated and unaffected substance from their surounding aatut
. . o . . o in be
« State : 1t is the physical Condition of system and given by quantiiies such as pressure, it
temperature.
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Property : It governs the state of system or we may say it as charactéristic of system
known as properties. ‘

Compound : It constitute the system : ,'
Phase :

Equilibrium :

‘Degree of Freedom : It is the number of independent variables required to describe
* .

the state of a system.

3.3.5 Type of Phase Biagram

1.

2.

These-are of following type :

Unary phase diagram (single component): It is used mainly for carbon and pure

metal. ,

There is very limited practical utilities of such diagram plotted between temperature
and pressure axis.

Example : Water, graphite, mettalic carbon, diamond.

Binary phase diagram (two componenis) :

3.3.5.1 Type % iBinary isomorphous Systemsi

The material which are completely soluble in liquid as well as solid state.

Since, the two metals are completely soluble in solid state, the only type of solig
phase formed wili be a substitution solid state.

The two metals will generally have the same Liquid solution

type of crystal structure and differ i -+ mic radii -
by less than 8%. The correspe & <such 7,1 Liquidus /So'l'a“’s‘
diagram shown below : * o

This phase diagram consist of two point: ®

and three areas. The two points of the two pure 2 ‘Liquid+solid Te
metals A & B. ) g solution :

The upper line, obtained by connecting the points E

showing the beginning of solidification is called Solid solution a
liguidius line, and the lower line, determined by A 20 4'0 5 8|0 B
connecting the points showing the end of Composition, weight percent B

solidification is called the solidus line.

Area above the liguidus line is single phase region and any alloy in that region will
consist of homogeneous liquid solution. Similarly, lower region is homogeneous in
nature.

In between the solidus and liquidus line there exist a two phase region. It is the
mixture of both solid and liquid, it is mushy in type.
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There is two rule to find the actual composition and relative amounts of the two
phases that are present :—

(i) Rule 1. (Chemical composition of phases) : To determine the actual chemical
composition of the phase of an alloy, in equilibrium at any specified temperature in
a two-phase region, draw a horizontal temperature line (called a tie line} to the
boundries of the field.

e These points of intersection are dropped to the
base line, and the composition is read directly.

e.g., In the below figure ‘mo’ tie line to the
boundries of the field.

« Point ‘m’, the intersection of the tie line with the
solidus line, when dropped to the base line, gives
the composition of the phase that exists at that
boundary. '

Temperature 9» —
oW
e

« In this case, the phase is a solid solution a of A 10 2026 30
composition 90A-10B. Simiiarly, point O, when COmMPosition, weight percent B
droped to the base ling, will give the composition ' '
of thr ~nther phase constitiding the mixture in

se liquid solution of composition

~tive-amount of each phase) : To determine the relative amount of the

.1 equilibrium at any specified temperature in a two phase region, draw

. ane r_epresenting’the altoy and a horizontal temperature line to the baundaries

.- sield. The vertical line wilt divide the horizontatl line into two parts whose lengths
inversely proportional to the amount of phase present. This is known as lever

reile,

e The point where the verticai fine intersects the horizontal line may be considerad
as the fulcrum of a lever sysiem. The relative length of the lever arms multiplied
by the amounts of the phase present must balance. In the previous figure, the
vertical line representing the alloy 20B, devides the horizontal tie line into two
parts ‘mn’ and ‘no’. '

« If the entire length of the tie ine mo is taken to represent 100% or the total weight

of the two phases present &t temperature T, the lever rule may be expressed
mathematically as:

mn
iquid (%) = ——x100
Liquid {%) mo x
%) = n—o><100
mo

For numeral value
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Liquid (%) = %x100:‘62.5%
%) = 2x100=37.5%
16

+ For such phase diagram, there is one degee of freedom.
So, in this case Gibb's rule converts into
F-1+P =C+2-1

F+P=C+1 eg., Cu& Ni solution.

Basically, when the material transform from one phase to another phase
two type of process occur :

€

!

v o= —Ye oy o Vb
Hauid Vv, + Viiquia o Vo + Viiquia-
Weight of a
density of a

or Viiqua = Weight of a . Weight of liquid

density of o density ofliguid
W eight of liquid
N densityo"fmliquid
Similarly, Vo = Weight of @ Weight of iquid
density of « * aensity of liquid

Iy
f B
d — > Eutectic point

Eutectic | '
isotherm | Hypereutectic
[

composition

o., B-terminal
c solid solution

{+

04

Temperature —

Hypo-eutectic «—|

Composition {% wt)

Note :When process is carriedout below the recrystallization temperature (0.3T

t0 0.5T ) these are known as cold working and above of it is fermed as hot
working. Here T = Melting femperature. '

The above figure shows the following :

This phase is a substitutional solid solution of Cu and Ni atoms and having FCC
structurs.




40 Chapter-3 -

At temperature below 1085°C Cu and Ni are mutually soluble in each other in solid
state for all composition as both have same FCC crystal structure and nearly identical
atomic radii and electronegativity. ' ’

Liquid (L): It is a homogenous liquid solution composed of both Cu and Ni.

(o + L): Phase between liquidus line and solidus line. This is a mushy zone where

both Cu and Ni are present in varying compositions. &

Solidus and liquidus lines intersect at two extremeties (composition) point of intersection
represents the melting point of pure metal (Cu and Ni).

Melting or freezing occurs over a range of temperatures between solids and liquidus
lines. ?

Phase diagrams gives there kinds of informations.
(i) Phases present
(i) Composition of phases present

(iity Percentages of-the phase

(o4

357 Binary Phase Diagram ef Type-li

state (eutectic phase diagram) :
Binary Eutectic system consists of three phase
i) o
(i) p {Solid soluticns}
(iii) Liquid phase (L)
« Here a eutectic point is defiend, where degree of fredoms are zero.
Example 1:
Cu—Ag eutectic Phase Diagram
« FEutectic means in latin word Eu means : nice & tectic means : melting.
Here number of phase equal to 3. _ L _
e As per Gibb'slaw F +P = C + 1 O\ \/ :

e At eutectic point

F =0, So by Gibb's law

; Schematic of eutectic invariant reaction
O+P=2+1, P=3.

So three phase o, 8. L will be there at eutectic point.

The material which are completely soluble in liquid state but partially solubie in solid 7

Si




ir in solid

" identical

ne where
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liquidus
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CEG eutectic

isotherm - Eutectic point
Liquid (L .
Liquidus 0 4®) 375°C
N B
(a+ L)
T79°C E \\_“’“‘
SO 71.9%Ag P
600 + ° . 00 (92% Ag)
92% Cu 28.1% Cu
- * " (8% Cu)
400 Solves (@+B)
300°C D : . Solves
200 T .
?
Cu 109 20 60 S p <
Ag o 20 0 6 - R

% compasition —p-
o phase: It is rich in copper and Ag is present as solute and has FCC structure.
B phase: It is rich in Ag and Cu is present as solute and agai'n has FCC structure.
(.4 ) phase consiwuies of pure copper and pure silve:.
Below line CEG (779°C), there is only partial solubility of Ag in Cu (« phase) and

Cu in Ag (B-phase). Maximum solubility of Ag in Cu occurs at 779°C and is 8%.
Likewise, maximum solutbility of Cu is 8.8% in Ag again at 779°C.

Solves line demarcats between o and (a + ) phases and B and (o + ) phases.

Salient Features

In liquid regions as sitver is added to copper, we see that on the liquidus line AE, the

melting point of copper decreases with silver addition. Same is true for copper
addition to silver.

Point E on the phase diagram it is called invarient point at this point an impottant
reaction takes place at constant temperature Called Eutectic reaction where liquid (L)
is directly converted to (o) and B phase.

Cooli
Liquid (L) [71.9% Agl =—————— (8% Ag) + B(91.2% Ag)
eating (Solid) (Solid)

Line CEG is called eutectic isotherm.

It is also seen that single phase region (o or B) are seperated from each other by
a two phase region.
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« |nvariant point is also termed as eutectic_point.

s Invariant reaction: The eutectic reaction, in which a liquid transforms into two selid
phases, is just one of the possible three-phase invariant reaction that can occur in
binary system those are not isomorphus.

Example 2 :
Sn—Pb Eutectic System

o For a 40% Sn —60% Cu alloy at 150°C. Calculate composition of phase present.

« Amount of each phase present in terms of main fractions and volume fractions.
Given density of Pb and Sn are 11.23 kg/cm? and 7.24 g/cm3. !

400 !
327°C |
A 1 Liquid (L)
300 + Liquidus Liquid (1) 230°¢
Temp. (°C) : Liquidus s E‘ .
—r Solidus
o T 7

200 Yot e L) L

A — N
(18.2%Sn) Solidues ) (81.9% Sn)
(o) 78 s
100 T- — Solves {57.8 % Sn)

[

Cu 109 80 60 40 20 o e
Ql
Ag g 20 40 - 60 ; 100 "

% composition ——p

o]
O

3,3.5.3 Binary Phase Diagram of Type-|il

The material which are compietely soluble in liquid state and completely insoluble in solid
state. ’

1500°C
T 1000°C -
Temp.
' A+B
100%A %B 100%B

Example : Alloy of Bi.
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oy

3.4 VARIOUS TYPE OF PHASE DIAGRAM.REACTIOP;{

two solid . 3
1 GoeUr in Eutectoid Reaction !
e Here a solid phase (o) directly transforms to two other solid phase (B) and (y).
Eutectoid means eutectic like. '
i Cooli.ng B4y, .
Heating L
e |t is also an invarient reaction. If is denoted by point E.
: present.
. Peritectic Reaction
fractions. _ _
¢ It involved three phases at equilibrium. In this reaction upon ’cooling a solid and a
liquid, phase transform (sothermally to a solid phase (§} .
@+ L Cooling B
Heating
+ The new saolid formed is usually an intermediate phase buf in some case it is terminal
solid solution. .
» Peritectic reaction occurs in alloys having large difference in meiting point.
Peritectoid Reaction
¢ |t involves reaction between fwo solid and finat product witt be solid.
e The peritectoid reaction has the same relationship to the peritectic reaction as the
eutectoid has fo the eutectic. The new product is intermediate alloy.
Note © Euteckic temperature is lower to melting point of all of HEr_ch?\p?sEo?
Euteciic means nice melting.
Summary of invariant reaction in binary system
e in solid Reaction | Symbolic equation | Schematichresentaﬁon Example T
Eutectic Lea+p . P B Fe-C,4.27C%, 1147°C
o
Eutectoid ae>Pry B Biy v Fe-C, 0.80C%, 723°C
D
Peritectic | L+a o B WL Fe-C, 0.16%C, 1495°C
Peritectoid | a¢+B oy T Wﬁ
: ‘ L
Monotectic] L &L, +a ‘M? Fe-C, 0.51%C, 1495°C
I
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Cooling

Solid; + Solid, Hoatn New solid,
Monotectic Reaction : Liquid, __Cooling_, Liquid, + Solid
Heating

Syntetic Reaction: In this two fiquid phases react to form a solid phase.

3.5 CONGRUENT PHASE TRANSFORMATIONS “

s These are phase transformation for which there are no alteration in composition of
phases.

e.g. Allotropic transformations and melting of pure metals. ,

« Incongruept transformations, at ieast one of the phase will experience change in
compositiof.

e.g. Eutectic and Peritectic reactions.

e These are carried out isothermally.

3.4 RELATIONSHIP BETWEEN THE PHASE DIACGRAM ApN

BT ¥ Ty

PROPERTIES OF MATERIAL

Liquid . .
__ Maximum solid -
solubility

Temperature

1
W———» Fluigity
\‘\i/+ Corrosion resistanc
! 1
: - Hardness
l

1 ly-Density

—_
Properties

¢ Percent (%) B
{Properties of material in e utectic system)

« Fludity is maximum for pure material at eutectied. It is direciely proportional te the
area of mushy zone. Larger the area of mushy zone. Lower will be the fluidity.

. C

p
. C
e +

n
3.71
1. «

c
2.y
G T
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e Corrosion resistance : Poor for eutectic composition. It increase both side of eutectic
point.

o Generally density is higher for low meiting point materials.

« Hardness of pure material is very poor and maximum strength will be at the point of
maximum solid solubility.

3.7 ALLOTROPY OF IRON €

yosition of 1. o-ferrite : It is a solid solution of BCC iron and carbon with maximum solubility of
carbon is 0.022% at 727°C.

+ At room temperature'it has only 0.002% C.

change in « o-fermte is stable at very high temperature. ’
« o-ferite is soft and ductile and magnefic from room temperature to 768°C
(curie pt), above which upto 910°C it is fjon-magnetic.
4\ Liquid pirce metal
1539°C 1
4 AND 1395°C -t \ )
y-tron (FCC
910°C ._\,r.'_____,,( _______ )_ _____ \._\
a-ferrite (Non-Magnetic) N
75300'._,,.,,399 ,,,,,,,,,,,,,,,,, e
| a—ferrite (Magnetic) BCC
Allotropic diagram of Fe - ”
2. y-iron or austenite : It is a solid solution of FCC iron and carbon with maximum
solubility of 2.11% C at 1148°C.
o |t is present between temperature limits from (810°C to 1395°C).
« ltis because of FCC structure it has more interstitials positions, thus satid solubility
of carbon increases in austenite phases.
« It is denser than ferrite and ductile at elevated temperature.
« |t is non-magnetic.
3. Cementite or Fe,C: It is 100% iron carbide having maximum solid solubility of
6.67% C. .
« ltis very hard and britile intermetallic compound and has significant influence on
the properties of steel.
1al to the + The martensitic transformation starts at a temperature designated M, which is
uidity.

generally below the equilibrium temperature, T..

—————
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3.8 IRON-IRON CARBIDE PHASE DIAGRAM

e The Fe-Fe,C is defined by five individual phases and four invariant reactions. Five

phases are: ¢ -ferrite (BCC} Fe-C solid solution, y-austenite (FCC) Fe-C solid solution,

§ -ferrite (BCC) Fe-C solid solution, Fe,C (iron carbide) or cementite - an inter-

metallic compound and liguid Fe-C solution. Four invariant reactions are eutectoid,
eutectic, monotectic and peritectic. ¢

o As shown in figure by left axes, pure iron upon heating exhibits two allotropic changes.
One involves o -ferrite of BCC crystal structure transforming to FCC austenite, vy -

iron, at 910C. At 1400°C, austenite changes to BCC phase known as_§ -ferrite. which
finally_melts at 1536°C. ,

« Carbon present in solid son as interstitial impurity, and forms solid solution with

ferrites/austenite as depicted by three single fields represented by «,y and §. Carbon

dissolves least in ¢g-ferrite ¥ which maximum amount of carbon soluble is 0.02% at
723°C.

« This limited solubttity give the shape and size of interstitial posmon |n BCC o femte
However, carbor oozant greally influcnces the mechonics! Do . .
a-ferrite can be used as magnetic material below 763°C. Solubnhty f cdrbon in

y-iron reaches its maximum, 2.11%, at a temperature of 1147°C.

Pentccnc point
S

160!
o Monatectic point
15365‘ 0 ;54_{/1'4 )
1400 % G
0% "0.16% L+ Eutectic point —]
° ” ) +
1200 — L+Fe,C
-k 1
1000 s
¢ 210°C rd ‘ -
= Ay / ! vike C
g ] e
£ 0.02%0. : c
¥ 600 —| Euteciaid point 5 Ferrite
H 7 Austenite
400 —| : . Ferrite
': utFe,C Camentite
: L )
200 — | edet.)urlte
«— Stesis 1 Cast irons —p Peariite
0 | L | | ] |
0 1 2 3 4 5 6 6.67
Fe %C—> FesC

« Higher solubility of carbon in: austenite is property of FCC structure and correspoding
interstitial sites. Phase transformations involving austenite plays very significant role

.

\
\

S 5

[ ]
o< m v o 0> =

e
e o T -~
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in heat treatment of different steels. Austenite itself js non-magnetic. Carbon solubility
in §-ferrite is maximum (0.1%) at 1495°C.

As this ferrite exists only at elevated temperature, it is of no commercial importance.

QOut of these four solid phases, cementite is hardest and brittle that is used in

different forms to increase the strength of steels. q-fémte, on the other hand is
softest and act as matrix of a composite material. ;

Based on %C dissolved in it, a Fe-C solution is classified as: commercial pure irons
with less than 0.008%C; steels having %C between 6.008-2.11; while cast irons have
carbon in the range of 2.11%-6.67%.

Thus commercial pure iron is composed of exclusively a-ferrite, _at room temperature.

The presence of Si_ promotes the formation of graphite instead’ of cementite.

Fe-C systevt consfitutes four invarant reactions:

e peritectit reaction at 1495°C and 0.16%C, d-ferrite + L «» v-iron (austenite)

e monotectic reaction 1495°C and 0.51%C, L «> L +vy-ron (austenite)

e “eutectic reaction at 1147°C and 4.3%C, L & yiiron+F'e3C (cementite)

pedeburiic)

e eutectoid reaction at 723°C and 0.8%C, y-iron <> a-ferrite + Fe,C (cementits)
[pearlite]

Product phase of eutectic reaction is called ledeburite, while product from eutectoic

¢ reaction is called pearlite. During cooling to room temperature, ledeburite transforms

into pearlite and cementite.

Pearlite is in reality not a single phase, but a micro-constituent having alternate thin
layers of g-ferrite (~88%) and Fe,C cementite (~12%). Steels with less than 0.8%C )
(mild steels uptc 0.3%C, medium carbon steels with C between 0.3%-0.8% i.e. hypo-
eutectoid Fe-C alloys) i.e. consists pro-eutectoid o-ferrite in addition to peariite,
while steels with carbon higher than 0.8% (high-carbon steels i.e. hyper-eutecioid
Fe-C alloys) consists of pearlite and pro-eutectoid cementite.

Phase transformations involving austenite i.e. processes those involve eutectoid
reaction are of great importance i heat treatment of steels.

Generally. steels are almost always cooled from the austenitic region to room
temperature. During the cooling upcn crossing the boundary of the single .phase
y-iron, first-pro-eutectoid phase (either o-ferrite or cementite) forms up to eutectoid
temperature.

With further cooling below the eutectaid temperature, remaining austenite decomposes
to eutectoid product called pearlite, mixture of thin {avers of o-ferrite and cementite.
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« Though pearlite is not a phase, and also nof a constitutent.

e The decomposition of austenite to form peadite occurs by nucleation and growth. i !
Nucleation, usually, occurs heterogeneously and rarely homogeneously at grain 3 - (
boundaries. ' I

« When austenite forms pearlite at a constant temperature, the spacing between adjacent ’ !
famellae of cementite is nearly constant. For a given colony of pearlite, all cementite '

plates have a common orientation in space, and it is also Applicable for the ferrite ‘ 3.9
plates.

« Growth of peatrlite colonies occurs not only by the nucleation of additional lamellae
but also through an advance at the ends of the lamellae.

! i ¢

+ The thickness ratic of the ferrite and cementfite layers in pearlite is approximately 8 } e
to 1. However, the actual layer thickness depends on the temperature at which the ¢
isothermal transformation is allowed to occur. ‘ e |

« The spacing of the pearlite lamellae has a practicat significance because the hardness - ¢
of the resulting struciure depends upon it; the smaller the spacing, the .harder the !
metal. - ' t

: +

«  The growti rale of peariile is aiso a strong unction of Eemperature. Al lemperawres '
just below the eutectoid, the growth rate increases rapidly with decreasing temperature. , «

reaching a maximum at 600°C, and then decreases again at lower temperatures. ; {

< Additions of alloying elements to Fe-C syétem bring changes (altemations to positions ¢
of phase boundaries and shapes of fields) depends on-that particular element and
its concentration. :

o Generally all alloying elements causes the eutecioid concentration to decrease, and
most of the alloying elements (e.q. : Ti, Mo. Si. W, Cr) causes the eutectoid temperature’
fo increase while some other (e.q.: Ni, Mn) reduces the eutectoid temperature. Thus,
alloving additions aliers the relative amount of pearlite and pro-eutectoid phase that
form.

e Fe-C alloys with more than 2.11%C are called cast irons. Phase transformations in
cast irons involve formation of pro-eutectic phase on crossing the liquidus. During the
further cooling, liguid of eutectic composition decomposes in to mixture of austenite
and cementite, known as ledeburite. On further cooling through eutectoid temperature,
austenite converted to pearlite. '

. * }
+ The room temperature microstructure of c¢ast irons thus consists of pearlite and
cementite. Because of presence of cementite (which is hard, brittle and white in
color) product is called white cast iron. However, depending on cooling rate and ¢
other alloying elements, carbon in cast iron may be present as graphite or cementite. {

Gray cast iron contains graphite in form of {iakes.
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« These flakes are shamp and act as stress risers. Brittleness arising because of flake
shape can be avoided by producing graphite in spherical modules, as in malleable
cast iron and SG (spheroidal graphite) cast iron. Malleable cast iron is produced by
heat treating white cast iron (Si < 1%) for prolonged periods at about 900°C and then
cooling it very slowly.

3.9 TRANSFORMATION RATE EFFECTS AND’TTT DIAGRAMS,
MICROSTRUCTURE AND PROPERTY CHANGES IN
IRON-CARBON ALLOYS

+ Solid state transformafions, which are very important in steels, aré known to be
dependent on time at a particular temperature, as shown in figure.

e |sothermal transfonnaﬁ@ﬁ diagram, also called as TTT diagram, measures the rate
of transformation at a constant temperature i.e. it shows time relationships for the
phases during isothermal transformation. Information regarding the time to start the
transformation and the time required to complete thé transformation can be obtained
from set of TTT diagrams.

e One such set of diagram for reaction of austenite to pearlite in steel is shown in
below figure. The diagram is not complete in the sense that the transiormations of
austenite that occur at ferdperatures below about 550°C are not shown.

e This curve also termed as S-curve or Ben-curve.

800
g 700 -
= P TTT Curve is aiso
£ 6004 Arp - '
@ { termed S-curve
Q A
E 500 A- Austenite |-

P - Pearlite
400 - T T T T
107 10" 10 100 100 10

log (time)
FIGURE = Partial TTT diagram for a eutectoid Fe-C alloy.
e As thickness of Iayers. in pearlite depends. on the temperature at which the
transformation occurred.
o |If the transformation took place at a temperature that is just below the eutectoid
temperature, relatively thick layers of ferrite and cementite are produced and is
termed as coarse peatdite.
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e This is because of high diffusion rates of carbon atoms. Thus with decreasing it doe
transformation temperature, very slow movement of carbon results in thinner layers desic
o-ferrite and cementite i.e. fine pearlite is obtained. e - Abov

e At transformation temperatures below 550°C, austenite results in different product stres
known as bainite. Bainite consists of ¢-ferrite and cementite phases. of bz

« Bainite forms needies or plates, depending on the temperature of the gansformation; f e« Byn
the microstructural details of bainite are sc fine that they can be seen only through comy
electron microscope. ] temg

o |t differs from pearlite in the sense that different mechanism is involved in formation e In sit
of bainite which does not have alternating layers of o-ferrite and cementite. from

« In addition, because of equal growth rates in all directions pearlite try to form sphericai and_
colonies, whereas bainite grows as plates and has a acicular {needlelike) appearance. ] a che

¢« Upper bainite, formed at the uf)per end of the temperature range (550°C-350°C), is , ¢ Assl
percieved by relatively coarse, irregular shaped cementite particles in w-ferrite plates. 550°

¢ |f the transformation ts_taklng place at Iowertemperatures (350 C- 250°C) the a-femte - 450°
dlatos trned auf o b s oevarn cegutne ceodl B ehnpe nd the Chdginad prodoet rone
is called lower bainite. e Thu:

= At the same time carbide particles become smaller in size and appear as cross- neay
straiations making an angle of about 55 to the axiz of the «-ferrite plate,

¢ Upper bainite has large rod-like cementite regions, whereas Iower bainite has much
finer_cementite particles as a due to very slow diffusion of carbon atoms at lower
temperatures. Lower bainite is considerably harder than upper bainite.

« Another characteristic of bainite is that as it has crystallographic orientation that is
similar to that of ferrite nucleating from austenite, it is thought that bainite is nucleated
by the formation of ferrite.

« This is opposite to pearlite which is thought to be nucleated by formation of cementite.

« Bainite is a transformation product that is not as close to equilibrium as pearlite. The
most confusing feature of the bainite reaction is its dual nature.

¢« In terms of numbers, it reveals properties that are typical of a nucleation and growth
type of transformation such as occurs in the formation pearlite and also a mixture of
a-ferrite and cementite dispite the quite different morphology (no alternate layers),
but at the same time it differs from the Martensite as bainite formation is athermal F
and diffusion controlled though its microstructure is founded by acicular (needlelike)
appearance. ¢ Mar

eno

e The time-temperature dependence of the bainite transformation can also be presented Mar
using TTT diagram. It occurs at temperatures below those at which pearlite forms i.e. on t
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it does not form until the transformation temperature falls below a definite temperature,
designated as B,.

Above this temperature austenite does not form bainite except under action of external
stresses. Below B, austenite does not transform completely to bainite. The amount
of bainite formed increases as the isothermal reaction temperature is lowered.

By reaching a lower limiting temperature, B, it is pogsible to trénsform austenite
compltely to bainite. The B, and B, temperatures are equivalent to the M_and M,
temperatures for Martensite.

In simple eutectoid steels, pearlite and bainite transformations overlap, thus transition
from the pearlite to bainite is smooth and continuous i.e. knees of individual pearlite
and bainite curves are merged together. However each of the tfansformations has
a characteristic C-curve, which can be distinguishable in presence of alloying elements.

As shown in complete TTT diagram for eutectoid stee! in figure above approximately
550°C-600°C, austenite transforms completely to pearlite. Below this range up to
450°C, both pearlite and bainite are formed. Finally, between 450°C and 210°C, the
reaction product is bainite only.

Thus bainite transformation happened at a high dedree of supercooling, and the
pearlite transformation at a low degree of supercooling. in middle region, pearlitic
and bainitic transformations are competitive with each other.

800 T

700+ -
600
“so0d ©
2 ] | A - Austenite
® 400 P - Pearlite
o B - Bainite
£ 300+ M - Martensite
G’ .
— s

200+

{
00+
M

O L L [] T
100" 10° 10" 10° 10" 10 -
log (time)

FIGURE : Complete TTT (isothermal transformation) diagram for eutectoid steel.

Martensitic transformation can dominate the proceedings if steel is cooled rapid
enough so that diffusion of carbon can be seized. Transformation of austenite to
Martensite is diffuston-less, time independent and the extent of transfomaiion depends
on the transformation temperature.
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Martensite is a meta-stable phase and decomposes into ferrite and pearlite but this
is extremely slow (and not noticeable) at room temperature.

Alloying retard the formation rate of pearlite and bainite. Start of the transformation
is designated by M, while the completion is designated by M in a transformation
diagram.

Martensite forms in steels possesses a body centred tetragonal crystal structure with
carbon atoms occupying one of the three interstitial sites available. ¢

Tetragonal distortion caused by carbon atoms increases with increasing 'carbon content
and so is the hardness of Martensite.

Mechanically, Martensite is extremely hard, thus its applicability is limited by brittleness

associated with it. )

However, structure and the properties can be altered by tempering, heat trea{ment
observed below eutectoid temperature to permit diffusion of carbon atoms for a
reasonable period of time.

During tempering, carbide pariicles attain spherical shape and are bifurcated in
ferrite phase — structure called spheroidite. Spheroidite is the softest yet toughest
structure of the steel. :

Al lower lempering iemperature (2507 to 6507), & struciure called werrperes wianeiisie

with similar microstructure as like spheroidite except that cementite particles are

very, much smaller. The tempering heat treatment is also applicable to pearlitic and
bainitic structures.

At higher temperatures of with increasing tempering times, precipitation of cementite
begins and is finished by dissolution of the unstable carbide. Furthermore, the
Martensite loses its tetragonslity and becomes BCC ferrite, the cementite coalesces
into sphered. A schematic of possible transformations involving austenite decomposition
are shown in below figure. =~ '

B Tempered
—7" martensite

At fow temperature

)

fartensite —

Fast codling At high temperature

Austenite Z—Moderate cooling——Bainite Spheroidite

"

FIGURE : Possible transformation involving austenite decomposition.

Slow cooling

Heat treatment

earlite

_

Tempering of some steels may result in a reduction of toughness called as temper
embrittlement. This may be avoided by (1) compositional control, andfor (2) tempering
above 575 or below 375, followed by quenching to room temperature.




sarfite but this

ransformation
ransformation

structure with
sarbon content
! by brittleness

leat treatment
1 atoms for a

bifurcated in
t_yet toughest

red Martensite
- particles are
> peartitic and

3 of cementite
thermore, the
itite coalesces
decomiposition

npered
iensite

1eroidite

1.

led as temper
" (2) tempering
e.

Phase Diagrams 53

==

Impurities responsible for temper brittleness are: P, Sn, Sb and As. .Si reduces the

risk_ of embrittlement by carbide formation. Mo has a stabilizing effect on carbides
and is also used to minimize the risk of temper brittleness in low alloy steels.

TTT diagrams have less of practical importance since an alloy has to be cooled
rapidiy and then kept at a temperature to allow for respective transformation to take
place. However, most industrial heat treatments involve continuous cooling of a

“specimen to room temperature. «

Hence, Continuous Cooling Transformation (CCT) diagrams are generally more
approprsiate for engineering applications.

CCT diagrams measure the extent of transformation as a function of time for a
continuously decreasing temperature.

Both TTT and CCT diagrams are, in a sense, phase diagrams with added parameter
in form of ime. Each is experimentally determined for an altoy of specified composition.

Thus, as shown in below figure, region representing austenite-pearlite transformation
terminates just below the nose.

800
- 7001
6004 ST R e T
O ——CCT
° 500+
=2 4004 _ sleniw
@ AR . earlite
g 3004 ~U T . [ &- Bainite
L M, M - Martensite
P 200- ¢ ~+
t,  MHA
1001
M

0 T T T T
107 10" 10" 107 10° 10°
log (time)

FIGURE : Superimposition of TTT and CCT diagrams for a eutectoid steel.

Note : Temper embrittlement phenomenon occurs when steel is tempered to a

temperature above about 575°C or (between 375°C to 575°C).

3.9.1 Limitations of TIT Biagram

Only applicable for iron-carbon alloy of eutectoid composition thus for other
compositions, curves will have different configurations.

These plots are accurate only for transformations in which the temperature of alloy
is held constant throughout the duration.
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3.9.2 Effect of Alloying Elements on TTT Curve

Alloying elements like Cr, Ni, Mo and W can have two effects :

r

e To shift the nose of Austenite to pearlite transformation diagram to longer times.

« Fromation of a seperate Bainite Nose.

2. Normalizing : Rate of cooling is slow as 50°C/S or less.

3. Hardening: Rate of cooling is faster than critical cooling 350°C/S or

3.10 INFLUENCE OF ALLOYING ELEMENTS ON PHASE DIAGRAM

Alloys elements addition always reduces eutectoid composition i.e.% of (J while they may

increase or decrease the eutectoid temperature. (Ni) specially is an austenite stabilizer.

I

1200 0.8 -
: e Ni ]
A ) !
. L\ \\. N -
sect >'d " Eutectoid ]
-ectold 1000 4 composition 9
mp (°C) (Wt %C)
800 J : 0.4+
- M, m
T My
600 ] 02 i
T T T T T T ] v 1 T T
O 2 4 6 8 10 12 14 0 2 4 & 8 10 1214
" Conc. of Alloy elements {wi%; Conc. of Afloy Elensele (wi%)

3.11 EFFECT OF ALLOYIRG ELEMEKT OK Fe

1. Carbon : By increase in percentage of carbon in iron, ductility decreases and
brittleness increases and when carbon % increase from more than 2.1 % in iron, iron
convert into cast iron.

2. Sulfur : Sulfurin commercial steel is generally kept below 0.05%. Sulfar formed iron
sulfide with iron, Iron sulfide forms a low melting point eutectic atloy with iron which
tends to concentrate at the grain boundaries. When the steel is forged or rolled at
elevated temperatures, the steel becomes brittle or hot-short due to the melting of
the iron sulfide eutectic which destroys the Cohesion between the grains allowing
cracks to develop, and material got failed due to brittle fracture. -

e R < T Trnr et s
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+ o overcome from this problem Manganese is added with which Sulfur formed
magnese sulfide rather than FeS. Magnese sulfide improve the machinability as
due to pressence of more number of sulfide inclusions which breakup the chips,
thus reducing tool wear.

o It is noted that Mn has low shear strength.

Manganese : It promotes the soundness of steel casting through its deoxidizing
action on liguid steel. 4

« Large quantity of magnese in steel formed MnS as well as Mn,C which is formed
associated with cementite.

« Hadfield steel have 12% Mn and to make Bull-dozer rolis.
Phosphorus : Phosphorus generally kept below 0.4%.

+ This small guantity tends to dissolve in ferrite, increasing the strength and hardness
slightly. Large quantity of phosphorus tend to crack the steel when cold worked
making steel cold-short.

Silicon : It's amount generally varies in between 0.05% to 0.3%.

o It dissolves in ferrite, increasing the strength of steel withaut aradialiv decreasing

the ductility.

« By addition of Silicon, eutectic point shift towards left and graphite formation takes
place at much lower percentage of Carbon.

o If act as deoxidizer.

aan—
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Eutectoid reaction occurs at

(a) 600°C (b) 723°C

(c) 114°C (d) 1493°.

Match List-l (Name of material) with |
List Il (% Carbon range) and select

the correct answer using the codes
give below the lists: '

A. Hypo-eutectoid steel
B. Hyper-eutectoid steel
C. Hypo-eutectic cast iron
D. Hyper-eutectic cast iron

[ AR
Lol

1. 4.3 — 6.67
2. 20-43
3. 08-20
4. 0.008-0.8
Codes:

A B c D
@ 4 3 2 1
) 1 3 4 2
(c) 4 1 2 3

da 1 2 3 4

Which one of the following sets of
constituents is expected in equilibrium
cooling of a hypereutectoid steel from
austenitic state?

(a) Ferrite and pearlite

(b) Cementite and pearlite
(c) Ferrite and bainite

(d) Cementite and martensite

5.

6.

7.

£ g,

in a eutectic system, two elements are
completely

(a) Insoluble in solid gnd liquid state

(b) Sotuble liquid state

(c) Soluble in solid state

(d) insoluble in liquid state

During peritectic solidification; one

liquid

(a) combines with one solid to form a
second new solid

(b) Soiidifies into two different solids

_ {d) formms one solid and another liquid
Martensite is a supersaiurated solution

" of carbon in _

(b) beta iron

(d) delta iron

Match List-l (Phase diagramj with

List-t (Characteristic} and select the

correct answer using the codes given
below the lists:

fist-l

(a) alpha iron

(c) gamma iron

Isomorphous system
Eutectic system

Peritectic system

©o @ >

Monotectic system —
Listdl

1. One liquid decomposes into
another liquid and solid

2. Cne liquid and another solid
combine to form a new solid

10.

12.

13.
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10.

1.

12.

13.

3. Two metals are completely soluble
in liquid state and completely
insoluble in solid state

4. Two metals, soluble in solid and

liquid state
Codes:
' B C D
@ 2 3 4 1
®) 4 1 2 3
© 2 1 4 3
d 4 3 2 1

T.T.T. diagram indicates time and
temperature transformation of

(b) Pearlite
(d) Austenite

A 60 C-plain carbaon steel has,

approximately,

(a) 75% of pearlite and 25% of ferrite

(b) 25% of pearlite and 75% of ferrite

(c) 75% of cementite and 25% of
fertite

(d) 75% of pearlite and 25% of
cementite

(a) Cementite

(c) Femite

Increase of ferrite phase in steel
increases

(a) Strength (b) Hardness
(c) Ductility (d) Brittleness

The eutectoid of carbon in iron, above
lower critical temperature, when
cooled, resulis in

(a) Femite and austenite
(b) Femite and cementite
(c) Cementite and austenite

(d) Femite, cementite and austenite

14.

15.

Match List-| (Fe-Fe3C Phase Diagram
Characteristic) with List-lf (Phase) and
select the correct answer using the
codes given below the lists:
List-1

A. Alpha (a) iron )
B. lrorecarbide having crystal lattice
C. 'BCC pure allotrope of iron is stable

between 1388°C & its melting point
at 1535°C

List-l

1. &iron '/

2. Eutectic with 3 ivfm and 1 carbon
atom

3. Ferrite stable between 1388°C
4. Cementite

Codes:

A B -
(a) 4 2 3
by 3 4 1
(c) 4 2 1

d 3 1 2

Match List-l (Effect of Cagling) with
List-I (Cooling Medium} and select the
correct answer using the codes given
below the lists:

List-l

Martensite

Very fine pearlite o
Fine pearlite

©cow»

Coarse pearlite
List-l

Water quenched
Air cooled
Furnace cooled
Oil quenched

Hp w2
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16.

17.

18.

19.

Codes:

A B Cc D
@ 1 4 2 3
Gy 2 3 1 4
(c) 2 3 4 1

@ 1 2 3 4

Which one of the following is the
correct statement?

Pearlite in iron-carbon system is a

(a) phase consisting of ferrite and
ementite at room temperature -

(b) mechanical mixture of ferrite and
cementite at room temperature

(c) eutectic mixture of ferrite and
cementite at room temperature

(d) all the above the three are correct

Which cne of the following elemenis
is an austenitic stabilizer?

(a) Chromium
(c) Nickel

Which one of the following elemenis
is a ferritic stabilizer?

(b) Tungsten
(d) Molybdenum

(a) Nickel {b) Manganese

{c) Copper (d) Chromium
The correct statement is

(@) Characteristic - of any series of
alloys cannot be found be phase
diagram.

(b) Phase diagram does not give'

amount of phases which are a
function of composition,
temperature and pressure.

(c) The phase may be liquid or vapour
with ordered crystal structure

20.

21.

22.

23.

24.

(d) Phase diagram provides the
information on how rapidly
equilibrium is reached

Pearlite phase in an wwon-carbide phase
diagram is

(a) Eutectic phase

{b) Hypo—euteoticmixtuf'e |

(c) Eutectoidal mixture

{d) Hyper-eutectic phase
lron-carbon equilibrium diagram,

(a) correlates the microstructure and
properties of steel and cast iron

(b) indicates the phase. changes
occurring during heating and
cooling ' :

{cY is made by ointting carhon
percentage aiong x-axis and
temperature slong y axis

(d) all of the above

if a particular Fe-C alloy contains less
than 0.83% carbon, it is called

} High speed stes!
{b) hypoeutectoid steel

) hypereutectoid steel
{d) cast iron
Gibb’s phase rule is given by
{F = number of degree of freedom
€ = number of components
P = number of phases)
@ F=C+P (@®F=C+P—2
© F=C-P-2(d)F=C—P+2
Which one of the following is true?

(a) Structure of metallic consists of
atoms having valence of 5,6 or 7

25.

26.
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25.

26.

(b) Ceramic materials have long range
electron matrix bond

(c) Polymers are composed of long

chain of repeating molecules

(d) Ceramics are weaker than metals
because of weak electrostatic
bond

According to Gibbs' phase rule, the
number of degrees of freedom of an
eutectic point in a binary system is

(a) 1 ' (b) 2
(c) O d)3
Which one of the following factors i

more relevant to represent complete
solubility of two metals in each other?
(aj}-Chemical affinity

0 Valencey factor

{c) Crystal structure factor

{d) Relative size factor

DIRECTIONS:

The following items consists of two
statements; one labelled as ‘Assertion (AY
and the other as ‘Reason (R)’. You are to
examine these two statements carefully and
select the answers to these items using the
codes given below:

Codes:

(a) Both A and R are true and R is
‘the correct explanation of A

(b)‘ Both A and R are true but R is not
a correct explanation of A

(c) A is true but R is false
(d) A is false but R is true

27.

28.

29.

Assertion (A). Lever Rule can be
applied to defermine relative amounts
of phases present at any temperature.

Reason (R}): Lever Rule is restricted
to estimate relative phases, only if they
are sol‘i‘d phases. ;

Considér the following:
1. Crystal structure

2. Relative size

3. Chemical affinity

4. Valency '

Which of these factors govern relative
solubility of two metals in each other
in the solid state?

(a) 1,:2 and 3 only
(b) 2, 3 and 4 only
(c) 1, 2 and 4 only
(d) 1,2, 3 and 4

When the temperature of a solid metal
increases.

(a) strength of the meial decreases
but ductility increases

(b} both strength and ductiiiv of
metal decrease

—(c) both strength and ductility of the

metal increase

(d) strength of the metal increases but
ductility decreases

all
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ANSWERS
1. (b) 9. (d) 15. (a) 21. (c) ; 27. (c) ‘
2. (a) 10. (d) 16. (b) 22, (b) 28. (d)
3. (b) .11 (a) 7. (c) 23. (d) 59. | (a)
5, ® | 12 ©] 8 @ | 24 (o AN
6. (@) 13. (b) 19. (a) 25. (c) ! ] Physic
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Physical, Mechanical
Praperties and Testing
of Material

4.1 PHYSICAL PROPERTIES OF MATERIALS

Physical Properties of Materials

Density

Electrical Confuctivity

Melting Temperature of Material
Semiconductors

Thermal Conductiviy

.
i

i SE o
ot

inty
Reluctance (as magnefic properiies)
Temperature stabiity

Mechanica! Properties «f Materials

Tensile strength
Toughness
Malleability
Hardness
Ductiity
Stiffness
Brittleriess
Elasticity
Plasticity

Creep

Fatigue
Fracture
Meaning of Fracture aad is Types

Types of Fractured Ends in Ductile
Failure

These properties concerned with such’ 'properties as
melting, temperature, electrical conductivity, thermal
conductivity; density, corrosion resistance, magnetic
properties, etc. and the more important of these
properties will be considered as follows :

i

4£.1.1 Density

Density is defined as mass per unit volume for 2
material. The derived unit usually used by engineers.
is"the kg/m3. Relative density is the density of the
material compared with .the density of the water at
4°C. The formulae of density and relative density are:

Mass {n1)

Density ip} m

Density of the

material

Relative density (d} = Density of pure

water at 4°C

4.1.2 Electrical Conduttivity

« Hgure shows a piece of electrical cable. In this
example copper wire has been chosen for the
conductor or core of the cable because copper
has the property of very good electrical
conductivity.
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Creep rracture
Improviog the Fatigue Life
M:: .o «f Projection Against Fracture

L ro-dritle Transition

Tensile Test

Compression Test

Ductility Testing

Impact Testing {Voughness Testing)

The Effect of Ternperature on the
Materials Mechanical Properties

Creep Test
Hardness Testing

Non-Destructive Testing (NDT)

Plastic insulation ’ f .
Copper wire
conductor

FIGURE : Electrical conductivity.

« That s, it offers very little resistance to the flow of
electrons (electric current} throuffh the wire. A
plastic materials such as polymerized has been
chosen for the insulating sheathing surrounding
the wire conductor.

» This material has been chosen because it is such
a bad conductor, where very few electrons can
pass through it.; Because they are very bad
conductors they are called as insulators. There
is no such thing as a perfect insulator, only very
bad conductors.

. ! '

« Pure metal shows this effect more strongly than
2love Howaver, nure metzle nenerglly hoye 0
betier conductivity than ailoys at room temperature.
The conductivity of metais and metal alloys

improves as the temperature fafis.

s Conversely, non-metallic materials used for
insulators tend to offer a lower resistance to the
passage of electrons, and sc become poorer
insulators, as their temperatures rise. Glass. for

example. is an excelient insulator at room

temperature, but becomes : conductor if raised
fo_red heat.

4£.1.3 Melting Temperature of Material

The melting temperatures and the recrystallisation
temperatures have a grate effect on the materials and
the alloys of the materials properties and as a result
on its applications.

£.1.4 Semiconductors

= In between conductors and insulators lies a range
of materials known as semicondiciors. These can
be good or bad conductors depending upon their
temperatures.

The cc
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The conductivity of semiconductor materials increases rapidly for relatively small
temperature increases. This enable them to be used as temperature sensors in
electronic thermometers.

Semiconductor materials are capable of having their conductors -properties changed
during manufacture. Examples of semiconductor materials are silicon and
germanium.

They are used extensively in the electronics industry in he manufacture of solid-state
devices such as diodes, thermistors, transistors and iftegrated circuits.

4.1.5 Thermat conductivity

This is the ability of the material to transmit
heat energy by conduction. Figure shows a
sol.denf]g iron. The bit is made from copper Woodg{handle
which is a good conductor of heat and so

will allow the heat energy stored in it to travel
easily down to the tip and into the work being
soldered.

Copper bit
FIGURE : Thermal conductivity.

bnommd

Flmrar ~F [
Q) TpeZon e e

Thewooden handle remains cool as it has a low thermal conductivity and resists the

4.1.6 Fusibility

This is the ease with which materials will meit. It can be seen from figure that solder

A

melts easily and so has the property of high fusibility. On the other hand, fire bricks

- used for furnace linings only melt at very high temperatures and so have the properties

of low fusibifify.
Such materials which only melt a very high temperatures are called refractory materials.

These must not be confused with materials which have a low thermal conductivity
and used as therm! insulators.

Although expanded polystyrene is an excelient thermal insulator, it has a very iow
melting point (high fusibility) and in no way can it be considered a refractoty material.

Fire brick

Solder

Blow lamp

FIGURE : Solder melts at a low FIGURE: Fire brick only melts at very high
temperature and therefore temperatures and therefore it has
it has a high fusibility. alow fusibility and is called a refractory.
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4.1.7 Reluctance (as Magnetic Properties) : ' 4.2.3 Mall
« Just as some materials are good or bad conductors of electricity, some materials can o |t is tF
be good or bad conductors of magnetism. The resistance of magnettc ciurcuit is ] deform
referred to as reluctance. [ orther
e The good magnetic conductors have ilow refuctance and examples are the of plast
ferromagnetic materials which get their name from the fact that they fire made from loading
iron, steel and associated alloying elements such as cobalt and nickel. « Such s
« All other materials are non-magnetic and offer a high reluctance to the magnetic flux ! such
felid. 7 - headin
, ,

4.1.8 Temperature Stability 4.2.4 Hart
e Any changes in temperature can have very significant effects on the structure and « ltis th
properties of materials. However, there are several effects can appear with changes - withsta
in temperature such as creep. . or inde
‘ body, i
« For example gas- turbme blades. The creep rate increases if the temperafure is s ) ..
raised, but becomes less if the temperaiure is lowered. -
s As see
4.2 MECHARICAL PROPERTIES OF MATERIALS 8 sma
— - maeri.
These properties are-concerned with the following properties : much
_ o softer 1

4.2.1 Tensile Strength .
. £.2.5 Buc

e It is the ability of a material to withstand tensile (stretching) foads without breaking. [

. : « {trefer

e« As the force of gravity acting on the ioad is trying fo stretch the rod, the rod is said ] Gelor
to be in tension. Therefore, the maternial from which the roc s made needs o have ' wire o
sufficient tensile_strength to resist the pull of the foad. operati

« Strength : is the ability of a material to resist applied forces without fracturing. , e Form

4.2.2 Toughness ductile

* |t is the ability of the matenals to withstand bending or it is the applic;tion of shear £.2.6 Stif!
stresses without fracture, so the rubbers and most plastic materials do not shatter, .

« ltis th
therefore they are tough.

e For example, if a rod is made of high-cabon sieel then it will be bend without © Fore
breaking under the impact of the hammer, while if a rod is made of glass then it will , prefert
broken by impact loading. - deflect

i
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4.2.3 Malleability
materials can v e It is the capacity of substance to withstand
stic ciurcuit is , deformation under compression without rupture

or the malleable material allows a useful amount

ples are the of plastic deformation to occur under compressive

re made from {oading before fracture occurs. : ¢
2l e Suchra material is required for manipulation by
magnetic flux such processes as forging, rolling and rivet
' heading.
4.2.4 Hardness ,
structure and « |t is the ability of a material to

with changes ' withstand seratching (abrasion) (4—— Constant load
or indentation by another hard v

: ; body, it is an indication of the , Hard S'teel baﬂ\
smperature s ' wear resisiance of the material. v

e A seen that ihe ball only makes T *
a smell indentation in the hard
material but i makes a very
much deeper impression in the
softer material.

Hard Materiai Soft Material
Hardness

4=.2.5 Ductitity

nout breaking. o |t refer to the Capa.c:ity- of substance to undergo Die  Rod
the rod is said deformation under tension without rupture as in ol - g?;r\\gn
1eeds to have wire drawing {as shown in figure), tube drawing ey Do,
l operation. Gi draw
\ i .
fracturing. % e For_more ductile maierial € _> 15%, for less :
| ductile material_¢, > 5.1 £, < 15%. Ductility

4.2.6 Stiffness -

sation of shear

Ao not shatter, « Itis the measure of a material's ability not to deflect under an applied load.

e For example, streel is very much stronger than cast iron, then the cast iron is
preferred for machine beds and frames because it is more rigid and less likely to
deflect witir consequent loss of alignment and accuracy.

bend without
ass then it will




66 Chapter-4

Lightﬁoad Heavy load
Castiro
K St
Light load Light load
B i e
/N /\
(a) (b)

FIGURE : Stiffness (rigidity) :
(a) The tested materials deflect under a light load
(b) The tested materials deflect under a heavy load.

2.4.7 Brittleness

It is the property of a material that shows little or no plastic deformation before fracture
when a force is applied. Also it is usually said as the opposite of ductitity and malleability.

For brittle material &, < 5%.

_ Al _Change infength

{ Orginailerngu,

£.2.8 Elasticity

Load

« [t is the ability of a material to defom under
_load_and return to its original size and shape
when the load is removed.

« lfitis made from an elastic material it will be
the same length before and after the load is

. . L Elastic
applied, despite the fact that it will be longer TTTE extension |-
whilst the load is being applied. Before and

. All materials posses elasticity to some degree after loading Load
and each has its own elastic limits. Elasticity

4£.2.9 Plasticity
« This property is opposite to elasticity, while the ductility and malleabilit.y are particular
cases of the property of the plasticity.

« [tis the state of a material which has been loaded beyond it efastic limit so as to
cause the material to deform permanently.

« Under such conditions the material takes a pe.rménent set and will not return to its
original size and shape when the load is removed.

sho
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=

. When a piece of mild steel is bent at right angles into the shape of a bracket, it
shows the property of plasticity since it does not spring back strength again.

Bending force

Strip before
bending force
is applied

/

Die
B CM Since plastic flow has occurred
Strip bent beyond the during bending, the strip remains
elastic limit so that plastic bend after the bending force
deformation occurs has beerrremoved
FIGURE : Plasticity. '
4.2.10 Creep

» The permanent deformation {strain) of a material under steady load asa function of
time ns called creep. :

o | nnfh of our waist belt increases after some duration, is due fo crean effert

¢« Thermally actuated process, and hence is influenced by temperature. Appreciabie at
temperature above 0.4. T where T is melting point of material in dearee kelvin.

e Creep occurs at room temperature in.many materials such as lead, zinc, solder wire
(an alloy of Pb_and Sn}, white metals, rubber, plastics and leather etc. e.g. consider
zinc where melting point is 420°C (693 K). Its creep rate is considerable above a
temperature of (0.4 x 633 K = 277 K) is a at about 4°C only.

4£.2.11 Fatigue
« The behavior of materials under fluctuating and reversing foads (or stresses) is
termed as fatigue. This behaviour is different from that under tha sieady load.

» Fatigue is, however, not a dynamic effect. The rate of loading is usually not a factor
is fatigue behavior. Fatigue behavior is experienced by all materials whether metals,
plastlcs concretes, or composites.

Main Effects of Fatigue

e Loss of ductility,
* Loss of strength, and
+ Enhanced uncertainty in strength and the service life of materials.

Salient features: Fatigue occurs at stresses well within the elastic range. Various types
of fluctuating and reversing stresses are shown in figure (a-d) in a simplified manner.
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In practical situations the stress variations may be drastic, unpredicatable and complex.
One such example, Figure (d), is that of an aeroplane during its take-off, flight and
landing. '

S +cistensile
+G -G IS compressive

o Gax . 4 cycle»‘
g Gax |7 % AO_ rf\;
D Owmean ff---\Y- % Oean Yy : >
Cuin E / \/
GMINJ .
5 .
A Time
(@) “(b)
. : '
N Stormy
+c disturbances
Gmax ——e
maa o
¥ 0 ight
g GMEAN —— = \ T/ @
o \/ A 20 St
° N AN =
iy Take off ¢ Landing
Jr . Time Time

(c) (d)
FIGURE : Variations of stresses (a) fluctuation, and (c) reversal.
and {d} in aeroplane operation.
Fatigue Limit {or Endurance Stress} and S-N Diagram
- Total number of cycles N required to bring about fracture in a material (or its specimen)
under an applied stress deficess its basic fatigue life.

=~ Fatigue life of a material is expressed in percent survival out of large number of
specimens. Generally median fatigue life is estimated at 50% survival.

« {{ is evaluated from the dala of stress iora

, . 4 Lowcycle

(S or o) and number of cycies of failure fatigue

N by conducting fatigue test. The plot is ﬁ

referred to as S-N diagram. ‘ %Ge_ _______ B Mid steel
e The curve of mild steel is asymptotic %

beyond B. It implies that the material can = Al-alloy

withstand a stress equal to ¢, for any @ \Epoxide

number of cycles without fatigue fracture. o Nylon

N

Thl; stress is called as e-endut?n(-:e stress. 010" 10° 10° 10" 10° 10"
It is also known as fatigue fimit. Number of cycles

« This stress is generally 0.3 fo 0.5 times FIGURE : tSQ curve offsome n;_at«_erials
the ultimate strength of maienials. © determine fatigue fimit.
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Ferrous metals usually have a fatigue limit but non-ferrous metals and non-metals
often do not.

Fatigue response of these materials is specified for a number of stress cycle normally
107 and known as fatigue strength.

Critical Applications of Fatigue Bahaviour

Wings of aeroplanes and other aircrafts. ¢
L.eaf springs used on automobiles and railways rollihg stocks.
Connecting rods of internal combustion engines.

Rotating shafts and machine parts.

4.3 FRACTURE '

4.3.1 Meaning of Fracture and its Types

Separation of a solid into two or more parts under application of load or stress is
called fracture.

Depending on the type of load, fracture may be defined by tensile fracture, compressive

S T N a Vel Al Alamyse~ e

L, Fmbimp i o -~ Fr Fie £, A Il ]
(TACWNS, Yaugue iraciure. Cieep 1acllic anc Qiesy nhs WnIie %

these fractures are mainly characterized by either a

R S S P S S N
TANITS, SRS

However,

1. Ducﬁle fracture, or 2. Brittle fracture

~ Thre process of fracture basically involves the following phenomenon.

(a) Crackinttiation, and i) Crack propagation
Ductile fracture occurs after prolar - plastic deformation.

The crack indiates from formation ¢
fail showang the character of duc:

. =i propagates slowly. Ductile materials
normal conditions.

However, they may fail as brittle fro. A lower temperatureé and at higher

rates of straining.

Propogation of crack given by Griffith theory.

4.3.2 Types of Fractured ends in Puctile Failure

Various configuration of fractured ends -
are found when materials fail in ductile
fracture. These fractured ends are of
the following types, and are shown in
below figure.

=

(a) (b) {c) (d)
FIGURE : Typical tensile fractures of metals
(a)cup and cone (b) fibrous (c) star,

Cup and cone fracture, crack spread
and (dygranular.

in direciion 45° to the tensile axis
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« Fibrous fracture

« Star fracture, and Deep
e Granular fracture Mild Steel
« Cup and Cone fracture: The cup and Me(;zjm
cone fracture is common in plain carbon c Meffum Increasing
. one
steels. Percentage of carbon in steel (S:?ergio’l Psffcerr‘éaoie
has an impact on the profile of cup and (b)
cone, Figure :Shallow
. ’ ' q Cone g'agrgon
« Mild steel developes deeper cup an & Sleel

cone
FIGURE : Effect of catbon percentage on ;

« With increasing percentage of carbon shape of cup and cone fracture
it becomes shallower. T of plain carbon steel.

¢ it disappear finally in high'carbon steel

¢ Wrought iron shows fibrous fracture ends.

"o Brittle cast iron fails with a plane surface having granuiar appearance’

Note :
o Surface cracks in nature are twice as effecive as the internal cracks. Hence
surfaces of machine components should be finely finished.

A

. A material frdcTur‘eS'a’r a certain value of applied stress. One of its broken
s will require more applied-stress than the previously applied stress to
rure. It is becausa the most effective cracks are elimingted in the first

e

ing of a piece of paper, we fold it and press. Folding and pressing
~eating a scratch that induces higher stress cencentration. The
.. . 'nen feared apart very -easily aiong the scratch.

o A window glass parel is scratched by a mechanical nail to introduce stress
concentration. Then the glass breaks very easily in fwo pieces along the scratch.

. Fracture resistance of a material increases by making blunt cracks, fillets or
notches of some radius.

Griffth Theory

e Griffith has furnished a criterion for the propagation of preexisting crack in brittle
material (glass) according to which brittle fracture occured when the energy release
rate during crack growth exceeded the rate than the rate at which energy was
required.
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e All metals are not ideally brittle and normally fails with certain amount of plastic
deformation.

» If-the material in which crack is propagating can defrom plastically, the crack tip form
changes because of plastic strain. A sharp crack tip will be blunted. Also plastic
deformation requires time so the amount of plastic deformation that can occur at the
crack tip will depend on rate of advancement of the crack.

¢ Irwin and Orowan suggested that Griffith criterian can;‘be applied to brittle material
undergone plastic deformation before fracture.

Limitations of Griffith Theory

» It cannot explain well the fracture mechanism if the crack in the;material is spheroidal.
e It is justified for completely brittle materials only. '

s It does not considered the plastic deformation in the vicinify of the crack.

4.3.3 Cleavage Fracture

O T

TS . —_y rame Iatatal L P et L1 __~,_A_! A
o, fractsrs aooiirs SN eUTEIE S S HL I e ol

e Cleavage is a crystallographac mode of fracture catalysed by shear stresses In a

;c‘(

planes caIIed cleavage planes These planes generally have low l\/hl'er indices and
large interplaner spacings. The critical stress required to produce cleavage is a
function of crystal orientation relative to the stress direction.

» Cleavage is easily found in BCC and ‘HCP. metals at low temperatures.
e Such metals possess an enhanced ductile behaviour at elevatedtemperatures.

e Zinc crystals cleave at room temperature
Types of Cleavage Fracture

« Integranuilar cleavage fracture, and
s Transgranular cleavage fracture

In intergranular fracture, crack propagates through the grain boundaries while in
transgranular case, it propagates along the cleavage planes. Transgranular cleavage is
more often observed in those polycrystalline materials that-fail in a brittle manner.

4.3.4 Creep Fracture

e Consider a bar, below figure (a-e), subjected to a steady axial load P at certain
temperature T. If this arrangement is kept undisturbed, we shall find the progressive
stages of deformation as shown.




72 Chapter-4

(a} (b) (c) (d) (e)
Tty T2, T§>F2 T§>F3

IINI I o,

12 v

&l 4
l Iz l -
P 8l
P l 4 v\ e
7 p 014T :
t= Time, T = Constant Temperature P
- P

FIGURE : Elongalion of material with corresponding reduction in its cross-section
under steady load as a function of time.

Creep Curve

&
. Viscous or
T Transient hot creep
- lorcold ~

vieep b T

&% ‘Ellil __\r{ 5 I

— 1
T ?:0 Time

Strain

_ Different Stag eé of Creep Curves

* Transient or cold creep extends fromi A to B. It is nonlinear. The rate. of creep is
initially_fast but slows down later-on. This is occurs even at very low temperatures,
hence it is called cold creep. This is also known as | stage or primary creep.

« Viscous or hot creep is from B to C, and is almost linear. This pari of curve occurs
at high temperatures, so is also known as hot creep. This is also known as |l stage
or secondary creep.

» Tertiary creep is the last stage before creep fracture. The curve CD rises upward as
rate of straining is oo fast due to neck formation in the material. This is also known

as Il stage.
Note
. The effect of increasing stress and femperature is Yo speed-up the rate of
creep.
. At higher stress or at higher temperature, the total strain is large and creep
fracture occurs in lesser time.
. The duration of three creep stages also very.
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4.3.5 Improving the Fatigue life

Stress raisers such as sharp corners are avonded so that the stress conventration
vanish or diminish considerably.

Materials with finer grain sizes are utilized.
Surface irregularities and cracks are removed by polishing the surfaces. )
Compressive stresses are introduced at the surfaceg by processes such as shot

_peening, shot or sand blasting etc.

Nitriding and carburizing operations are performed to create strong surface layers.

4.3.6 Methads of Protection Against Fracture

By surface treatment e.g., etching and sizing etc. Etching of glass in hydrofluoric acid
removes the surface cracks and thus improves the strength of glass.

Introduction of compreSSI e stress on the surface of a material makes the surface
cracks ineffective. Plexiglass windscreen of autovehicles and tempered glasses reguire
a higher tensile stress to initiate crack propagation as the tensile stress has to
overcome the introduced compressive stress. ; -

Tempering process of heat treatment produce compressive stress in the-interior part
of the silicate glass, and thus the fracture strength incréaseu vy many imes.

Chemical strengthening involves ion exchange method through which sodium cations
are repiaced by potassium _anions on the surface of sodium silicate glass.

Fine grain control is dev,eloped‘to obtain finer grain sizes in glass and ceramics. The
surface tracks are minimized due to_fine grains and hence the fracture strength
improves.

4.3.7 Ductile-Brittle Transition

Ductile-battie transition is a limiting state between ductiie and brittle behaviour of &
material. This transition between ductiie and brittle behaviour is defined by a
temperature, called ductile-brittle transition temperature t,.

A ductile material shows brittle nature below this temperature whereas a brittle material
posses ductile nature above this_temperature.

Conditions Responsible for Brittle Fracture of Ductile Metals

A low or decreasing temperature, -
High rate of straining,

Large grain size of material,

High stress concentration,

Rough surface conditions, and

Triaxial stress conditions.
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Factors Affecting the Transition Temperature

Fine grained materials possess lower transition temperature than the coarse grained
materials. '

Transition temperature is raised due to stress concentration such as on sharp notches.
Effect of higher straining rate is to cause increased transition temperature.

Most of the ductile BCC me'talrs behave as brittle materials at low temperatures and
at a very high rate of straining, whereas many FCC metals behave as ductile materials
at very low temperatures.

It is because a higher yield stress oy is.required to move dislocations in BCC metals
than FCC metals. '

This o, increases rapidly when temperature lowers down but this is not the case
with the stress required to propagate a crack o;.

Steel structures such as oil rigs, ships and bridges are generally fail in winter
than in summer due to ductile-brittle transition effect.
Ductile to brittle transition temperature for metais is around '0.1—0.2'Tm while

for ceramice is 0.5-07 7T

T.. = Meiting temperature

4.4 MATERIAL TESTING -

Testing of materials are necessary for many reasons, and the subject of materials testing -

is very broad one. Some of the purpose for the testing of materials are :

To determine the quality of a material. This may be one aspect of process control in
production plant.

To determine such properties as strength, hardness, and ductility.
To check for flaws within 2 material or in a finished cnmponent

To assess the likely performance of the material in a particular service condition.

] Load cell
4.L.1 Tensile Test | ﬁ
The main principle of the tensile test is-
denotes the resistance of a material .to a ‘§/pecimen

tensile load applied axially to a specimen.

it is very important {o the tensile test to be
considered is the standard dimensions and
profiles are adhered to. The typical progress

o g
Moving
crosshead

Tensile testing machine

@mw”mm&;:

of tensile test can be seen in figure.

~ T
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a0 000
1) i

M @ @ @ 5y ®

FIGURE : Typical progress of a tensile test : (1) beginning of test, no load;
(2) uniform elongafion and reduction of cross-sectional area; (3) continued
elongation, maimusm load reached; (4) necking begins, load begins to
decrease; and {8) fracture. If pieces are put back togethe’r as in (6), final
length can be meeasured.

Let's now look at another figiwe. In this figure, the gauge length (L) is the length over
which the elongation of the speciment is measured. The minimum parallef tength (L)
is the minimum length over which the specimen must maintain a constant cross-
sectional area before the test load is applied. The lengths L, L , L _and the cross-

0+—c*
sectional area {(A) are all specified in BS 18.
Cross-sectional Radius r \vigin b
azrea A | g ¥ T

Radius r Width a

v v vl £
@ I
I Gauge length

, o Le

Gauge length E Minimum parailel fength
% - | a :
"Minimum paraliel lengm'1 Minimum total tength

(a) (b)

Y

FIGURE : Properties of tensile test specimens : (a) cylindrical (b) ilat.

The elongation obtained for a given force depends upon the length and area of the
cross-section of the specimen or component, since:

El tion = Applied ForcexL N
ongation = ExA

where, L = Length, A= Csoss-sectional area E = Elastic modulus.

Therefore if the ratio [L/A] is kept constant (as it is in a proportional test piece), and
E remains constant for a given material, then comparisons can be made between
elongation and applied foree for specimens of different sizes.
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Tensile Test Results

The load applied to the speciment and the B 4,/”5
corresponding extension can be plotted in the © L : “E
form of a graph, as shown in figure. Ug_ / '\C
¢« From A to B the extension is proportional to | . ‘
the applied load. Also, if the load is removed f ; :

. . - > !
the specimen retums to its original length. A J ~/EXTENSION/
Under these relatively lightly loaded Elastic Uniform Plastic Necking

o A . . Elongation
conditions the material is showing elastic )
. . FIGURE : Load-extension curve
properties. for a low-carbon steel.

From B to C it can be seen from the graph that the metal suddenly extends with n’o
increase in load. If the load is removed at this point the metal will not spring back
to its original length and it is said to have taken a permanent set. Therefore, B is
cailled "limit of proportionality”, and if the force is increased beyond this point a stage
is reached where a sudden extension takes place with no increase in force. This is

known as the “vield point” C. ,

The viald strass is the shregs al the vield point: that is, the load at R divided by the
original cross-section area of the specimen. Usuaily, a performer works at b0 perceari
of this figure to allow for a 'factor of safety'.

From C to D extension is no longer proportional to the load, and if the load is
removed little or no spring back will occur. Due 1o this relatively greater loads the
material is showing plastic properties.

The point D'is referred to as the ‘ultimate tensile strength’ when referred extension
crzphs or the ‘ultimate tensile stress’ (UTS) when referred to stress-strain graphs.
T ultimate tensile stress is calculated by dividing  the toad at D by the originai
crusy-sectional area of the specimen. Alihough a useful figure for comparing the
relative strengths of materials, it has little practical value since engineering equipmeni
is not usually operated so near to the breaking point.

From D to E the specimen appears 1o be stretching under reduced load conditions.
in fact the specimen is thinning out {necking) so that the ‘load per unit area’ or stress
is actually increasing. The specimen finally work hardens to such an extent that it
breaks at E.

in general, values of [oad and extension are of limited use since they apply to one
particular size of specimen and it is more usual to plot the stress-stain curve.

Stress and strain are calculated as foliows:

Load
Area of cross-section

Stress ()

Extension

Strain () Original Length
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Note :

since they may lack the strength fo wn‘hsTand tensile loading.

All ductile materials are malleable, but not all malleable materials are ductile

. Therefore ductility is usually expressed, for practical purposes, as the percentage; -
Elongation in gauge length of a standard test piece at the point of fracture when
subjected to a tensile test to destruction.

Increase in length A

00

Elongation (%) =

Original length

. The increase in length is determined by fitting the pieces of the fractured specimen
together carefully and measuring the length at failure.

1
Increase in length {elongation) = Length at failure — Original length

&.L.2 Compressicn Test

. . . ¥ L
« Because of the presence of submicroscopic cracks, brittle materials are often weak

in_tension, as tensile stress tends to propagate those cracks which are oriented

« These same materials can never te quite strong in

compression. Brittle materials .-

fa-tly used in

&+
fle strengths *hoy arhinb?

~ compression, where their strengt! Higher. A
schematic diagram of a typical con - - = =hown
in figure.
e Figure shows a comparison of the i

tensile strengths of gray cast iron and < i, bots

which are briltle materials.
120 | I | 3
& | Gray castiron & | Concrete
(o] o
S 80— - g2~ —
* Compression AR Compression
%) 0 —
5 40 — §1 | |
] Tension ) Tension

0 { ] | 0 I ! }
¢ 0001 0.002 0.003 0.004 0 0.001 6.002 0.003

Strain, in./in.

FIGURE : Tensile and compressive engineering stress-strain curves

Strain, in.fin.

for gray cast iron and concrete.

0.004
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Because the compression, it increase the cross-sectional area of the sample, necking
never occurs. Extremely ductile materials are seldom tested in compression because
the sample is constrained by friction at the points of contact with the plants of the
apparatus. This constraint gives rise to a complicated stress distribution which can
only be analyzed in an approximate fashion. ‘

4.4.3 Ductility Testing L

The percentage elongation, as determined by the tensile test is a measure of ductility
test can also be performed by is a simple bend test.

. There are several ways in which this test

can be done, as shown in figure. The
test chosen will depend upon the ductility
of the material and the severity of the
test required.

Close bend test : The specimen is bent

»r on itself and flattened No alfrwance

ade for spring back, and the material

tisfactory if the test can be completed =

out the metal tearing or fracturing. ( <A/a US " Former
s also applies to the following tests: '~~77 """ == - (‘C)'
Angle bend test : The nraterial is bent FIGURE: Bend tests : (a) close bend; (b} angle

bend and (¢) 180°C bend.

over a former and the nose radius of the
former and the angle of bend (€°) are.
fixed by specification. Again no allowance
is made for spring back.

180° bend test : This is a development of the angle bend test using a flat former as
shown. Only the nose radius of the former is specified.

4.4.4 Impact Testing (Toughness Testing)

L

Impact tests consist of striking a suitable specimen with a controlled blow and

measuring the energy absorbed in bending or breaking the specimen. The energy
value indicates the toughness of the material under test.

Below figure shows how a piece of high carbon steel rod will bend when in the
annealed condition, after hardening and tempering, the same piece of steel will fracture
when hit with a different hammer.
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R )

FIGURE : Impact loading : (a) a road of high- carbon (1.0%) steel in the annealed
(soft} condition will bend struck with a hammef’ {(UTS 925 MPa).

No’re After hardening and small amount of tempering, the same piece steel
will fracture when hit with a hammer despite its UTS having increased to
1285 MPa.

e There are several types of the impact tests and the mostly famous type is the Izod test.

e In the 1zod test, @ 10mm square, notched specimen is used, it is preferred to use a
specimen that have a more than one or two and even three notched in the same
specimen. The striker of the pendulum hits the specimen with a kinetic energy of
162.72 J at a velocity of 3.8 mfs. Figure shows details of the specimen and the

~manner in which it is supported.

5o+ /'\ Striker

10 Y

i
v

Rpl W

1 _
2210 210 —3 & 1

¢
N

10 ]
. ) 22
Test piece
P_

e

‘ < ) vy v Vice
Roots radius 0.25
(ay ib) ' S

‘ (c
FIGURE : Dept of Notch ; t/5 to #3, t = thickness of specimen Izod test (all dimensions

in mifimeters); (a) detail of notch; (b) section of test piece (at notch);
{c} position of strike. -~

» Since test use a notched specimen, useful information can be obtained regarding the
resistance of the material to the spread of a crack which can originate from a point
of stress concentration such as sharp corners, undercuts, sudden changes-in section,
and machining marks in stressed components. Such points of stress concentration
should be giminated during design and manufacture.
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¢ |zod test suitable for room and high temp.

e« Angle of (¢): a<80°, normally 90°.

e Needs adjustmént in location of specimen.

e A second type of impact test is
the Charpy test. While in the Izod \ L
test the specimen is supported as a —— ‘T ¢
cantilever, but in the Charpy test itis S|P 0.25 radius
- - | 22 e +
supporled as a beam. It is struck with v 2 i\/ /(m
a kinetic energy of 298.3 J at a o‘ 18— . -
velocity of 5m/s. The Charpy impact X 2 X
test is use for testing the toughness —"71Q 2-2_'(0 25  Striker/
of polymers. Figure shows details of 78° to 80° radius
the Charpy test : manner in which it 10
. <>
is supported. -
()
e Charpy test is better for iow _ v
temperature test (-29°C strike to — RN '
FIGURE : Charpy test (dimensions shown in millimeters}
401:0\ o < 90° norma iy 1800 .

vy G R AR ERAY (s

o =angie of stnke

&4.4.5 The Effect of Temperature on the h’aierials Mechanicat Properties.

* The embrittlement of low-carbon steels at refrigerated temperaturés, and hence they
are unsuitable for use in refrigeration plant and space vehicels.

e The nature of ductile material to behave as brittle material is called notch sensitivity.
it cause due to siress concentration, and lowers the properties of material.

e The rmpact test is also useful as a production tcol in comparing manufactured materiais
with others which have shown satisfactory in service.

« Steels, like most cther BCC metals and alloys, absorb more energy when they
fracture in a ductile fashion rather than in a brittle fashion.

+ Due to this the impact test is often used to assess the temperature of the transition
from the ductile to brittle state which occurs as the temperature is lowered.

e The transition temperature is also dependent on the shape of the notch in the
specimen. For identical materials, the sharper the notch, the higher_the transition
temperature.

4.4.6 Creep Test

e Creep testing is done in the tensile mode, and the type of test-piece used is simitar
o the normal tensile test-piece. Generally, creep testing is carried -oust under constani-
load conditions and utilizes dead weights acting through a simple lever system.
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In the creep testing an extensometer readings are noted at regular fime intervals until
the required amount of data has been obtained, or until the test-piece fractured,
depending on whether the object of the test is to determine the creep rate or to
determine the total creep strain. '

One of the difficulties in creep testing is that a single test take a very long time to
complete (10000 hours is 417 days), and there are serious difficulties in attempting
to extrapolate from the results of comparatively shast-term tests to evaluate the
probable behavior of a material over a 10 or 20 year period of service.

Creep is sensitive te both the applied load and the testing femperature, as shown in

[s0]
A figure : increasing stress raises the level of the creep curve, and increasing
S temperature, which accelerates recovery processes, increase the creep rate.
Striker ’

in mitlimeters)

G120,>03

T>T>T,

SJ

Strain —»

Strain —»

r

Time—s Time—

; FIGURE : The effect of stress and temperature on creep behavior.
agrties ,
h the e Creep deformation strenght highest stress that a. material can bear for a specific
ence they duration at a certain tamperature without excessive deformation which is predecided.
s e Creep rupture strength: Highest stress that a material can bear for a specific
sensitivity. ) } ;
}riaei duration at a certain temp. without rupture.
d materials 4.4.7 Hardness Testing
when they « It is done by indentation. A hard indenler is pressed into the specimen by a standard
load, and the magnitude-of the indentation (either area or depth) is taken as a
& transition measure of hardness. _
sred. « Hardness tests are in practice used for assessing material properties because they
ofch in the are quick and convenient. The most well known hardness tests are Brinell and
e transition Rockwell. -
Brinell Hardness Test
e In this test, hardness is measured by pressing a hard steel ball into the surface of
the test piece, using a known load.
d is similar

« [t is important fo choose the combination of load and ball size carefulty so that the

e constant- indentation is free from distortion and suiteble for measurement.

system.
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e The relationship of the Brinell hardness [Hg] which is between load P (kg), the
diameter D (mm) of the hardened ball indenter and the diameter d (mm) of the
indentation on t_he surface is given by the expression : ,

Load(Kg)

Hg = Area of curved surface of indentation
= kgf/mn? or N/mm?
€
P(K ’
H, = (Kg)

1211x DD D? - & J(mm?)

» For different materials, the ratio P/D2 has been standardized in order to obtain.
!

accurate and comparative results such as :

=) Load (P)
K= —
D
where K is a constant; typical values of K are: Ball '”de\”t'er D
Ferrous metals K =30 ‘ .
- Specimen
- Copper and copper alloys - K=10 ; /

2

AGEATGIT 2 cluinuin ailuys =D - ‘{1“/‘

Lead, tin anu white-bearing metals K = 1

od
Figure shows how the Brineil hardness vaiue is : pE —h
i i - : N . = B T £ L R
determined. The diameter of the indentaiion is FIGURE : Principlc of tha Brine!

measured in two directions at right angles and hardness test.

the average taken. The diameter is measured
either by using a microscope scale, or by a
projection screen with micrometer adjustment.

To ensure consistent results, the following precautions should be made:

« To thickness of the specimen should be at least seven times the dedth of the

indentation to allow unrestricted plastic flow below the indenter.

+ The edge of the indentation should be at |east three times the diameter of the
indentation from the edge of the test piece.

e The test is unsuitable for materials whose hardness exceeds 500 H,, as the ball
indenter tends to flatten. B

* There are a definite relationship between strength and hardness so it"is possible to
measure the tensile strength from the hardness test.

Drawback

¢ Sinking effect found in manganism steel and austenitic steel.

» Piling-up effect : in lead, Sn, Mg

Rock
« T
« L
3
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e
e
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Vickers Hardness Test

This test is preferable to the Brinell test where hard materials are concerned, as it
uses a diamond indenter. (Diamond is the hardest material known-approximately

6000 Hg).

The diamond indenter is in the form of a square-based pyramid with an angle of 136°
between opposite faces. )

€ ;
Since only one type of indenter is used the load has to be varied for different

hardness fanges. Standard loads are 5, 10, 20, 30, 50 and 100 kg.

It is necessary to state the load when specifying a Vickers hardness number. For
example, if the hardness number is found to be 200 when using a 50 kg load, then
the hardness number is written as H,, (50) = 200. ?

Hardness number (HD). Calculated by dividing the load by the projected area of the
indentation:

Load(Kg)
Surface area of indentatjon (mmz)

P(Ka)

A T

Ldzr/Qsin —;(1 36°)J (mm?)

- i o]
_"2Psin68° _ 1.8543
&2 g2
Here a=136°
where P is the load in Kg and d (mm) is the diagonal of the impression made by
the inderniter made- by the diamond.

Rockwell Hardness Test

The Rockwell test is used in industry as it is quick, simple and direct reading.

Universal electronic hardness testing machines are now used at large scale which,
at the tumn of a switch, can provide either Brinell, Vickers Or Rockwell tests and show
the hardness number as a digital readout automatically.

They also give a “hard copy” prinfout of the test resuit toge?her with the test conditions
and date. ’

In principle the Rockwell hardness fest compares the differences in depth of penetration
of the indenter when using forces of two different values.

That is, a minor force is first applied (to take up the backlash and pierce the skin of
the component) and the scale are set to read zero.
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Shore Sclerescepe

Then a major force is applied over and above the minor force and the increased
depth of penetration is shown on the scales of the machine as a direct reading of
hardness without the need for calculation or conversion tables.

The standard Rockwell test can not be used for very thin sheet and foils and for
these the Rockwell superficial hardness test is used.

&
The scleroscope is an instrument that measures the rebound height of a hammer

droped from a certain distance above the surface of the material to be tested. The
hammer consist of a weight with diamond indenter attached to it.

The scleroscope therefore measures the mechanical energy absorbed by the material
when the indergers strikes the surface. The energy absorbed gives an indication of
resistance to pgnetration, which matches out defination of hardness.

The primary use of the sclerscope seems to be in measureing the hardness of large
parts of steel, large. rolls. casting and gears. Since the seclrocape can be carried to
the work piece, it is useful for testing large surfaces and other componerits which can

- not easily he rlaced on the testing tables of any other testing machines.

4.4.8 Non-Destruciive Testing (NDT)

L

®

NDOT is the m=ihng of defection and-measurement of nronerties nr conditine o7

~ materials, structures, ‘machines without damaging or destroying their operational

capabilities

—Examples of NOT are.: magnetic dust method, penetrating liquid method, ulirasonic
test and radiography. All NDTs are used to detect various types of flaws on the
surface of material or internal inclusions of impurities and these techmques are also
very useful during preventive maintenance and repair.

There are few techniques which do not require any special apparatus and are quite
simple to-handle and only a moderate skili being required. Some of the applications
of NDTs are detecting :-{i} surface cracks (ii) material composition (iii) internal inclusions
(iv) internal volds and discontinuities and (v) condition of internal stresses.

Ultrasonic Test

High frequency uitrasonic (sound) waves are applied to the test piece by a Piezoelectric
crystal. If the test piece is free from cracks, or flawless, then it refiects ulfrasonic
waves without distortion.

If there are any flaws in the specimen, the fime taken by the ultrasonic waves will
be less as the reflection of these waves will be from flaw points and not from the
bottom of the specimen.

Ligu

Rad
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Cathode ray oscilloscope (CRO) is used to receive the sound signals, whose time
base circuit is connected to it.

This test is a very fast method used to test aerospace components and automobiles.
This test is generally used to detect internal cracks like shrinkage ‘cavities, hot tears,
zones of corrosion and non-metallic inclusions. '

Liquid-Penetration Test e

This test is used for detection of small defects which are very smali to detect with
the naked eye. This test is used to detect surface cracks or flaws in non-ferrous
metals. '

This test employs a visible colour contrast dye penetrant techniqye for the detection
of open surface flaws in metallic and non-metallic objects. -

The penetrants are applied by spraying over the sugface of material to be inspectad.
The excess penetrant is then washed or cleaned. Absorbent-powder is then applied

to absorb the penetrants in the cracks, voids which reveals the flaws.

This 4est reveals flaws such as shrinkage cracks, pbrositv, 'fatique cracks. grinding

Armnicm nenina cractea
Crogya 1orging Crac«s,

Tanm n t frontnnnt oo
S2ams, neatl weRiment

=i lean

weldings, machined paris, cutting tools, pipes . " :

If the fluorescent peneirant is used, the dev«! -
ultra violet light to see the presence of cef. - :

- 1ust be examined under

This technique is used for non-porous and non-absorbent materials.

Radigraphy

Done in/on radigraphic film by x-rays to know about crack or flaws in welding etc. to
have better results. ;

Radiography technique is based upon exposing the components to short wavelength
radiations in the form of X-rays (wave length less than 10~ cm to about 40 x 10-8 cm) or
gamma (y) rays (waveiength about 0.005 x 1078 to 3 x10® cm) from a suitable
sourcé such as an X-ray tube or cobalt 60.

These tests are used to detect defects such as blow holes, cracks, shrinkage cavities
and slag inclusions.

These defects are of special importance in components designed to withstand high
temperatuers and pressure employed in power plant atomic reactors, chemical and
pressure vessels and oil refining equipments, because then (i.e., defects) cause
stress concentration which may frequently lead to part failure.
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X-Rays X-Rays
viviviedd R 22222227 v

o @ =

> Blow holes

>

)2
o

ﬂ e €
° ]
Radiograph Radiograph Radiograph
(a) (b) (c)
Figure : Radiographs (Expographs). 1

in X-ray radiography, the porlion of the casting where defects are suspected is
exposed to X-rays emitted from the X-ray tube.

A cassette containing X-ray {ilm is placed behind and in contact with the casting
perpendicular to the rays. During exposure, X-fays penetrate the ca§ting and thus
affect the X-ray film. —

. N e {,« Fovmto o o Flean, i_ NI
\“]\IC Mogy Qevedis \\.V:L»!’ =t o

an the sound metal of the casﬁmg they t"" .t X-rays better than tnn sound metal
-as; therefore film appears to be more dat where defects are in line of X-ray beam.

exposed and developed X-ray film showing light and dark areas is *- arl 20
.idiograph (or Exograph. '

Gamma Radiography

The principle of detecting defects is same as X-ray radiography. Gamma rays are
emitted during the disintegration of radio-active material and like X-rays are
electromagnetic radiations.

Gamma rays are shorter i wavelength and consequently are most penetrating
0 ) g

Apparatus necessary for gamma-ray radiography is very simple and fess costly than
X-ray units. )

Gamma rays are used for detecting defecrs in castings thicker than those inspected
by X-rays.

Owing to less scatter, gamma rays are most satisfactory than X-rays_for examining
objects varying thickness, whereas X-rays provide better result for casting of uniform
thickness.

X-rays are better than gamma rays for detecting small defects in casting sections
less than about 50 mm.

X-rays method is much more rapid than gamma-ray method, because unlike gamma-
ray method, it requires seconds or minutes instead of hours.

s
(a)
(b)
(c)
(d]

(a
(b
(c.
(G

3. Tn
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Failure due to excessive deformation

.is controlfed by

' (a) Material properties

(b) Design and Dimensions
(c) Both
{d) None

Failure due to excessive deformation
is controfled by l

{a) Yield strengt
{b) Tensile strength

{c) Young's modulus

/AN AR

i AR

Time dependent yield is known as

{a) Fracture (b) Ifa‘iigue
(c) Buckling (d) Creep
Cleavage fracture appears
(2) Bright

(b) Duil

(c) Difficult to identify

(d) None

Usually materials with following crystal
structure fail in ductile mode

(a) FCC (b) BCC
(c) HCP (d) None

Brittle fracture is more dangerous than
ductile fracture because

(a) No waming sign

(b) Crack propagates at very high
speeds

10.

1.

(c) No need for extra stress during
crack propagation

(d) A -

Fracture voids usually form at

(@) Inclusions

(b) Second phase particles

(c) Grain bounéiary triple points

(d) All

Fracture toughness is measured in
terms of

(a)' Strain énergy release rate
(b} Stress coiv Lrinbon Lo

(c) Both

(d) None

Fracture toughness decreases wilis
(@) Increasing temperature

(b)

{c) Increase in yield strengih
(d)

Ductile to Brittle Transitic:
Temperature (DBTT) for ceramics 1s
in the range of X T_.

{a) 0.1-0.2 (b) 0.2-03
(c) 0.36.5 (d) 0.5-0.7

Following impurity decreases DBTT for
steels

{a) Mn (b} P
(c) Si {d) Mo

Increasing strain rate

Increase in grain size
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12.

13.

14.

17.

Fatigue strength for non-ferrous
materials is defined at stress cycles

(a) 103 (b) 105

(c) 107 (d) 10°
Creep rate in temary stage

(a) Decreases— {b) Constant

(c) Increases (d) None

Most often machine components fail -

by
(a) Buckling {b) Creep
(c} Fatigue (d) Al

Among the following types of materials
which one has the highest modulus
of elasticity?

“{a) Metals

(b} Ceramics
(C) iPolymers
(d) Semiconductors

Yield strength of the materials is the
stress at which the material =

(a) Fractures
(b) Develope cracks
(

¢} becomes plastic
(d) rupture

Materials that normally undergo creep
are

(a) Metals at room temperature
(b) Metals at high temperature
(¢) Low melting point materials

(d) High melting point materials

18.

19.

20.

23.

24.

25.

26.

Creep curve is a plot of

(@) Strain versus time

(b) Strain versus témperature

{c) Stress versus sfrain

(d) Elastic moduls versus temperature

Among the following m&terials, which
one has the highest hardness?

(a) Steel

(b) Copper

{c) Cast iron

(d) Silicon Carbide

Brittle fracture occurs in materials due
to

{a) The presence of impurities

Y Presance of oracks
(c) Rise in temperature
(d) Low bond ctrength

ot

lime dependent deformation in wiich
the material does not recover its
original dimension is-called

(a) Eilasticity ib) Plasticity
{c) Viscoelasticity {d) Anelasticity

For a good fatigue resistance Enaterial,

the slope of the S-N curve is
(lowrhigh).

A material is said 1o be elastic if stress-

strain curve is {linear/non-linear).

The failure of a material due to creep

is normally called -

The area under the stress-strain curve
gives of the material
{hardness/toughness/strength).

The hardness of steel primarily
depends on

27.

28.

30

31
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27.

28.

29,

30.

31.

(a) Method of manufacture
(b) Heat treatment employed

(c) Shape of carbides and their
distribution in iron

(d) Percentage of carbon

-Malleability is the property of metals

known as

(a) Magnetic property

(b) Mechanical property
(c) Technological property
(d) Thermal property.

Compressive strength is highest in
case of

(a) Cast iron

(b) Wrought iron

(c) Mild steel

(d) Low carbon steei
(e) High carbon sieel

The fagitue strength rof materials
increases :

(a) with temperature

(b) by providing scatches on the

surface
(c) by providing notches
(d) by understressing the material
Hardness is
(a) Resistance to sliding
(b) Resistance to deformation
(c) Resistance to scratching
(d) Resistance to machining
Which of the following is the hardest?
(a) Talc (b) Fluorite
(c) Quartz {d) Topaz

(e) Corundum

32.

33.

34.

36.

Vicker's hardness number for diamond
could be of the order of

(a) 15000 {b) 12000
(c) 8000 (d) 4000
(e) 800

Approxi_mate Brinell hardness number
for talc is: :

(a) 1 (b) 2
(c) 5-10 (d) 20-30
(e) 50-80

The property which enabies metals to
be drawn into wire is known as

(a) Malleability

(b) Ductility

(c) Straining _
(d) [Plastic.deformation

(G

In Brinell hardness testing ihe

minimum thickness of the specimean

should be

(a) less than 5 times the depth of
impression

(b} less than 10 times the depth of
impression”

(c) thickness of specimen has no
relevance to the depth of
impression

(d) more than 10 times the depth of_
impression

In Brinell hardness testing the time of

loading is

(a) 1 sgcond

(b) 15 to 30 seconds
) 5 seconds

(d) 15 seconds
)

(e

(c

1 minute
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Increasing order of hardness

(a) Talc, quartz, topaz, diamond
(b) Talc, quartz, diamond, topaz
{c) Talc, diamond, quartz, topaz
{(d) Talc, diamond, topaz, quartz

Which of the followingfnetals has the
fowest specific gravity?

(b) Copper

(d) Broneze

!

The capacity of a material to undergo
deformation under tension without
rupture is known as

(@) Mechanical strength

LD Tz B

highest specific gravity?
(b) Magnesium

(d} Aluminium

37. Which of the following is a non- | 40.

destructive test?

(a) Charpy test

(b) izod impact test

(c) Tensile test

(d) Cupping test 41.

(e) X-ray test

(a) Monel metal

38. Slow plastic deformation of metals (c) Magnesium

under a constant stress is known as d

(a) Fati {e) Cast iron

a) Fatigue

9 42,

(b) Proof deformation

(c) Gradual deformation

(d) Creep -

Cb Tt errm e Eh e (b} Stiffness

c) Toughness

39. The maximum hardenability of any (©) g

steel depends on (d) Ductility

43, Whicl, of the ol

(a) Carbon content

(b) Chemical composition " (a) Iron

{c) Grain size {c) Copper

(d) Presence of alloying elements (e) Brass

D00
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(d)
(d)
(c)

- ANSWERS
oo (Linear; 3;. (b)
13. (c) 24. (Rupture) 35. (d)’
14. (c) 25. (Tougkness) | 36. (b)
715. (b) 26. (c) 37. (e)
16. (¢} 27. (é) 38. (d)
17. (b & ¢) 28. (e) 39, (a)
18. (a) 29. (d) 40. (a)
19. (d) 30. (0 41. (c)
43. (a)
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lloys and its
Various Types

5.1 INTRODUCTION

fntroduction

Classification of Alloy

Purpose of Alloyin
Ferrous Alloys

" Carbon Steel

s_(or Corrosion Resistant

LCopper
Alfoys of Copper

Aluminium and its Alloys

Albys of Aluminum
Nickei

Nickel Alloys
K-fMonel Metal
Super Alloys

Tin Alloys
Refractory Metals

Zinc

An alloy is a substance that has metallic properties
and is composed of two or more chemical elements,
of which, at least one is a metal. Basically, alloying is
done to give strength to metal as the alloying element
occupies interstitial space, which create compressive
and tensile strength depending on the position of
alloying element leads to strengthen'the metal.

« Alioy may be homogeneous or mixture. Alloy

having sing's phase is calied homogencous ailuy.
« Ifitis mixt.2, it wilt have combinations of several
phases and it is termed as hetrogeneous alloy.

5.1.2 Purpase of Alloying

(i) increase in hardenability.
(i) Improve strength at ordinasy temperature..

(iii) lmprove mechanical progeriies at high or tow
temperature.

(iv) Improves toughness, wear resistance, corrosion
resistance and magnetic properties.

5.2 FERROUS ALL OYS

5.2.1 Carfron Steel

+ lron-cartbon alloy that may contain appreciable
amount of alloying elementis.

« Carbon content is normally less than 1%.
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« Plain carbon steels are alioys of iron and carbon where carbon does not exceed 1%,
Manganese does not exceed 1.65% and copper and silicon does not exceed 0.60%.

They are classified as :—

Low Carbon Steels

« Carbon content is generally |ess than 0.25%, and these are unresponsive to heat
treatment intended to form martensite and strengthning is accomplished by cold
working.

* Microstructure consists of ferrite and peatlite constituents. These are soft, weak but
ductile and tough and are least expensive to produce.

1
+ They have wealdability better than all steel due to low Carbon Percentage.

Usages :
+ Automobile body structural shape such as |-beams, channels and angle irons etc.

¢ Tin cans

Medium Carbon Steels

¢ Carbon conient between 3.25%C-0.65%C. These alldys can be heat treated by
guenching and then tempering to improve mechanical properties.

¢ Microstructure is genecally tsmpered marnensite.

« These have low hardenabilities-and can be heat treated in only very thin section with
very rapid quenching rate.

e These are stronger than fow carbon steei but less ductile and tough.
' Usages : .
* Railways wheels and frucks

s Gears

¢ Machine point

* Crankshaft
Designation -
Plain carbon steels initial digits start with {1 and 0). Last two digits gives carbon percentage_

» For alloy steels initial digits are other than (1 and 0)

+ Unified Numbering system (UNS) is used for indexing both ferrous and Non ferrous
alioys.
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« [t consists of a letter prefix followed by a 5 digit. Letter indicates.family of metals to
which alloy belongs. For medium carbon steels it is (G), for tool steel it is (T).

!

High Carbon Steel .

s Carbon content between (0.6%C-1.5%C). These are hardest and étrongest, but

ductility and toughness is lowest than plain carbon steel. .
« Most suitable for hardening.
« These are wear resistant and capable of holding sharp cutting edge tool.

* Die steels are high carbon steels.
’

5.2.2 Low Alloy Steels

Steels containing total alloy content upto 5% are called low alloy stejls. Categories of
various low alloysteels are :

!
e These are almost always used in a hardened and tempered condition
Thie luuis diid digs SLE6GT afe ngh Caiburt alioys usually Coliaining CHIOIIC v et atiivinny,

tunguston and molebdenum.
5.2.3 Slauiiless Sleels (or Lorioston Resistant Steeis)
« These are highly resistant to corrosion in variety of environments. Predominast alloying

—ament is chromium, whese content of minimum 11% is required.

-se steels have good ductility and toughness at low temperature and high strength
vated temperature.

inium gives high corrosion resistance and because of this property, it :3s called
stainless steel.

EFFECTS OF A ALLOYING ELEMENTS ON STEEL

Alloying Elements Effects -

1. Boron: Improves hardenability without loss of machinability and formabiity.
2. Calcium: Deoxidiser, improves toughness.

3. Carbon: Improves hardenabiiity, strength, hardness, wear resistances, reduced ductility
toughness and weldability.

® N o o
2
]
3

10. Pho:

13. Niok
14. Titay

A Y.

16. Voia

17. Ant

18. Tin:

Note : !
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4. Chromium: Corrosion resistances, improvers toughness, promotes carburization thus
increasing depth of hardness penetration.

Cobalt: Strength and hardness at elevated temperatures.

Copper: Adversly affects hot working characterstics and surface quality.,

Manganese: Hardenability, strength, and Machinability, reduces hot shortness.

@ N o oo,

Mo : Hardenability, wear resistance, elvated temperature. strength and most important
is “creep resistance”, minimizes temper embrittlement.

9. Nickel: Hardenability, strength and corrosion resistances.

10. Phosphores: Increases strength and hardness but evenly ,redL’Jces ductility and
Toughness and weld ability.

13. Niobium: “Imparts fineness of grain size” and decreases hardenability”
14. Titanium: improves hardneability and deoxidizes steel.

15. TungSten: Improves strength and Hardness at elevated temperatures.

16. Vanadium: “Inhibits grain growth during heat treatment”, improves strangih,
abrasion resistance and toughness. '

17. Anlimony and Arsenic: Cadses temper crbrittlement. (TE)

-18. Tin: Hot shortness and TE.

Note : Rafe of crystal growth is accelerated particdlarly at high temperature by
the presence of chromium.

Fortunately grain growth retarded by presence ef nickel and vanadium whose
preserice thus produce a steel which is less sensitive to The femperature
condition of heat treatment.

5.2.4 Cast fron

e Alloys of iron and carbon having carbon content more-than 2.11%.

* Generally all cast iroins have carbon content between 3 to 4% when Fe-Fe,C
diagram is extended to 100% C.

* Graphite is a more stable phase as compared to cementite.

* Slow cogling rate and silicon content of more than 1% promote graphatization.
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EFFECTS OF ELEMENTS ON CAST IRON

Element Percentage Effect

Vanadium 0.01-0.5% Increases hardness strength and
machinability.

Copper 0.02—2'.5% Promotes formation of graphites

Molybdenum 0.15-0.9% To improve teasile strength, hardness
to casting and also improves toughness,
fatigue stength  machinability,
hardenability. !

Chromium 0.15-0.9% Acts as a carbide stabilizer, increases
strength, hardness and wear-resistant.

Nickel 0.25-2.0% Aids fusibility and fludity but induces
brittleness. '

E rus 1.0% Aids fusibility and fludity but induces

" brittieness.

Manganese .1 9% Chardei tie Gasl TG Dy Gowoliagiog
the formation of carbide.

Sulphur 0.1% Makes hard and brittle

Silicon 2.5% Promotes the formation of free graphiie
> 4% which makes the iron soft and
causes brittleness machinable.

Carbon ~6.67% Graphite (formed by slow

cooling of carbon) tough iron, easy te
machine cementite (rapidly cool) high
tensile strength, difficult to machine
element.

Gray Cast iron

e Carbon content (2.54% wt C).

e Silicon content (1-3% wt).

e |t exists in the form of flakes which are surrounded by e-femits or pearite matrix.

Because of graphite flakes, the fractured surface take grey appearences.
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+ ltis weak in tension as tips of graphits flakes are pointed and serve as points of
stress concentration.

e« Strength and ductility are higher in compression, thus high compressive strength.

» It has excellent vibration damping characteristice, high wear resistance, high quidify,
at casting temperature shrinkage is very low. '
* Low ductility and impact strength compared with steel.

¢
e |t posses lowest melting point of the ferrous alloy.

« |t posses high fluidity and hence cast into complex slopes on thin section.
« Due to graphite lubrication quality grey cast iron easily mechanical.

Applications : Castings M/c Bases, cylinder lines, cylinder blocks, glutch plates, pistons,
sanipry works, tunnel segment underground pipes. :

Mottled Castiron KComposition] |

fron = 93.5%, Graphite = 1.75%, Combined carbon = 1.75%, the remaining is impurities.

Properties !

Gy Rhivtiern af tha {we qining aross oo
(v RARGUITD O TG W [igles, Ve o
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(i} Strength and hardness vary according to the ratio of free carbor: (o combined carbon
(iiiy Less tendency {o rust than grey irof

(iv) Fluidity is good .

(v) Hard and brittie

Uses :

(i) -Used for manhole covers and pipes

Ductile (Modular] Cast iren

* When a small amount of magnesium or cerium is added to gray iron before casting
a different microtructure and set of mechanical properties are produced in this
microstructure. -

* Graphile exist in the form of nodules or sphere like particals instead of flakes.
s This is called nodular CI. -

* The matrix phase surrounding is generally pearlite. This Cl has more strength and
ductility as compared to gray Cl (380 - 480 MPa strength) and ductilities (as elongation)
form 10% to 20%.

Compsition : (3.5 — 4%) C + (2 — 2.8%) Si + (0.05%) Mg + (< 20%) Ni.

Application : Valve pump bodies, high strangth gears, Pinion rollers, stides, cranks
shafts, machine components etc.
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White Castiron

Malteabie Cast Iron

Pr
(i)

(iiy " can be hammered and rolled to different shapes

(i

(iv

(v) It has shrinkage of 1.5mm/100mm

(vi

w

When the cooling rates of cast iron are high and silicon content is below 1%, most
of the carbon exists as cementite instead of graphite.

This alloy is called white Cl. Fractured surface of this alloy is white in appearence.
It is also called chilled Cl as cooling rates are very high.
It is extremely hard and britle and almost impossible to machine. #

It has a very limited application where wear resistance is required without ductility
e.g. Rollers of rolling mills.

Whep white Cl is heated to a temperature of 800 - 900° C for a prolonged time period
and if neutral atmosphere (to prevent oxidation), it causes decomposition of cementite
to graphite in the form of clusters or rossets surrounded by a ferrite or pearlite matrix.
Strength and ductility increases.

Compeosition : (2.3 - 2.7% C) + (1 - 1.5% Si) + (<0.55% Mn) :

Applicatiens : Conne.oting Rods. Transmission gears, differential cases, flanges marine

ainG Neavy Gy seivices.

cnerties

=

it pussesses lugh yield strengil

) 1t has high Young's modulus and low coefficient of thermal expansion

) it possesses good wear resistance and vibration damping capacity

) It is soft, tough and easily machined
Uses :
(i) Brake pedals, (ii) Tractor springs, (iii) Harigers, (iv) Washing machine parts
{v) Agriculture implements, {vi) Universal joint yoke, (vii} Automotive crankshafts,
(viii) Rai road, etc. .
rougt lren: ~
Extremty low carbon content {0.02%). It has a fiberous structure. 1t is ductile and has
good formaing qualities & has very high resistance to corrosion.
It produce in less quantity because of high cost.

Applicatiens : Pipe making, engine bolts and rivets, chains and crane hooks, forging
applicattons etc.

'
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5.3 COPPER

» Copper has many applications, both as pure metal and an alloy base metal.
» It is malleable and ductile metat and can be easily rolled, drawn or forged.

+ The fensile strength and hardness of copper can be improved by cold working
although the ductility is reduced. e

« Conversely, the annealing can improve the ductility at the expense of the tensile
strength and hardness.

e The importan'ce of cOpper is due mainly to its vety high coefficient of eleckrical

conductivity. ‘ ’

+ Has very good thermal conductivity gnd corrosion resistance. The impurites present
in copper can have serious effects upon the properties of the metal.

« The electrical conductivify is reduced by 25% due to the presence of 0.04%
phosphorus. . -

» Hydrogen is soluble in solid copper.

= Addition of 1% Cd improves the strength when used ir telephor- i+
minimal effect on the electrical conductivity.

s - Copper is rapidly-attacked by sufphuric acid,_hydrocholoric acid, nitric acid, ammonia,
sodium hydroxide, potassium hydroxide and amines. Copper-can be safely used with
sulphurous acid (in paper industry), neutral salts, e.g., sodium chloride, hydrocarbons,
alcohols, acetic acid aldehydes, ketones, ethers, lactic and tannic acid. -

e Upto 0.5% arsenic added to copger to used in lccomotive.

5.3.1 Allays of Copper

BRASS
Alloy of Cu & Zn having high corrosion resistance and good machinability.

e |t acts, as good bearing material.

 Brass may joined by soft saldering using tin based solders with an antimoay
content below 5% with decrease in Zn-content, risk of cracking drawing timing
and soldering reduced. '
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Example of Brass:

Brass Composition Applications

Muntz 60% Cu + 40% Zn It has high tensile strength, suitable

Metal for hot working by rolling, stamping, extruding
¢ Used in pump parts, marine fit}ings, valves.

Cartridge | 70% Cu + 30% Zn Useful for cold working.

Brass e Used for tubes sheets and cold press work.

- Admirality | 70% Cu + 29% Zn High carision and abrasion resistance.

Brass + 1% Sn Used in condenser tubes and marine work.

Red 5% to 20% Zn alloys | Freedom from seasonal cracking.

Brass Used in nivets, pipe end connections etc.

Delta 55% Cu + 41% Zn Used in marine engines, screw propeller,

vieed L OV RS R
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« Brass zlso used in manufacturing of evaporators in sugar industries due to corrosion
resistance and heat conductivity. -

« Conductivity of brass is lesser than Cu.

Bronze

ltis a Cu - Sn alloy. Tin varies from 2 - 12%. These are “harder” than brass.

Bronze is formed by “casting”, brass is formed by “working”.

Phospher Bronze

£0o/

(94.80/0 Cu + 5%
Sn + 0.2% P)

« Used in springs.welding Rods.
diaphrams, fuse clips. Bellows,
clutch discks.

Gun Metal

§3% Cu + 10%
Sn+ 2% Zn

High corrosion resistance.

e Used in marine work, valves,
water fittings.

Engineers Bronze

88% Cu + 10% + 2% Zn

Steam fitings, Engine parts and
hydraulic machinary.

Aluminium Bronze

85% Cu + 4% Fe + 1% Al

* Used in Bearings, gears, worms,
busings, valve seats, pickling
hooks.

Le:
Bre

Be

5.4
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Leaded yellow 67% Cu + 29% Zn ¢« Used in Furniture hardware,
Brass + 3% Pb + 1% Sn radiator fittings, light fixture,
: Battery clamps.
xtruding Berelium Bronze 1.9% Be + 0.2% Co Used in Valves, Bushings, firing -pins.
+ Rest Cu
s, valves

&

Note : Unlike steel, bronze struck against a hard surface will not generate spark so
it (along with seryﬂﬁium copper) is used to make hammer, mallet, wrenches.

5.4 ALUMIRNIUM AND ITS ALLOYS

¢ Aluminym cannot be purified by blowing air through it, as in the case of iron. This
treatmept -would oxidise the aluminum and leave behind the impurities.

+ Therefore the ore must be purified before being electrolysed and this involves an
expensive chemical process. ‘

i

< Aluminum has a great affinity for oxygen, its corrasion- reqiqunﬁﬁ ic rnlpfi\“h/ "ﬂf‘J"

¢« This is due to the_dense impervious film of oxide which forms on the surface of the
metal and protects it from further oxidation.

¢« The-high aflinity of aluminum for oxygen also makes it useiul o G GRONiuLi L swads
and also in the thermite process of welding.

e Aluminum use as a metallurgical material are its low relative density and its high
affinity for oxygen.

« Since its relative density is only about one-third that of steel, or of a copper-base
alloy, it is used, when alloyed with small amounts of other elements, for castings in
Getlows, aero, automobile and constructional engineering.

« Alloying-and heat-treatment can produce alloys of aluminum which are sironger than
steel, so that the use of aluminum alloys is further extended to stress-bearing members
in both aero-engine ang airframe.

* Pure aluminum is relatively soft and weak (it has a tensile strength of about 90 N/
mm? in the annealed condition), so that for most other engineering purposes it is
used in the alloyed condition. ‘

5.4.1 Alloys of Aluminun:

¢ One of the chief-defects to which aluminum alloys are prone to porosity due to gases
dissolved during the mefting process.
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* Molten aluminum will dissalve considerable amounts of hydrogen if, for any reason,
this is present in the furnace atmosphere.

« When the metal is cast and starts to solidify the solubility of hydrogen diminishes
- almaost to zero, so that tiny bubbles of gas are formed in the partly solid metal. These
cannot escape and give rise to “pinhole” porosity.

¢ The defect is eliminated by treating the molten metal before casting with a suitable
- _“flux, or by bubbling nitrogen or chlorine through the m_e!t. € :

+ As a substitute for chlorine, which is a poisonous gas, tablets of the organic compound
hexachlorethane can be used.

¢« Aluminum alloys are used in both the cast and wrought conditions.

e Mechanical properties of them, both cast and wrought, can be improved by ’the
process known as “precipitation-hardening”.

Birateminivm

Composition (%) :

Cu = Mn Mg Fu & éu ' Al
(3.5 - 4.5)% (V.4 - 3.7)% (0.4~ 0.7)% < 0.7)% Rest.
= |t has hioh machinahility
¢« IS sU0ng au siee. Dul had WS 00 v wEightl.

e Soitis used to fabricate paris of aircrafts and automobiles.
e It can be heat treated o increase its strength upto 4300 Kg/cm?2.

¢ New genration Al'- Li altoys are used in aircraft and aerospace industries in cryogenic

tank structures.

e These materials have relatively low density, high specific modules and excellent '

fatigue and low lemperatire tsughness.

5.5 RICKEL

* |t is crystalline, non-ferrous. ferromagnetic metal of silvery-white colout.

* Its hardness matches and compared with the hardness of soft steel but ductility is
less than that. The thermal conductivity and electrical conductivity afe poor as
compared to copper.

¢ |t possesses excellent corrosion resistant against many alkalies and acids. Nickel
can be easily joined and hot or cold worked.

e |t can be used for both anode and cathodes.

* Nickel is often used as a ciadding on mild steel (niclad), providing both strength and
corrosion resistance.
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« |t is capable of high quality polishing, thereby provides lustre to the products on
which it is polished.

* It is reasonably malleable and can also be rolled brovided the carbon content is in
small amount (upto 0.5% or less}

« It is resistant to acidic attacks, but dissolves readily in nitric acid.

* Its melting point and specific gravity are 1453°C and &9 respectively.

5.5.1 Nickel Alloys

Hastelloy

* These are Nickel and Molybedenum alloys with Fe, Cr, Cu, Al,pre%ent in certain
proporation.

* These are high strength and high temperature alloys with a very high creep resistance.

Monel Metal

Composition 63% Ni + 30% Cu + Fe + Mn + 3i + C). It is not affected by sea water or
atimosphiere. 7 .
« It is highly resistant to the corroding affect of alkaiies and acids.
« |t is used in evaporators (chemicatl plants), pump impeliers for corrosive iuns,
pickling plants and drying planté.
—s . Monel metal filter cloth is used extensively, paints and varnishes are made of Monel
metal.

K-Monel Metal

* When (Al) is added to monel metal.

¢« The utility of K - monel is that it can be made hard by heat treatmers reinining
corrosive resisting properties of monel metal.

* It can be either hot rolled or coid worked.

« |t used in valves and seats in pumps, valves and seats of air bottles used for diesel
engines.

o Blades, used in paper making industry, impulse blades for steam turbines. radio'
instruments due to its non-magnetic nature.

German Silver

(65% Cu + 25% Zn + 10% Ni). it is very resistant to comasion used in rivets, screws,
fasteners, nameplates, hollow wares eic.
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Nickel-Fe Alloys

As nickel content increases in iron, magnatic properties decreases and reduce to almost
negligable at Ni (28 - 30%). The coefficient of expansion of alloys is practically zero at
Ni (25 - 35%), this property used for making precision instruments.

Invar

Very low coefficent of thermal expansion or may be zero, so it issued in provision
equipment. Thus used in clock pendulums, measuring tapes and thermostats.

Kichrome
« (Ni + Cr) alloy (80% Ni + 20% Cr) : Resistance to oxidation increases by the
addition of chromium. i

e Also as the Cr content increases electrical resistance of the alloy increases. At 20%
Cr the alloy has electrical resistant 11 times that of ordinary nickel.

e |t is used in making heating element, coils for furnaces sheset and cast platcs for
furnace bottom, thermocouple sheets. !

s (80% Ni + 14% Cr + 6% Fe) : High mechanical properties coupled with corrosion and
heat resisting properties. il is highly resisiant to oxidation upto 900° C.

e It canrbe welded, brazed, solderd, pressed etc. tensile strength may reach upto 1400
MPa. R

e It is used in manufacturing of machinery for food processing industries, especially
milk and milk products, -electronic parts . gas turbine parts, heat treating Equipment
etc. o '

5.6 SUPER ALLOYS

» Also known as heat resistant or high temperature alloys.

¢« Major applications are gas turbines and jet engines, rocket engines, nuclear,
petrochemical industries. For such an application mechanical antiquity is critical.

e In this regard density is important. Consideration because the centrfugal stresses
are diminished in rotating member when density reduced.

e These material are classified on the basis of dominant metal in alloy.

* These alioys are resistant to creep and thermal corrosion.

¢ Most superalloys have maximum service temperature of about 1000° C. There are
3 types of superalloys.
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(a) Iron Base Superalloys : contain (32% - 67% Fe + 15% - 22% Cr + 9 - 38% Ni)

(b) Cobalt Base Superalloys : (35 - 65% Co) + (upto 35% Ni) + (19 - 30% Cr).
These alloy specially retain their strength at high temperature due to cobalt.

(c) Nickel Base Superalloys : Most common type proportion of Nickel varies from
{38 - 76%) + (< 27% Cr) + (< 20% Co). '

5.7 TIN ALLOYS e
1. Solder : These are three types :
Sn (%) Pb (%)
@ - 50 50 , ,
G) 40 60 '
(iif) 67 33

2. Bearing Materials - Babbit Metals : )
Tin Based Babbits : 90% Sn + 4.5% Cr + 5% Antimony + 0.5% Pb

B ot cF A

A i T T T TR O S a s RO e s
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+ These babbit metals are bearing materials that are used as cast liners with bronze
or steel backing. Babbit {s prefered lo bronze for high speeds and fiucruating iv.ds.

¢ These have excellent conformability and embeqabillity.
' Tinbased babbits have better corrossion resistance as compared to fead based babbits.

e For iow speed operations under high pressures bronzes are preffered upto 20% tin
lead is added to bronze where lubrication is poor. ’

e Alumnium bronze is another good material for bearing (Ni-Cd) Cbmpound acts as
a hardening agent.

¢ Latest is the metal flouro-plastic -material where a thin porous bronze layer (C.3mm)
is filled with a mixture of flouro plastic and molybdenum disulphide. This is an anti
friction material.

5.8 REFRACTORY METALS _

» Metals with extremly high melting point. They are Niobium, Mo, W, Ta. Meltihg pdint
rang from (2500 — 3400°). (W) has highest m.p of 3410° C.

e These have high strength and -hardness at very high temperature.

+ Used as alloying elements to steel for improving various properties.
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Mo—alloy are :used in extrusion dies, space vehicals, incandescent light filaments, x-
ray tubes. W-alloys are in making welding electrodes. Tantalum alloys are immune
to chemical attack in all enviornments below 150° C.

5.9 ZINC

Pure zinc is relatively soft and weak and is brittle at rcom temperature. it is therefore
difficult fo_cold work, but can be easily rolled into sheets at temper@tures between
100°C and 150°C.

In this form, it is used for battery cases and roofing and provides corrosion resistance
due to the formation of a dense protective surface fayer. Zinc is also used for
sacrificial anodes to protect ship’s hulls and buried pipes.

. - - - . . - . . . ! .
A major use of zinc is in providing a coating, known as galvanising, for corrosion
protection on ferrous materials.

Zinc Alloys

The low melting point of zinc-based alloys makes them an excellent material for die-
casling purposes, and so they can be cast in relatively inexpensive dies.”

L S =12 s Ta LR L S A fremn e N oraleey Deia o
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mehing temperature. Alloys used for die casting usually contain 4% Al. 1% to 2% Cu
and the balance is zinc, producing a reasonably strong material.
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( auesTions )

In low carbon steels, presence of small
quantities sulphur improves

{b) formabitity
(c) mechanability (d) hardenability

(a) weldability

Consider the following statements:

Addition of silicon to cast iron

1. Promotes graphite module formation
Promotes graphite flake formation

Increases the fluidity of the molten
metal

(a) 1 and 4 are correct

) d 3 are correct
(c) 1 and 3 are correct
(d) 3 and-4 are correct

Match List-l (Alloy )with Listll {Use)
and select the correct.answer using
the codes give below the lists:

List-l

Low carbon steel
Hadfield manganese steel'
Constantan

Babbitt alloy

List-il

ocowmp

Bearing
Thermocouple

Wire nails

Lol A S

Bulldozer blades

[

- (et

Codes:
A B D
4
@ 1 2 3 4
(b) 3 4 1 2
(c) 3 2 1 4
d 3 4 2 1

?
Addition of magnesium to cast iron
increases its

(a) hardness

(b} ductility and strength in tension

(c) corrdsion resistance

O e e
Froo mteo e b

18/8 stainless steel contains -

(a} 18% sizinless

A0

('O) L0906 Cinuludin, &% ot
(c) 18% tungsten, 8% nickel
(d) 18% tungsten, 8% chromium

Tin base white metals are used where
the bearings are subjected to

(@) large surface wear

(b} elevated temperature
(c} light load and pressure
{d) high pressure and load,

Alloy steel which is work hardenable
and whieh is used to make the blades
of bulldozers, bucket wheel excavators
and other earth moving equipment
confain iron, carbon and

(b) Silicon

{c) Manganese (d) Magnesium

(@) Chromium
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8.

10.

Which of the following pairs regarding

the effect of alloying elements in steel

are correctly matched?

1. Molybdenum : Forms abrasion
resisting particles

2. Phosphorous improves
mechanability in free cutting steels

3. Cobalt Contributes to red
hardness by hardening ferrite
4. Silicon Reduces oxidation

resistance
Which of these statementsa re correct?
(@) 2, 3 and 4 (b) 1, 3and 4
(c) 1,2and 3 (d)1, 2and 4
Assertion (A) : Austenilic stainless
steel contains 18% chromium and 8%
nickel. Since it retains its austenitic
UG @ 0N W
called austenitic stainlelss sieell
Reason (R) : Chromium 1 sentin the
stea! improves its corro<is ; rasistancs
by forming a thin film of chromium
oxide on the surface.
Match List4 (Alloying element in steel)
with List-1f (Property conferred on steel
by the element) and select the correct
answer using the codes given below
the fists:
List-l
Nickel
Chromium

Tungsten

oSoP >

Silicon

List-ll

Corrosion resistance
Magnetic permeability
Heat resistance

PN

Hardenability

R R I A
PR ST

11.

12.

13.

Codes:

A B C D
(@ 4 1 3 2
by 4 1 2 3
cy 1t 4 3 2

@1 4 2 2

Match List-l (Alloys) with List-Il
(Applications) and select the correct
answer using the codes given below
the lists:

List-l
Chromel
Babbit alloy

Nimonic alloy

13

o wp

High speed steel

1. Journal bearing

wiiliing cultier

‘3. Thermocouple wire
4

Gas turbine blades

Codes:

A B C D
(@ 3 1 4 2
(hY 3 4 2
(cy 2 4 1 3
d 2 1 4 3

Assertion (A) Carbon forms
interstitial solid solution when added
to iron.

Reason (R) : The atomic radius of
carbon atom is much smaller than that
of iron.

Percentages of various alloying
elements present in different steel
materizls are given below:

|

- N O 0 O

14.

15

16.

Whic
speet
(a) 1
(c) 2
Addit
inim
(@ r
b)

B
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14.

15.

16.

1. 18% W; 4% Cr, 1% V; 5% Co;
0.7% C

2. 8% Mo; 4% Cr; 2% V; 6% W;
0.7% C

3. 27% Cr; 3% Ni; 5% Mo; 0.25% C

4. 18% Cr; 8% Ni; 0.15 C

Which of these relate to that of high
speed steel?

(@) 1 and 3 (b) 1 and 2
(c) 2and 3 (d) 2 and 4

Addition of vanadium to steel results
in improvement of

(a) heat-treatability by quenching

(b) hardenability

(c) fatigue strength

(d) resistance to oxidation at elevated
o lemgeraiure

The alloy steel designated as 40 Cr
18 MNi 2 by Bureau of indian Standaids
contains )

(@) 0.4% C, 18% Cr and 2% Ni

(bY 4.0% C, 1.8% Cr and 0.2% Ni
(c) 0.4% C, 1.8% Cr and 2% Ni

(d) 0.4% C, 1.8% Cr and 0.2% Ni

Which of the following factors govern
solubility of two nonferrous metals both
in fiquid state as well as in solid state?

1. Crystal structure

2. Rélative size factor

3. Chemical-affinity factor
4. Relative valence factor

Select the correct answer using the
codes given below:

(@) 1, 2and 3 (b)2, 3 and 4
(c) 1and 4 {d) 1,2, 3and 4

17.

18.

20.

21.

The correct composition of austenitic
stainless steel used for domestic’
utensils is

(@) 0.08% C, 18% Cr, 8% Ni, 2% Mn,
1% Si

(b) 0.08% C, 24% Cr, 12% Ni, 2% Mn,
1% &i

(c) 0.15% C, 12% Cr, 0.5% Ni, 1%
Mn, 1% Si

(d) 0.30% C, 12% Cr, 0.4% Ni, 1%
Mn, 1% Si '

Monel metal is an alloy of

(a) Iron and carbon

(b) Copper and zinc

(c) Aluminium and copper

(d) Copper and nicte!

Gunmetéi. which s used in iournal

beating:  contains

P i
B R T L A N

(b) 80% Cu, 10% Zn, 10% Al
(c) 85% Cu, 5% Mg, 10% Al
(d) 85% Cu, 5% Sn. 10% Pb

The correct sequence of elemenis of
18-4-1 HSS todl is

(@ w, Cr, Vv (b} Mo, Cr, V

(c) Cr, Ni, C (d) Cu, Zn, Sn
Assertion (A) : The mechanability of
steels improves by adding sulphur to

obtain so called ‘Free Machining
Steels’.

Reason (R) : Sulphur in steel forms
manganese sulphide inclusion which
helps to produce thin ribbon like
continuous chip.




S

R R

it

s

110 Chapter-5

22. Match List-I (Steel type) with List-ll

{Product) and select the correct
answer using the codes given below
the lists:

List-l
A. Mild steel
B. Tool steel

Medium carbon steel

o

B. High carbon steel
List-I
1. Screws

2. Commercial beams
3. -Crane hooks
4. Blanking dies

Codes: -

“fatch List-l (Alloy} with List-ll
<nplication) and select the correct
:swer using the codes given below
- lists:

List-l
A. Silicon steel
‘B. High carbon steel
'C. High speed steel .
ﬁ. Monel metal
Listl|
Marine bearings
Cutting tools
Springs

> N

Transformer laminations

24

25.

Codes:

A B C‘ D
(@) 1 2 3 4
(b) 4 3 2 1
(c) 4 2 3 1

®
(dy 1 -—3 2 4

Match List-l (Alloying Element) with
List-lt (Effect on Steel) and select the
correct answer using the codes giv%n
below the lists:

List-l
Vanadium
Molybdenum

Silicon

O o w >

Chromium

Fict.fl

iroreases endurance strengih
Improves creep properties

increases hardness

e N

Increases resistance to high
temperature oxidation

A B C D
@ 2 1 3 4
)y 1 3 2 4
€ 2 1 4 3
@1 2 4 3

Match List-I (Steel) with List-l1
(Application) and select the correct
answer using the codes given below
the lists:

N
T

oco m >

o »m O mre T 4 2

PN

Code
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ment) with
d select the

—_

List-

A. Mild Steel

B. Tool Steel

C. High Carbon Steel

D. Medium Carbon Steel -
List-lt

1. Ball bearing

2. Cold chisels

3. Shaft and axies

4. Rolled steel sections

Codes:

A B C D
(a) 2 4 3
(b) 4 3 2 1
c) 2 =3 4 1

oA
1

Mo
W

d) 4
Match List-t (Alloy) with List-Hl (major
Constituent) and select the correct
answer using the codes given below
the lists:.

List-l List-ll
A. Babbit 1. Nickel
B. Invar 2. Tin and lead
C. Gun Metal 3. Aluminium
D. Duralumin 4. Copper
Codes:

A B C D
@ 2 4 1 3
b) 3 1 4 2
c) 2 1 4 3
d 3 4 1 2

Which of the following materials is

used in the manufacture of extrusion

nozzles?

28.

o {¢) 3 only

29.

{a) Grey cast iron

(b) Malieable cast iron

(c) White cast iron

(d) Nodular cast iron

Consider the following statements: -

« :
1. Cast'lron has poor ability to damp
vibrations.

2. Cast Iron has higher compressive
strength compared to that of steel.

3. Cast lron parts are 'suitable where
permanent deformation is preferred
over fracture.

Which of these statements is/are
correct? '

i

(a) 1, 2 and 3 (b) 1 and 3

Wy 2 ooniy

Match List-! (Comonsitiont v 78
(Application)_and_select the correct
answer using the codes given below

“the lists: R

List-l

A. Commercial bronze (10% Zn)

B. Red brass (15% Zn) |

C. Aluminium brass {225 Lo 20 A

D. P-bronze (11% tin, small amount
of P)
Listdi

1. Radiator

2. Spring metal

3. fForging and stamping

4. Power plant and chemical
equipment
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30.

(93]

-

©(z) fron

Codes:

A B c D
@ 2 4 1 3
(b) 3 1 4 2
(cy 2 1 4 3
(dy 3 4 1 2

In case of power screws, what is the
combination of materials used fot the
screw and the nut?

(@) Cast iron screw and mild steel aut

(b) Carbon steel screw and phosphdr
bronze nut

—(c)- Cast iron screw and cast iron aut

(d) Aluminium screw and alloy steel

nut

ALt bl e AL flam T
Nhich ane of the following clements/

"~ alloys exhibits season cracking?

{b) Brass

(d)

L
femoswy

{cy Aluminium

-32. _Vibration damping in macenery is best

_achieved by means of base structures
made of which-one ofthe following
material?

“(a) Low carbon steel
(b) Nodular iron

(c) Grey cast 1ron
(d) White cast iron

33. Which of the following elements grven

- -below determine(s) the maximum
attainable, hardness in steel?

1. Chromium
3. Carbon

Select the correct answer using -the
code given below:

2. Manganese
4. Molybdenum

(a) 1 only
(¢) 3 only

(b) 1 and 2
(d) 2 and 4

34.

35.

- 36.

38.

Coefficient of Expansion is practically
nil in a particular alloy. What is this
alloy? :

{a) Had field Manganese Steel

(b) lnvar '

(c) Vitallium

(d) Steliite )
Consider the following statements in
respect of austenitic stainless steels:

b

1. Austenitic stainless steels are
hardened and strengthened by
cold working.

2. Austenitic stainless steels cannot
be quenched and tempered.

Which of these Statements isfare

: (b) 2 only

VR ann 20 {dY Neid

Which one of the following is corract?
Babbitts are used for

(a) gears (b) bearings
(c) bolis (d) clutch liners.

Which material is used for bushes in
the bushed-pin type of flexible
coupling? :

(b) Plastic

(d) Aluminium

(a) Gun metal
(c) Rubber

The elements which, added to steel,
help in chip formation during machining
are

.(a) sulphur, lead and phosphorous
(b) sulphur, lead and cobalt
(c) aluminium, fead and copper

(d) aluminium, titanium and copper

41.

42.
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39. Which one of the following cast irons 4. lIncrease weight and volume.
i i ?
consists of carbon in rosette form? Which of these statements are correct?
hit i '
(a) White cast iron (a) 1, 2 and 3 only
b) Gray cast iron .
(b) Gray (b) 2. 3 and 4 only
(c) Malleable cast iron
‘ : (c) 1, 2 and 4 only
(d) Nodular cast iron : :
(d) 1,2, 3and 4
40. Which one of the following possesses . . )
the property of non-sparking character? 43. Match List-l (Component) with List-l
’ {Required Properiy) and select the
(2) Hadfield’s manganese steel correct answer using the code given
. L ,
(b) Spring steel below the lists:
) List-l
(c) Stellite
A. Blades of bulidozer
(d) Invar i
B. Gas turbine blades
. bitt all f - ‘
41 Why. are Ba.b itt alloys used for C. Drill bit
bearing material?
D. -Spring of auvlomobiies
{a) They %_\aav* excellent embeddabi!'zt;: » List.Ii
(b) They are retatively stronger than v 40 High weer ees C
. T o ! boooigh weedr seeszaces a2z o
otnier Learing materials - R toughness
(c) They do not lose strength with 2. Low Young's modulus and high
increase in temperature ’ fatigue strength
(d) They have high fatigue strength -3. High wear and abrasion resistance
42. Consider the following statements: High creep sirength and good
Alloying efements a-e added to corrosion resistance
Codes:
1. Improve hardness and toughness.
A B C o
2. Corrosion and oxidation resistance
. (a)y 3 2 1 4
improvement.
) o ' (b) 1 4 3 2
3. Improve mechinability and -
hardenability. © 3 # 1 2
(d) 1 2 3 4
aad
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2. (b)
3.0 - (d)
4. (b)
5. (b)
6 (@)
7 ()
8 (©)
9 {b)

ANSWERS

19. (a) 28. (dj 37.
1. () 20. (a) 2. () | 38
42 ‘(a) 21, (@ | 30. (o) I 39
13, ()] 22 (@ | 31 (@ | 40
4. (b) 23 © | 32 (@© | 4.
5. @| 24 @ | 3B @ | 4
6. @ | 25 (@) | 34 () "

17. (@) 26. () | 35. (c) |

8. (@) | 27, ()| 36 (o) '

(c)

(a)
(d)
(b)

@)

(@)
(c)
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6.1 INTRODUCTIOK

b

Introduction
Normalizing
Hardening
Water Quenching

Tempering

Hign lemperature Tempering.

(500-650°C)

Medium Temperature Tempering

350-500°Ci

Low Temperature Tempering

(150°C-350°C)

Case Hardening

Type of Case Hardenin

[nduction Hardening

Fiame Hardening

Heat reatment is a combination of heating and
cooling operation and applied {o a metal or alloy
in the solid state in a-way that will produck desired
properties.

All basic heat treating processes for steel involve.
the transformation or decomposition of austenite.

The nature and appearance,of these transformation
products determine the physical and mechanical

prODGﬁiGQ oF any \_;lvc;l' S‘G@‘

The first step in heat treatment of steel is to heat
the material to some temperature i or above the
critical range in order to form austenite.

In most cases, the rate of heating tothe desired
temperature is less important than other factors
in heat-treating cycle.

Highly stressed materials produced by cold work
should be heated more slowly than stress free
materials to avoid distorsion. :

The difference in temperature rise within thick and
thin section of articles of variable cross-section

should be considered and whenever possible,

provisien should be made for slowing the heating
of the thinner section to minimize thermal stress
and dispersion.

6.2 ANNEALING

Annealing is a heat treatment process generally
used to :

®
(i)

(iii) Produce a specific microstructure.

Retieve internal stresses
Increase, softness, ductility and toughness
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It consists of three stages :

()

(iiy Holding or ‘Soaking’ at that temperature

(ii

(413
Gad
i

Heating to a desired temperature

Cooling usually to room temperature.

It is employed for low and medium carbon steels that will be experiencing plastic

deformation during forming operation. .

It refines the structure.

It is carried out a 15° C to 40° C above upper critical temperature for hypo-eutectoid
steels and above lower critical temperature for hyper-eutectoid steels.

Holding time is genrally 3-4 min. per mm thickness of the largest sections.
14

temperature -at the same rate.

The Microstructure product of full annealing is “coarse pearlite” in addition to any
proeutectoid phase (a or Fe,C).

Afte[rEeating furnace is turned off and both alloy and fumace cool together to room

Grains are small and uniform.

¥ 215
[ 34
=k

4
!1!.

Z
11

ALIZ

teels that have plasticaily deformed for eg : a roliing operation, consists of grains
of pearlite and a proeutectoid phase. .f.'hlch are wregularly shaped and relativety
large and vary. in size. :

Normalizing is-used to refine these grains (i.e. to decreases average grain size) and
produce more-uniform and desirable size distribution.

The microstructure-formed is fine grained peadite wiith a proeutectoid phase.

It is accomplished by heating alloy (55° C to 85° C} abaove the upper critical temperature
After sufficient time has been given to allov to completly transform to austeni:e
(Austenizing), the treatment is terminated by cooling in air. It raises hardness : . .
strength of alloy, but decreases ductility ¢f =eels.

Normalizing is done to increase the strength of medium carbon steel.

Improve machinability of low carbon steel.

Improve structure of weld.

Mechanical properties is better than annealing and process is of short duration
because of cooling in air.

The selection process of annealing, normalising and spherodizing normaling and
sphrodizing depend on carbon content.

Steel produced in Normalizing is less ductile than annealed steel having the same
composition.

It helps in achieving desired resuit in mechanical and electrical properties.

6.4

“Hat
mici

3 Har

6.
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6.4 HARDENING

“Hardenability” is the ability of alloy to get hardened by the formation of martensite
microstructure after suitable heat treatment. '

Hardening of steels involves 3 process :

(i) Heating the object to a temperature above the critical point.
(i) Holding the object at this temperature for a definife period.
(ili) Quenching in a suitable medium.

Hypoeutectoid steels are heated 30 - 50° C above the Upper critical temperature
while hypercutectoid steels are heated above Lower Critical Temperature (L.C.T).

Upon heat transformation to austenite takes place (Austenizing), Steels are than
cooled at a rate faster than critical cooling rate that enables austenite to transform
directly to martensite. Hardening must be fpllowed by tempering to improve mechanical
properties of steel.

Hardening Bepends Upon

1.

2. Heating Rate and time

3. Quenching Medium

-« Carbon increases hardness ugto 1%.

- 1
Adequate carbon content
¢ In drder to produces structues like martensiie at least 0.5% C is required.

.« Heating rate depends-upon the comboéition of steel, its structure, residuz stresses,
form & size of the part to be hardened. — -

+ If heating rate is too high there vsll be temp-gradient between surface & core of
the part. :

volume attain the same temgerature. Heating time of tool '& high steels is 525
more than carbon steels.

e It has to provide cooling rates greater than Critical Cooling rate fc avoid
decomposition of austenite to pearlite_or bianite.

 Most widely used quenching media are water, brin:a, oil air, molten salt etc.

6.4.1 Water Quenching

Water & aqueous solution are most widely used as quenching media for hardening
carbon & low alloy steels.
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s But water quenching tends to form a vapour blanket which reduces the cooling rate

and there is a sharp reduction in cooling capacity at higher temperature.
¢ |t also leads to high stresses leading fo distortion and even quenching cracks.

¢« Adding NacL_H'2804l soda to water substantially increases its cooling capacity and
provides more uniform cooling. Maximum-colling rate is obtain when 10-15% salt is
added.

Mineral oil Quenching ' ¢

Suitablels for quenching alloy steels in which austenite is highly stable and critical cooling
raté is therefore low. :

Advantages

1
« Due to its high boiling point the cooling rate in the martensite range is comparatively
low. This prevents quenching defects.

e Compared to water, oil cools steel more uniform!yv over the entire temperature range
which reduces gquenching stresses.

. Disadvantages

¢« Low cooling rates as compared to water.
+  tiigh inflammability. of il T

s |t has = tendency to thicken ip the :
capacity.

Guenching Rate

It depends upon quenching medium. Ti. fsgher the quehching rate the more is the

temperature gradient between the core = : #e furnace.

Size and Shape

Long articles of cylindrical & other cros- -1 should be quénched with their axis

perpendicular to both surface. i

(i Long articars. should be immersed at =~dge and the direction of movement
during cooling should coincide with dir. ~{ immersion.

(i) Heavy artical should be held stationary e liquid should be agitated.

Martempering {or Stepped Quenching)

Mariempering is performed in two steps, firstii- -l quenched in water to a temperature

300-400° C and then quickly transferred to a k. -~ temperature medium like oil where it

are held until it is completely cooled.

As this is done in step so it is called as stepp: -+ -1uenenching, afler heating steel to

hardening temperature. It is quenched in a mediur, i 7t cerstone slightly above Ms

(240° C). The Holding time must be enough so tha: - - -+ - 6 of cooling

medium.

The holc¢

not be I
a micro

Advanta

1.
2.
3.

Less

Less

Less

Disadva

s gan b

Austemy|

Longer t

Bainite.

maintain

Here, s&
<tart line

N

o anel

No r
Na ¢
Impr

tmpe

Disadva:

it can be
to avoid

65TE

It is done

Tem;

It is

somt

It is
It is
brittle
Thus
High
and |




cooling rate

e.
cracks.

-apacity and
-15% salt is

lical cooling

mparatively

% ature range

quenching

nore is the

1 their axis

movement

amperature
oil where it

j ng steel to
4 ' above Ms
of cooling

Heat Treatment 119

=

The holding time must be sufficient to bring entire volume to a uniform temp, but should
not be long enough to cause decomposition by austenits to Bainite. This treatment give
a micro structure of martensite & retained austenite.

Advantages

1. Less volume change due to presence of retained Austenite
2. Less distortion sinces transformation occurs simultanegus!y in the entire volume.

3. Less chance of quenching cracks.

Disadvantages
It can be applied to sections of 5-8 mm thickness only.

Austempering !

Longer holding times as compared to martempering in hot bath. Austenite transforms to
Bainite. Here molten salts & alkalies are used as quenching media. Temperature is
maintain between 150°C-450°C.

Here, sample has quenched below the nose of TTT diagram but above the martensite
start line then it hold for longer period. ' : )

: 1. No martensite formation thus no brittieness.

2. No quenching cracks, distortiop.'
3. Improved ductility.
-4--lmpact strength & toughness are increased.

Disadvantages

It-can be applied to small sections only as big sections cannot be cooled rapidly enough
to avoid pearlite formation. '

6.5 TEMPERIRG

it is done (i) To relive residual stress (i) To improve duclility (iii) Toughness is increased.

e Tempering is carried out in the temperature Range of 150°C-650°C.

« |t is heating of steel below lower critical temperature (hardened steel), holding it for
sometime and then slowly cooling. -

e |t is the final operation in the heat treatment.

+ |t is done to improve the mechanical properties of martensite which become very
brittle during quenching.

e Thus hardening should be followed by tempering.

« High temperature tempering causes reduction in hardness and increase in toughness :
and by slow cooling residual stress generated during hardening will be decreased. -
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6.5.1 High Temperatire Tempering {500-650°C}

Carburizin

Resulting structure is sorbite, residual stress completely vanished. = BaCO
- . - ' € >atir

6.5.2 Medium Temperature Tempering (350-500°C) Heali
: Fe +.

Resulting in Troostite formation. This process increases endurance limit. This process is . Fe.C

used for making “spring steels and die steels”. After tempering work ii cooled to water, ; ©s

leads to enhanced endurance strength. A : =, - dvant
6.5.3 Low Temperature Tempering (150°C-350°C] 5. labot

Holding time is 1-3 hrs. This apart from above properties of tempering, provides additional
“wear resistance”. Used for measuring & cutting tools bending & true tensile strength?
inevcaseq hardneZ;S change small extent. '

Note : Tempering can be judje by temper color which appear on the bright red
surface and experienced eye can view them.

Coior - Tempering Temperature i

Very pale yaliow o ahout 220°C

Stran -yeliow - about 238°C B

Freram yellow 7 about 260°C

Bright_purple — about 177°C

Dark purple - _ about 288°C

7 T 0,
’ Pale yellow about 321°C This stom

6.6 CASE HARDENING - Advantag
Here hard surfaces are produced with relatively soft core. Hard surface has good wear Hizh quali
resistance while soft core has good toughness. Hard surfzce is called case. {1c= iRy «
6.6.1 Type of Case Har&ening
Carburizing 1
it is applied to low carbon steels having upto 0.18%C (Temp range is between (870-
950°C) and result in formation of Austenite phase, which has maxinium solubility of
carbon. ' '
Meathods are as follow 1
6.6.2 Pack Carburizing Liquid Ca
Piece is surronded by a carburizing mixture and packed in a steel box. It is heated to 7 Wgrkpiec&
around (870-950°C) : which pro

i
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o

Carburizing mixture : 50% charcoal + 20% BaCO, + 5% CaCO, + 5-12% Na,CO,
e BaCO, acts as an energizesr and increases action of carbon on low carbon steel.
e Heéating time is 6-8 hours and carbon diffuses Int6 layer of part.

Fe + 2CO — Fe,C + CO,

his process is . . . .
p . Fe3C is austenite which dissolves carbon.

sled to water,
Disadvantages

High labour cost, time consuming, difficult to quench directly from carburizing temperature.

Jes additional Steel box
nsile strength Carburizing mixture
- 3 Work piece A

(Pack Carburlzmg) 7

Gas Carburizing

i

Here workpart is treated in a atmosphere of gases contalnmg carbon and hydrocarbon

ne -A-

gases such as Ci,, butane et

Part is heaied to temperature of 250°C for 3-12 hrs (ho!ding fime).
2C0 — CO, + C (atemic)
CH, — 2H, + C (atomic)-

This atomic carbon diffuses into austenite and produced hard surfécés.

¢ Advantages

3s good wear ' High quality, quick process, low labour cost, process is clear, productlon cost is iow, more
se. flexibility of operation

4+ Gases out

7 (V4 Z
— Container {Air light)

' Z —» Work part
etween (870- ’ — 1% Inductions (Cu coils)
i solubility of ; -

liszss W rossansnsonssi
Gases in
(Gas Carburizing}
Liquid Carburizing
is heated to Workpiece is heated to 950°C and dipped in a molten salt bath containing 20% NaCN,

which provides Carbon & Nitrogen. At this temperature Carbon and small amount of
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Nitrogen diffuses into surface. The only disadvantage is that cost of carburizing salt is
very high.

In carburzing operations carbon can be penetrated upto the depth of 0.3mm with hardness
obtained around (55-65 HRC).

Applii:ations

Gears, cams, shafts, bearings, piston pins, sprockets. '
Nitriding

¢ Here nitrogen content of the surface is increased.

e It is done by heating steel in the atm'ophere of NH, gas.

o Piece to be nitrided are placed in an air tight container. workpiecs is heated to’ a
temperature in range (500-600°C), at which NH; desiociates into
2NH, — 2N + 3H, '
e This atomic nitrogen diffuses to the surface making case hardened.
e This process make the hardest case on steels.
e Maximum thickness &f case is around (0 — 0.5mm).
Afte i
¢« Holding time is 3C-40 hrs

1

niiriding the work in coolec in the furnace is the soring oF amy

-

Advantages (Hardest Case Obtained]

e High wear resistance endurance limit and resistance to corrosion.

~» No heat treatment is required after nitriding.
Applications

Gears, shaft, valves, boring bars, fuel injection pump parts Generally alloy steels, HSS,
stainless steels are heat treated.

Disadvantages

(i) Case produced is brittle

(it} Costly compared to carburizing
Cyaniding

e "Here work part is immersed in molten salt bath confaining sodium cyanide (NaCN),
which is heated to 820-860°C.

e This is usually followed by water quenching.

e The cyanide both consists of :
20-30% NaCN + 25-50% NaCl + 25-50% Na,CO,

e Time
the 1
e The
e The
o Case
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Small st
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o Tias
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e Carbon diffuses at a rate higher than nitrogen. -

-.» Troosite is the product of tempering here.

- » t-is better process compared to carburizing and cyaniding.
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o

e Time required is 30-90 minutes depending upon depth of case required. which is i
the range 0.15-0.5mm. The following reaction takes place:

2NaCN + 0, » 2NaCNO
(Ain)

2NaCNO + O, — Na,CO, + CO + 2N (atomic)

2C0O - CO, + C (atomic)
e The atomic C & N diffuse into steel surface,
e The work can be direcily quenched as soon as it is taken from molten bath.

s Cases obatined by cyaniding are more wear resistance and have high endurance
compared to carburizing.

€

Applications
Small sheafts, worms, gears, nuts, springs etc.
Carbonitriding {Gas Cyaniding)

* A mixture of NH, and a hydro carbon gas is used.

LEN°C f Fnr 2-10h

(C)

» In this process carbide and nitride lower the stability of austenite leads to*formatlon
of troosite which reduce the endurance limit ductility and toughness of steel.

» This is used for steel havmg percentage of carbon in the range of medium carbon
steel.

(i) This process involves lower temperature

(it). Higher corrosion and wear resistances.

(i) Clean operation )

(iv) Toxic salts are not required

(v) Less time consume

{(vi) Work can be machined

(vii) Nitrogen and Carbon contents can be controlied

6.7 INDUCTION HARDENING

* Workpieces heated in an induction furnace surrounded by copper coils which are
water cooled. High frequency AC current is passed through Cu coils and thus alternate
magnetic field set up which induce eddy currents on the surfaces. '
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« Heat is geneated on the surface by eddy currents. 6.8 FLAM
e The surface of work piece is heated in austenitic range then quenched immediately
to form martensite. . ¢ Process
« The structure of core remain unchanged because it is not affected by heat. gas flar
« The composition should contain 6.4-0.5% C or sufficient alloying element as Cr, Ni * Heatis
or Mo approximately 90% of the heat generated in the work fayer of thickness X. that the
_ " :
i ¢ The thic
- /_E
where X = 5000 uf Advantages
where f = frequency, u = magnetic permeability, p = electrical resistivity. * Practic
, : heated.
» Heating rate is 300°/sec f f hypoeutectoid steel and subsequently heating time is
very small (2-50 sec.) quer:Ehing temperature depend upon rate of heating if the rate * Dueto
is 500°C/sec, it is 1000°C & if it is 250°C then 900°C. e EasyAl
Induction hardening is done in three ways e |tis mc
“(a) Whole workpieces is heated at one go and quenched. This proces is uséd for ° e Very ec
hardening small shafts and tools. ) 7
(b) Sections of work are heated and quenched consequently. Used for hardening crank s
shaft jouinals, gear teeths and cams-of camshaft. & This se
{(c) Work is made to travel w.rt stationary inductor and spray quenching is done Used * High he
for hardenmg jong shafts- and axles
Advantages
Process is very quick and highty prodijctive
¢ Scale is not formed. .
* Process can be automated and depth of hardness can be controlied easily.
¢ Distortion is reduced. 7 -
» Both internel and external surfaces can be hardened.
¢ Maximum production method.
Disadvantages
Special fixtures are required for holding workpieces. ? -
Application Thickness of
Used in hardening surfaces of camshaft, crank shaft,” |f1§d:r)1 5: '
gears, automobile components, splines, spindles,
brake drum etc. -
Frequency —» "
—L—‘ PR
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6.8 FLAME HARDEKING

Process consists of heating the surface of high carbon steels by a high temperature
gas flame at 2400-3500°C, followed by immediate cooling is air or water.

* Heat is suplied by oxy-acetylene torch. The heat is supplied so quickly to the surfacé
that the core ’remains unaffected.

. The thickness of hardened layer is 2-4mm and its stificture is martensite.

Advantages

¢ Practically no distortion of workpiece because only smali sections of workpiece is
heated. '

?
° Due to high heating rate workpiece surface remains clean.

* Easy Automation.

It issmore - efficient for large works as compared to induction hardening.
* \ery economical for large works.

Bisadvantages

¢ High heat may causes cracks.

—LIL3
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: . 7. Asse
have
: steel,
Rea:
- — norm
1. Match List-l {(Heat treatment) with (a) carburizing interr
List-ll (Effect on the properties) and (b) cyaniding . _ ’ (@) E
-select the correct answer using the : . :
. ) (c) nitriding ft
codes given below the lists:
Listal (d) flame hardening (b) E
ist- : : § .
. 4. A given steel test specimen is studied 3 <
A. Annealing under metallurgical microscope., % (c) ¢
B. Nitriding ' Magnification used is 100 X. In that 2 (d) /
C. Martempering . different phases are observed. One of c
' : them is Fe,C. i 8. oo
; lisin
D. Normalising The observed phase Fe,C is also 3 1
List-ll known as , ’
1. Refined grain structire _ L (a) ferrite 230
2. Improves the hardness of ths | {c) austenite e
whole mass [ S Assertion (AL Refinng the grain sis l
3. Increases surface hardness i -of.polycrystal line material renders it @
e 3
4. Improves ductility L _ harder and stronger. I ©
Codes: : : B o “Reason (R): Grain boundaries provide i
» T ) easy paths to dislocation motion. 9. ‘Tem
- A B CD (a) Both A and R are true and R is : stee
@ 4 3 2 1 the correct explanation of A s (@ |
Gy 1 3 4 2 (b) Both A and R are true but R is not " (b) :
(c) 4 2 1 3 a correct explanation of A (c) -
d) 2 1 3 4 A(c) Ais true but R is false ' (d)
2. Machines tool guideways- are usually (d) As false but R is true : 10. Prin
hardness by : 6. Heating the hypoeutectoid steels to v (a)
harden 30°C above the upper critical ' ()
(a) vacuum ardening temperature line, soaking at the _ _
(b) martempering temperature and then cooling slowly (©
(c) induction hardening to room temperature to form a pearlite
_ and ferrite structure, is known as (d)
(d) flame hardening )
(a) Hardening (b) Normalising 11. Glo
3. Guideways of lathe beds are hardened . ) . stru
by _ (c) Tempering (d) Annealing :
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10.

11.

Assertion (A) : Normalized steel will
have {ower hardness than annealed
steel.

Reason (R) The pearlite of
nomalized steel is finer and has jower
intermolecular space.

(a) Both A and R are true and R is
the correct explanation of_ A

(b) Both A and R are true but R is not
a correct explanation of A

(c) Ais true but R is false
{d) A is false but R is true

Consider the foliowing quenching
media:

1. Qil
3. Water + NaOH 4. Brine

Thn ~mero ot
fric ConroCl 58

~
in order of increasing hardness of sieel
undergoing heat treatment is

@ 1,3, 2 4 (b) 2. 1. 3, 4
© 1,2 3, 4 d) 4,3, 2, 1

“Tempering’ of quenched martensitic
steel is necessary to improve the

{2 hardness of the metal

(b) surface texture of the metal

(cj corrosion resistance of the metal
(d) ductility of the metal

Primary object of full annealing is to
(2) Increase toughness and yield point
(b) Reduce ductility and resilience

(c) Remove foreign impurities and
improve surface finish

(d)tncrease ductility and mechanability

Globular form of cementite in the
structure of steel is obtained through

12.

13.

(a) Normalising  (b) Malleabilising
{c) Spheroidising (d) Carbonizing

Match List-l (Name of treatment) with
List-Il (Media used) and select the
correct answer using the codes given
below the lists: :

Lisfl

Pack carburizing
Gas carburizing
Cyaniding

©cow>»

Nitriding '

List-ll

1. Ammonia gas

2. Sodium cyanide

3. Carburising compound
4 Etﬁane ‘

—uEs s

3
® 2 1 3 4
© 3 1 2—a o
@ 2 4 3 1
Consider the following pairs:

Heat treatment Effects on
: medium

carbon steel

1. Normalising : -Grain
refinement

2. Full annealing : Uniform grain
structure

3. Mart_empering Decreased
ductility

4. Spheroidizing Maximum
softness

Which of the pairs given above are
correctly matched?
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14.

15.

(a) 1 and 2 (b) 2 and 3

(c) 3 and 4 (d) 1, 2, 3and 4
Austempering is employed to obtain
(a) 100% martensitic structure

(b) 100% bainitic structure

(c) 50% martensitic and 50% bainitic
structure

(d) 100% pearlitic structure

Consider the following statements

about medium carbon steel:

(1) It can be quench-hardened but not
case-hardened

(2) It cannot be quench-hardened but |

case-hardening can be done

(3) It exhibits distinct yield point under

[
ROHHER OISt

Which of thes: si-iements are correct? |
(a) 1 and_z {b) 2 and 3
(c). 1 and.3 (d)1,2and 3

Consider the following statements:

_Assertion (A) : Carburizing is done

on nonferrous alloys to increase the
surface hardness.

Reason (R} : Precipitation hardening
of nonferrous alloys involves solution
"heat treatment followed by precipitation
heat treatment. '

Of these statements

(a) Both A and R are true and R is |

“the correct explanation of A

(b) Both Aand R are true but R is not
a correct explanation-of-A

(c) A is true but R is false
(d) Ais false but R is true

17.

18.

19.

20.

21.

22,

The pattern known as Widmanstatten

structure is encountered in
(a) tempering ! (b) normalizing
(c) spheroidizing (d) annealing

Which one of the following is the
process to refine the grains of metal
after it has been distorted by
hammering or cold working?

(b) Softening

(c) Recrystallizing (d) Normalizihg

(a} Annealing

Tempering is a process of annealing

(a) martensite at low temperatures

(b) martensite at higher temperatures

(c) bainite at low te"mperatﬁres

P S
- D Tl nnpraai oo

(ST AT

€2

FA4N Inemtenibe,
(S Y AR R

Whiich of the following faclors influence

harauess we a plain carbon sleclt
1. Percentage carbon-
2. Quenching media

3. Work size

Select the correct answer using the

code given below :
(@) 1t and 2 only (b) 2 and 3 only
(c) 1and 3only- (d) 1, 2and 3

Which one of the following mediums
is used for the fastest cooling rate of
steel quenching ?

(a) Air
(c) Water

(b) 6i|
(d) Brine

Which one of the following materials
can be subjected to an age hardening
process?

T 23.

24.
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23.

24,

25.

(a) HSS (b) Aluminium

(c) Pure iron (d) Stellite

Isothermal annealing is mainly used
in alloy steefs to improve.

(a) Mechemability (b) Toughness
(c) Ductitity (d) Weldability
Match List-I (Quenching media) with
List-ll (Structure produced) and select

the correct answer using the code
given below the lists:

Ligt4 Listl
A Wlter 1. Coarse pearlite
B. Oil W 2. Martensite
C. Air 3. Veryfine pearlite
0. Fumace coal 4, Fine pear%éte
Codes: =
A 8 —C D .
@1 3 4 2
by 2 3 —4 1
(cy) 1 4 3 72

(d 2 4 -3 1
Consider the following:
1. Water 2. Ice
3. Brine solution 4. Oil

Which of these is/are used as
guenching media in case of Alloy
steels?

(a) 1, 2 and 3 only
(b) 2, 3 and 4 only
(c) 1 and 4 only
(d) 4 only

26.

Consider the following statements
regarding annealing process:

1. All structural imperfections are
removed.

2. The hypo-eutectoid steel is heated
to about 50 — 70°C below upper
critical temperature. N

3. Cooling can be done in heat
{reating furnace, by heating it,
keeping the metal in it and turning
off furnace till ity cools to room
temperature. - '

4. Uniform grain structure is resulted.

Which of these statements are coirect?

_(a) 1, 2.and 3 only

27.

28.

(b) 2, 3 and 4 only
(c) 1.3 ancd 4 cnly
dy 1,2, 3 and 4

During heat treatment of steel, the
hardness of various structures in
increasing order is

(a) martensite. fine pearlite, coarse
pearlite, spherodite ’

(b} fine pearlite, martensite,
spherodite, coarse pearlite

(c) martensite, coarse pearlite, fine
pearlite, spherodite

(d) spherodite, coarse pearlite, fine
pearlite, martensite

Hardness of steel greatly improves -

with

(a) annealing {b) cyaniding

(c) normzlising (d) tempering
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it

29. From the lists given below, choose the
most appropriate set of heat treatment
process and the corresponding
process characteristics

Process Characteristics

P. Tempering. 1. Austenite is

I ' converted into
bainite

Austenite is
converted into
martensite

Q. austempering 2.

Cementite s
converted into
globular
structure

R. Martempering 3.

4. Bath hardmess
and brittlessss:
ares Teduced

5. Caarbon is -

abssofbed wmto
thee molal

(a) P-3, Q-1, R5 (by P-4, Q-3,7F
(c) P4, Q-1, R2 (d) P, Q-5.R4

30. The main purpose of sspheroifizing.

treatment is to improve _

(a) hardneability of low 'cijéi\ﬁh{.on Heals:
(b) machinability of low ce@tban s
(c) hardenability of high c&Rthon steds
(d) machinability !of high ceitthon stess

1. (a) 7. () 13. (d)— - | 19.-(a) L)

2. (d) 8. (o) 14. (b) 120, (d) 6. |
3. (d) -9. (d) 15 (b) 21.. (¢ 27.

4. (b) 10. (d)- I 16 (d) 22, - 28.
5. (c) 1. (Q) 17. (a) 23 29, |
6. (d) 12. (a) 18. (c) l 24. (b) 30. - 3

=
"

5 |

-
)
3

g5 |

;

=
=

!

(o]
=y
=

) .

o
Sl

T

H

>
=

SeRrRE

S
[y
Y

a

[fe} /:5;:
o

= !
o

=

=

IRz IRIE 2 B » B |




hardness
Jrittleness
:duced

n is -

lagnetic Properties
‘bed into g : a&egiais :
;a:la R-2 | - | - .

Q-5, R4 o
7.1 PROPERTIES CF MAGKETIC MATERIAL

eroidising  §

Properties of Magnetic Material 7141 Permeah&ity
Permeability
jon sleels : Magnetic Dipole Moment

?
e Permeability is defined as the ratio of magnetic
fiux density and magnetic field intensity.

son steels

hon steels Bohr Magnetron

: ] Magnetization (M) _ B
bon steels o= "
: Origin_of Permanent Magnetic Dipole

Classification of Magnetic Materials

.- Diamagnetic Material

___}._ 7 Faremagnetic iMaterial H = Magnetic field intepsity (A0
Ferromagnetic Matenal e And, i = Mgk
Antiferro tic tiaierial L '

e ANLIeTomagnetc r-aiela:s 1y, = Permeability of free space

i Ferrimagnetic Matenals 7 % ' o

] = 4ax107" =1.257x107"H/m or wb/Am
Curie Temperature
Curie Law u, = Réatwe. permeabmty, dimensionless

I
Magnetization Curve 1 ¥or.vaccum

¥ Magnetic Hysteresis Loop (or Cycle P g ] -
in Magetization) 7.1.2 Magnetic Bipole Moment

Cold Working « A current loop constitutes a magnetic dipole.

Magnetic Annealing ¢ Magnetic dipsle moment is defined as the product
Magnetic Quenching ' of the area of loop and current through the loop.
Magnetostriction « |t is the vector guantity and its direction is normal

Salient Features of Magnetastriction to the plane containing current loop.

Magnetostrictive Materials Magnetic dipale moment (u,, ) associated with the
current loop

Soft Magnetic Materials
Hard Magnetic Materials (Permanent gn = IxAnDN (N
Magnet Materials)

High Enerqy (Product) Hard Magnetic . } )
Materials (HEHMMs) o Unit of magnetic dipole moment is A-m2.

n = Nommral unit vector
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o The torque on a magnetic dipole produced by a flux density

T= p,xB ...(2)

« Magnetic dipole moment ., is also defined as the dipole moment due to the orbital
. P

angular momentum of electron owing to quantum numbers and expressed ., = g—m

where electron charge

= mass number

e
m
P = nw4 = angular momentum
w

Lan
= angular velocity
r = radius of electron motion Wh
i
7.2 BOHR MAGNETRON B =
e Atomic unit of rmagnetic moment-is called Bohr Magnetron. whe
s Letus consider an electron revolving around a nucleus in a circular orbit. The current « The
through the loop is ) . 4 of ¢
- Q L
I -
{2 Tz
o)
_ Magnetic dipole moment, -
o i whe
m = A= eo)xnr2 )
- m 7 N =
_ eor’ - : . Uni
M = oy e The
By bohr's hypothesis fiel:
: nh _ 1.
Angutar momentum, mvr = o ; 2
where, h = Plank’s constant = 6.623 x 10-# J-sec.
nh
m(er)r = py -
__nh
@ 2xmr?
From equation ...(i)
_er? nh
Mo = 57 2nme? ) wi




...{2)

: to the orbital
eP

sed pp, = dm

it. The current

(D)
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B neh

Mo = 4am

1 Boh tron = =N
onr magne rnon = 4

1.6x107° x6.626 x 107
4xx9.1x107

9.27 x 1072* A-m2. €

Larmor’s angular frequency :

H

Wh B =0, 0= =
en : = 0, 0 e
B0 0=, +0 '
, eB
where, o, = Larmc{rs angular frequency, o =%.

o Therefore, Larmor’s angular frequency is defined as the change in angular frequency
of orbital electron when an extemal magnetic field is applied.

i

7.3 MAGNETIZATIOK (I}

« It is defined as magnetic moment per unit volume.

- M= N

~-- Volume

. where,

. N = Number of-dipoles per-unit volume.
Unit = A/m = unit of H

+ The magnetic flux density inside a magnetic material under the influence of externai

field has two components — '
1. One component because of magnetisation
2. Other one because of exterrial field.

= ‘ B="ngH+poM  [Similar to D =¢,E +P; in electric field]
B = o(H+M)
porH = po(H+M) )
M = (g -NH [Similar to P = ¢ (s, —1)E]
M = XmH [Similar to P =gy E]

where, % = Magnetic Susceptibility = 1, —1
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7.4 ORIGIR OF PERMARENT MAGNETIC DIPOLE

« Whenever a charged particle has an angular momentum, the particle will contribute
to permanent dipole moment. In general there are three contribution to the angular
momentum of an atom: :

1. Orbital angular momentum : It is due to orbital motion of electron.

2. Electron spin angular momentum : it is due to self spin ofeelectron. Since
electron has a charge so its spin produces a magnetic dipole moment.

« Magnetic propeties of material are only effected by electron spin dipole moment
(angular momentum).

e The atoms having completly filled inner shells have zero resultant electron spjn
dipole moment.

3. Nuclear spin angular momentum : It is due to nucleus spin.

o Suscaptibility : (%) : MaH

M = xH '
of, L4
1
= Suscaptibility (Parameter 10 access magnetic ability of
material) s e

e Value means be positive or negative e

 Higher positive value, better is the magnetic quality of material

7.5 CLASSIFICATION OF MAGNETIC MATERIALS

- Magnetic materials can be classified as:

1. Diamagnetic - 2. Paramagnetic 3. Ferromagnetic

" (Ferromagnetic)
Magnetic Lines
.- Strongly attracted

Magnetic Lines Magnetic Lines
repel by diamagnetic Feebly attracted

4. Antife
5. Ferrir
7.5.1 Dii
e Mate
e Thes
e Thes
e The
As v
So,
e« Hen
oNC
«  Mag
« Exa
¢« The
. Not
ind
mas
ma
7.5.2 |
e The
ma
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4. Antiferromagnetic or

e 5. Femrimagnetic
22 vill contribute

> the angular 7.5.1 Diamagnetic Material

2 « Matenials which lack permanent magnetic dipoles-are called diamagnetic.
o ¢ These matedal have small and negative magnetic susceptibility.

actron. Since :

ment . e These material repell the applied magnetic field.

sole moment * The magnetic fiux inside diamagnetic material is zero. i.e. B = 0.

poH+M] =0
electron spin ] M = —H
As we know, M = ¥ H :
so, Y = =1 = =1
p, =0

* Henece, u, =0; this relation is for perfect diamagneti’sm, which is also a necessary

~

conddition for a material {o be a Siper Conducior,
:etic ability of ———o- Magnetic susceptibility of these maierial is independent of lempeialie.
— o Example : &, Ge, diamond, NaCi, Al,O,, Cu, Au (Gold) graphite.

¢ The suscepfibility of some diamagnetic material (At room temperature) :

« Note that induced dipole moments occur in all materials and also a dipole moement
induced by @ magnetic field in a particular atomic model, is independent of the
magnetic dipole moment present in the absence of_the field. In this regard, all
materials are diamagnetic.

7.5.2 Paramagnetic Material

e There are pemaanent magnetic dipoles associated with the atoms in a paramagnetic
material. But the interaction between the atomic permanent dipole moments is zero
or negligible.
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. '7.5.3 Ferromagnetic Material

FIGURE : Ferro Magnetic Material. ' -«

When these material are placed in an external magnetic field acquires a weak
magnetisation in the same direction of magnetic field.

These materials have small positive value of magnetic susceptibility.

In paramagnetic material permanent dipole moment of the atoms and ions has no
mutual interaction. However in the presence of field the magnetic moment have a
tendency to turn towards the direction of applied field.

if no opposing force act, complete allignment of the dipole will be préduced and the
specimen would acquire a very large magnetisation. But thermal agitation of atoms
opposes this tendency and tends to keep the dipole moment at random.

This result only into a partial allignment in the field direction. Therefore a weak

magnetisation and small positive value of susceptibility occurs. The effect of increase

in temperature is to increase the thermal agitation and therefore there is decrease
in the susceptibility. _ '
Some paramagnetic materials follow curie law.

i

erart in such & manner that thev lend o b

-i,,These are the material which get magnetised in the direction of external field and
“remain magnetised even after the. removal of magnetic field. This proyefty of

ferromagnetic material is called Spontaneous Magnetization.

- T B B .
P B 4 Bsal
- I _’ _—:»7 ; r
——'»' — Residual &/
o > . Magnetizationl /

— ——> ——> —>

—_— —> ——> —»

Coercive
field

FIGURE : Hystéresis loop for a ferromagnetic material.

Direction of magnetization can be reversed by reversing the direction of external

magnetic field. -

The ferromagnetic matenals are characterised by paraliel allignment of magnetic
dipole.

Example : Fe, Co, Ni, Gd (Gadolinium), Dy (Dysprosium} etc.

The ferromagnetic. material remains
ferromagnetic. upto a critical temperature

callec
start |
ahovi

Gadc
temp

Euroj
ferror

It's si -
to 10

Abov
merg
@ T
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called Curie Temperature. These materials
start behaving like Paramagnetic Material
above Curie Temperature (6 ).

Gadolinium posses this property at low
temperature (below 290K)

Europium oxide (EuO) is an example of
ferromagnetism.

It's suscaptibility is positive of order 102
to 10°.

Above Curie-témperatufe hysterisis loop

merges to a straight line.
hL behavior

(i) T>6

of ferromagnetic material is some what
similar to that of a paramagnetic material
.. Curie-weiss law :

In the region above the 0;, t

C = Curie Constant

0 = para;}}agﬁéticcurie temperature
The paramagnetic curie temperature
ferromagnetic curie temperature.

Xem

!

Ferro-Magnefic«

J

»Para Magnetic
FIGURE ¢ Variation of ¢ with temperature

for ferromagnetic and
paramagnetic material.

rB

> H

T>8 .

FIGURE : B-H curve for ferromagnetic
material above Curie
temperature.

¢ is usually somewhat higher than the

Co 1404 Ni 631
Fe L 1043 Gd 289
(i) T<OBp =~ 7
Below the 6;- ferromagnetic materials exhibit the weli-known hysteresis in the B Vs
H curve. -
Metal M_,, (A/m) Curie Temperature (°K)
Fe 1.75 x 10% 1043
Co 1.45 x 108 1393
Ni 0.51 x 108 631
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7.5.4 Antiferromagnetic Materials

« In the atomic configuration, if neighbouring dipoles tend to line up so that they are
antiparallel, the material is antiferromagnetic or ferrimagnetic, depending on the
magnitudes of the dipoles on the two “sub lattices”.

+ In the ferromagnetic case, there is large resultant magnetization, whereas in an
antiferromagnetic configuration the magnetization vanishes. In the case pf ferimagnetic
materials, there may be @ relatively large net magnetization resulting from the tendency
of antiparallel atignment of neighbouring dipole moments of unequal magnitude. E

« In ferromagnetic materials, the tendency for parallef alignment of the electron spins
was due to quantum mechanical exchange forces. In certain materials, for example
when the distance between the interacting atoms is small, the exchange force produce
a tendency for antiparallel alignment of electron spins of neighbouring atoms. This
kind of interaction is’encountered in antiferromagnetic and in ferrimagnetic materials.

« In antiferromagnetic materials, net magnetization is zero when no external field is
applied but when material is subjected to an external field, the dipole moment starts
-aligning in"the dlrectlon of field. '

i aljiee BN
e These materials have small positive valie ity

« These mgi.eriqlq are aniéferrc:magrv-x- /\
upto a critical temperature calied - AN
temperature and above this temper:.. .
these materials start behaving
paramagnetic.

« The most characteristics feature of an
antiferro—magnetic material is the
occurence of a rather sharp maximum in
the susceptibility-vs-temperature curve.

FGURE . .
functic

e The temperature for which this maximum susceptibility occurs is cai- . the Neel
temperature T.

e« Above the Neel temperature, the susceptibility. is observed to follow the equation

§ = for T>T,
4 40 N

where, C = the curie constant, § = paramagnetic curie temperature -

Note : Para - x=£
T

c :

Ferro - LT 4 for T>6; ’
C
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Table : Neel temperature (T,) and

Paramagnetic Curie temperature (6)
for some antiferromagnetic material.

“Material| TnCK) 21 80K) - 14 o
MnF, 72 113 A
. ' : o0 2
MnO, | 84 316 P Q% ©
&
MnO 122 610 e / <
MnS 165 528 -
FeO 198 | 570 | 0 0—= >T
NiF
2 73 16 FIGURE : 1/x Vs Tfor para, ferro and Antiferro
CoO 292 280 ] magnetic materials.

7.F.5 Ferrimagnetic Materials

in ferfimagnetic material dipole moments of adjacent atom are also aligned in opposite
direction but they are of unequal magnitude.

Ferrimagnetic materials are similar-to ferromagnetic bnes in the sénse that both
kinds may exhibit a large magnetization. On the other rand ferrimagnetic matenals
resembies antiferromagnetic materials with respeci io {iw lorgendy for anioiral
alignment of neighbouring dipole moments.

"They are aiso called Ferrites.-They behave as ferromagnetic materials in as much

as they show spontaneous magnetization below a certain temperature. As far as their
conductivity is concerned, they behave as semiconductors.

The de-restivity of ferrites is many erders of ten higher than that of iron ; consequently
the eddy current problem preveniing penetration of magnetic flux into the material is
muchless severe in ferrites than of iron. Ferrites can therefore be used for frequencies
upto microwaves in transformer cores and are of great technical importance in this
respect.

Electrical and Magnetic characteristics of Ferrite :
1. High d.c. restitivity

2. Low eddy current |esses.r

3. High permeability.

4. High dielectric constant.

5

High curie temperature.

The Chemica! formula of simple ferrites is Me2+Fe§+O§‘ where, Me?* may represent

a variety of divalent metallic, such as Fe?",Co?" Mn”*,Zn*",Cd?* Mg®* etc.
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Applications of Ferrimagnetic Materials

Note : It is observed that if in Fe;O,, some of the magnetic Fe?* ions are replaced

- Rectangular Ferrites : These are-used as -

by non-magnetic ions such as Zn* or Cd®*, the magnetisation increases.
Reason : Zinc ions go preferably into tetrahedral positions, thereby forcing
some of the Fe3+ ions from tetrahedral to octahedral sites. Since the Zn2+
ions have no magnetic dipole moment, the net magnetisation increases.

Ferrites are compound of two mettalic oxides out of which one is invariably an iron
oxide. Other mettalic oxide may be bivalent element. Such as Ni, Mn, Zn, Cu, Fe,

Symbolically ferrite may be designated as (MC*O. Fe,0,). Where Me* _stands for,

metallic oxide.

Soft Ferrites : These are used for construction of core of inductors and transformer.
These materials have high permeability, low coercive force and low eddy current
loss.

Example : Mn-Zn Ferrites, Ni-Zn Ferrites. ;

............

Ni-Zn ferrites are used in audio and TV transformer

‘o, Erppitoc « T
Hargd Ferriies i n

have hi gh pernr

Example : Ba & SrFerrite - T : Ba

the core of .magnetic memories. These

ferrites are having rectangular shape of > H
hysteresis curve. ) : A
Example: Mn-Mg Ferrites, Mn Cu Ferrites, FIGURE : Hysteresis curve for
Ni-Li Ferrites. rectangular ferrites.

Microwave ferrites :
These ferrites are used at microwave frequency.

At this frequency the electromagnetic wave interact with the spin magnetic momenit
of electron. Because of this, the plane of polarization of electromagnetic field gets
rotated by some angle when the wave passes through the material. Thisphenomenon
is called as faraday rotation.

These ferrites are used in microwave devices, Example : Gyrators, Circulators and
Isolators etc.

Example : Mn-ferrites, Co-ferrites, Niferrites, Gamets (used in magnetic bubble
memory).

(l)
(in)

(iii

V)

FT

Ta

Class

Diagm

Param
Ferro
Antife

Ferrir
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are replaced

Note : (i) Barium ferrite (Bao. 6Fe,0;) is used in_permanent magnef.

increases. : (i) Hard ferrite such as barium, strontium & lead ferrites show

reby forcing semiconductor behaviour.

ce the Zn2+ f (iii) Lithium ferrites are soft ferrites. They posses square hysteresis loop,

creases. ¥ low dielectric losses. These are low mobility semiconductor, due to their

————— ’ high- curic temperature they are used fqp application at microwave
frequencies. '

jably an iron (iv) Ferrite have three different types of crystal.

Zn, Cu, Fe, ﬁ  Spinel : Cubic structure, MFe,0,, example : M = Zn, Mg, Co, Cd, Cu,

3* stands for Mn, Ni ' .

e Garnet : Cubic structure, example : MFe,0,, M 2 Sm, Tb, Ho, Er,
Lu, Tm, 6d, O,.

e Magnet plumbite : Hexagmrll, example : MFe,04, M = Ba

(v) The spinel ferrite unit cell contains 8 x MFe,0, unit where M = divalent
metal ion. Similar fo MgAl,O,. Iron and metal iorn eccupy octahedral and
= tetrahaderal site of the spinal lattice. This distribution give intrinsic

: '
HiTAanie TN (6 TS A Py noTio na

transformer.
addy current

5 malenas I _ BT S = C7 magnoiic ane &
SN ¢ ¢ Para
4+t % ferro
t 1 t | antiferro
—*H 14 ¥ 4+ ¥ Ferri
.scurvefor. ’ FIGURE : Schematic illustration of a paraemagnetic, ferromagnetic
ar ferrites. antiferromagnetic and ferrimagnetic arrangements of spins.

Table : Classification of magnetic materials on the basis of parmanent
atomic magnetic dipoles, and the interaction between fthem.

ic moment Classification Permanent dipoles Interaction between neighbouring dipole
ic field gets
henomenon ‘ Diagmagneftic No - -

Paramagnetic Yes Negligible
ulators and Ferromagnetic Yes Parallel orientation

Antiferromagnetic Yes Anftiparallel orientation of equal moments
elic bubble Ferrimagnetic Yes Antiparallel orientetion of unequal moments
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Table : Susceptibility of different magnetic materials.

Type Susceptibility (1)
1. Diagmagnetic ~ - 1073 (Negative)
2. Paramagnetic ~ 1073 (Positive)
3. Ferromagnetic very large & positive
4. Antiferromagnetic - Small and Positive «
5. Ferrimagnetic - Large and Positive
7.6 CURIE TEMPERATURE

. Ferromagnétic solids behave as paramagnetic solids at high temperatues. A critical
temperature at which the allqnment of magnetic moments vanlsh is called Curie point
or Curie temperature. :

¢ The susceptibility of a feromagnetic matenal decreases with an increase in the curie
temperature.

. ]
¢ Magnitude of exchange energy has an effect on the value of curie_ temperature.
s Higher the energy, hicher will he tha curia temparatire .

¢ Curie temperature is different for ferromagnetic and paramagnetic materials. it is,
therefore, referred to as ferromagnetic curie temperature T, and paramagr gtic curie
temperature T L

¢ To maintain magnetlc propemes in transformers, motors, alternators re|ays and -

permanent magnets; materials used must have curie temperature higher than their
maximum operating temperatures.

e A lower curie temperature than the lowest operat.ing-temperature is required in the
spectrometers, cathode-ray tubes, and in compass housings.

¢« Non-magnetic quality is desired in these.cases. Therefore, curie temperature of a
material needs to be varied to get the desired results. It is varied by suitable alloying.

7.6.1 Curie-law

Uy 4
N
w w ' M= ——"H
e know, KT
c -
M= —H
T
’ M= x H T
2 FIGURE : 1/y Vs T, for paramagnetic
where. + = C and C = Ny, materials illustrating curie law.

So!

No
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e Some paramagnetic maternal follow curie-weiss law

N2
= —mH : .
M=k (1)
H = H+yM ' (i)
. . NPZ
Now from (i) and (ii), we get M = K__:‘[H +YM] €
1
_____ Ny
4 es. A critical _ _ 1_T<?m . ,
1 Curie point
! N2 /K
in the curi I M = H{i}—/zH
3 urie » 2
inthec T_Nu y
nperature. c 7 , e
3 - = —H e - 0 .E
7 7 M T_o [SlmllartoP‘. T_6 ]
weriais. s, - T .
agnetic curie 1 where, C = ? ~Curie Constant
: . Np2e
. relays and 0 = Cure-temperaiure—= w ¥

er than their R

- , ) ]
Y =-nternal field constant = c
yuired in the

* |n general, susceptibility 7 is of the order of 10—3 at room temperature for paramagnetic.

erature of a matenal.

ile alloying. Table : Susceptibility of some material (paramagnetic) at room temperaturs.

| Substance | 1=(u, 1) |

CrCl, 15x107° Fe,O, 14x107°
Cr0; | 1.7x 10| Fex(SO), | 22x 10
CaO 58 x 107 FeCl, | 37x10”

CoSO,HO| 20x 16| FeSO, | 28x 107

magnetic MnSO, | 36x10° NiSO, |[+42x10°
ing curie law.

hd c;dia << Cpaa

« ltis agood approximation to take the p, of paramagnefic substances equal to unity. |
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« Example : EuS, Gd,Si, EMNi,, FeSO,, MnSO,, NiSO,, Fe,0,, DAG (Dy,Al O
GGG*(Gd,, Ga,0,,)

Here EuS, Gd.Si, ErNi,, DAG, GGG* are salt.

12)

7

Applications of the Paramagnetic Material

1. Paramagnetic salts are the working material used in obtaining very low temperature
—{<1°K) by adiabatic demagnetization.

2. Paramagnetic salts are essential material used in the solid state MASER [Microwave
Ampilification through Stim_ulated emi_ssion of Radiation).

7.7 MAGNETIZATION CURVE o

« Magnetization curve is the relationship between changing magnetic field H and its
influence on the magnetic flux density B. This curve‘has three regions.

« In the first region OA, the curve rises up. The second region AC has almost a
constant slope which starts bending near C. !

further, ther

< The slopes of the first and second regions-are known &s initial _permeability and
‘maximum permeability respectively. '

Hysterssis loss

FIGURE : Magnetization curve OACD, and magnetic
hysteresis loop ODEFGHJD showing variation
of magnetic induction and the magnetic field.

7.8 MAGNETIC HYSTERESIS LOOP (OR CYCLE MAGNETIZATION])

e Remanence : The changes in magnetization in a ferromagnetic material lag behind
the variations of the magnetic field applied on it.

e In figure
curve as
OE=B,

e Thisisn
of ferror
material.

¢ Coerciv

oF indic

e It mean:
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¢ On furth
saturatic
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=y

o In figure, When the magnetic field is decreased and brought back to zero, the

curve assumes DE path. Even at H = 0, the magnitude of magnetic flux is equal to
OE =8B,

e This is residual magnetic flux density, and is also known as retentivity or remanence
of ferromagnetic material. Higher this value, better is the quality of ferromagnetic
material.

e Coercive force : When direction of the field H is reversed, the curve follows EF path
oF indicates demagnetization force or coercive force.

e It means that a ferromagnetic material requires magnetic field of H = —H_ to bring
down its flux density fo zero. A strong ferromagnetic material will need a hlgher value
of —H_. _

e On further increasing the magnehc field, the curve follows FG-pathsand reaches to
saturation flux density —B_ in the opposite direction. Thus one cycle is complete.

e Now the magnetic field is applied again on the ferromagnetic material. This time the
B-H curve follows HJD path. The curve does not take on the original OACD path. The
curve DEFGHJD is called magnetic hysteresis loop. OB, = -OB,, OF = OJ, and
OE =OH =8,

The enclosed area OACDJO is called hysteresis loss.

i

D T T
T

Companscil of projperities of eddy cunent and n\f’a‘.ei'—blb LOSSEeSs. [ hese are

;Eddy current loss is proportional to the square of the f frequency, while the hysieresis
loss is directly proportional to the frequency. )

. Eddy current loss is. proportional to the square of the-peak flux density, while the
. hysteresis loss is usually_proportional to the-1.6" power of the peak flux density.

e Eddy current loss is proportional to the square of the thlckness of the laminatisns,
while the hysteresis loss does not depend on thickness of laminations.

+ Eddy current loss is dependent on the resistivity of the material; while the hysteresis
loss is dependent on the Steinmetz constant of the material.

7.9 COLD WORKING

In this method, material is cooled down using cold rollers. This method induces
magnetic anisotropic in direction of rolling.

7.10 MAGNETIC ANNEALIKNG -

It is process of heating and slow cooling in the presence of magnetic field.

7.11 MAGNETIC QUENCHING

e |t is process of heating and fast cooling in the presence of magnetic field. in this
method material is cooled down to curie femperature in order to induce Anisotrcpy.
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7.12 MAGNETOSTRICTIOK

This method induces magnetic anisotropy either in the direction of applied field or in
a direction perpendicular to the applied field. ’

When a ferromagnetic material is magnetized, changes in physical dimensions in
general occur. This phenomenon is known as magnetostriction.

There are three type of magnatostriction: €

1. Longitudnal : When change in the dimension is in the direction of applied field.
2. Transverse : When change in the dimension is perpendicular to applied field.

3. Volume : When change in the dimension is perpendicular as well as parallel to
applied field. : '

It has been observed experimentally that Ni and Co cyrstals contract when magnetised
in either of three directions of crystal and an iron cyrstal expands when magnetised
“in the easy direction of magnetisation and contracts when magnetised in the hard
direction. So Ni and Co crystals posses negative m:-  tostriction

]

- Stress
Y —_—

ST

“Mormal and Inverse Spinel

The spinel can be of two types, (i) Normal spinc’

is @ normal spinel while magnetite (Fe;0,) is & _2ise sp
-of spineiferrites ranges between 700 K to 860 K. : heir condcut:. -~ . .1

s belween 104

~ ohm-m to 10=" ohm-cm.

Garnets

Example is yttrium-iron gamet (Y,Fe O, ,), which is ferromagnetic for a curious reason.

The spin of the yttrium atoms is opposite to the spin of the iron atoms so the
magnetic moments line up alternately, if the ‘orbital magnetic moments are small.

But for yttrium the orbital magnetic moment is larger than the spin, and is in the
opposite direction.

Hence the total magnetic moment of yttrium atom is in the same direction as that of
iron, making the compound ferromagnetic. -

Ferrites in Memory Devices : .
For a typical ferrite the properties are as follows :
Coefficient of linear thermal expansion ~ 107°/°C

Thermal conductivity ~5x1 02 W/im°C

(i
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7.12.1 Salient Features of Magnetostriction

Thermal conductivity =0.17 kcal/kg®°C
Density ~ 3000 to 5000 kg/m?
Ferrites are suitable for use in those devices which require

(i) high speed response, (ii) very low power loss, and (iii) high frequency

*

This effect is analogous to electrostriction that occurs in polarized dielectrics.

It has an inverse effect also, if the physical dimensions of magnetostrictive materials
are changed by application of external force, a change in magnetization also occurs.

Also a very small change in volume occurs at ordinary temperatures, if a very strong
magnetic field is app|ii: on the magnetic material.

The change in dimensfon takes palce in the direction of magnetization.

7.12.2 Magnetostrictive Materials

i

The property magnetoslrlcnon is found in iron, nickel, cobolt, and gadolinium. It is

cobalt and’ eluminium,

Pure nickel and nickel-iron ailoys:

Pure iron shows either a positive or negative magnetostriction on magnetization.
which on adding nickel-posses only positive magnetostriction for all the field intensities.

l Longitudinal magnetostriction_diminishes to zero on adding 30% Ni in iron.

Volume magnetostriction becomes zero by adding 36% Ni in ison. (A 36% Ni-iron
alloy is called INVAR and possesses almost zero value of coefficient of thermal
expansion). '

{t is due to the volume contracticn because of loss of magnetization on heating
upto curie temperatue, compensates for very small value of thermal expansion.

Metglass. an amorphous alloy, having a composition of Fey,B,, ;Si, ;C,. It is available
in the form of thin ribbon of around 25um _thickness.

Terfenol, an alloy of terbium and dysprosium with steel, having a composition of
Tb, 3Qyo Fe2

Application

Audio-frequency oscillators at sonic and ultrasonic frequencies.

Magnetostrictive transducers.




148 Chapter-7

Y

ExpandsT Ni-Fe

Fe S
‘FH

Co
Contractsl Ni

FIGURE : Variation of Joule magnetostriction as a function of figld.

7.13 SOFT MAGNETIC MATERIALS

* These materials are easy to magnetise and demagnetise.

» In these materials, the direction of magnetization can be altered easily by an applied
field. :

¢ Soft magnetic materials should have following characteristics :
1. These materials have low retentivity.
2. Low coercivity '
3. High permeability

.
4 1 maagnet

i T .
o Caliiraloy
ol oo IR0t

5. Hysteresis curve should be 1ali and thiin,

6. Low hysteresis losses (because of lesser area of hysteresis loop)

=)
Bear

B

..

FIGURE : Hysteresis curve for scft magnetic materials.

o These materials are used for transformer and inductor core to minimize energy
disipatation (reduction in hysteresis loss).

e Soft magnetic materials are desirable for electromagnets.
Examples and Applications

1. Silicon-steel/Soft-iron/Fe-Si Alloy
o They are used in power transformer.
e They are used up to power frequency (50 to 60 Hz).

« Silicon is added to increase dc resistivity and to reduce the area of hysteresis
loop. i.e. for low eddy current loss and low hysteresis loss.

2. Fe

(a

a
=

N A T 4 g wWwN sz
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2. Fe-Ni Alloy

(a) 36% Ni — used for high frequency applications such as high speed relay and
transformer.

(b) 50% Ni — used for magnetic memory.

(c) 77% Ni — used for precision voltage and current transformers.
(d) 45% Ni — Permmalloy
(e) 79% Ni — Superalioy
) 75% Ni — Mu-metal

7.14 HARD MAGNETI_C MATERIALS (PERMANENT M NET
MATERIALS} |

« Hard magnetic materials are those which refain a considerable amount of their
magnetic energy after the magnetizing force has been removed, i.e., the materials
which are difficult to demagnetize. These materla.s are also called permanent magnet

w\,-un ;g:

« The important applications of permanent magnets are in melei s, transducers, electron
-. tubes, motors, focusing magnets in TV tubes.

e Matenals for use as perrhanent magnets should have the following characteristics -
1. high permeability ensured by a-large content of magnetic atoms or ions.
2. high coercive force, generally, above 10* Afm.- o
. 3. appreciable remanent flux density
4. High curie temperature, to minimize easy demagnetization..
5. Low cost. '
e They have high hysteresis losses (because of large—area of B-H curve)
e Hard Magnetic Materials are :
1. Hardened Steeis and fron

2. Carbon Steel — 98% Fe, 1% Mn, 0.9%C, used as magnet for latching relays or
compass hiddle.

Tungsten Steel — Fe, W, C, Cr-used as magnets in dc motors.

4. Alnico — Al, Ni, Co- Their magnetic properties are very stable with time and
temperature. (retain 70% magnelization at 603°C)

5. Platinum Cobalt — 77% Pt, 23% Co
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7.15 HIGH ENERGY (PRODUCT} HARD MAGNETIC MATERIALS (HEHMM: |

Chapter-7

© ® N9

11.

Cunite (Cu, Ni, Fe)

Remalloy
Ba - ferrite :
Na,Fe,,B
. Powder ceramic permanet magnetic material such as COOFe, 0, & PbO.6Fe, 05
_ 3
MnBi —
1
For metallic magnet Br > 2Hc & BH__ = EBrHr.
; - Br?
For-Ceramic magnets Br<Hc & BH__ = - '

Aelomax (55% Fe, 11% Ni, 22% Co, 8% Al, 4% Cu) & Hycomax (50% Fe, 21% Ni,
20% Co, 9% Al) are found as hard magnetic material

.B

Hysteresis curve for hard magnetic materials

Hard magnetic materials whose energy products (B.H.)

i )
ey 7€ IN excess of about £

kJ/m?® are called high energy HMMs.

Conventional HMMs generally possess an energy product of about 3 to 80kJ/m3. The
high energy HMMs are recently developed materals having the structure of
intermetallic compounds. These are available in different compositions. Example :

Samarium-cobalt rare earth (SmCog), and

Neodymium-iron-Boron alloy (Nd,Fe ,B)
Samarium-Cobalt Rare Earth

It belongs to the family of alloys which are formed by combining iron or cobalt with
a rear earth eilement. These are produced by sintering method of powder metaliurgy
technique.
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Magnetic Properties of High Energy HiMs and Their Comparison with a Conventional
(Non-High Energy) Hard Magnetic Material

« Composition/formula :
Samarium-cobalt rare earth : SmCo,
Neodymium-iron-boron alloy : Nd,Fe, B

PbO.6Fe, O, 1 _ Alnico 8 : 7% Al, 15% Ni, 35% Co, 4% Cu, 5% Ti, rest Fe

' e Maximum energy product (kJim3) ’

Samarium-cobait rare earth : 170
Neodymiume-iron-boron alloy : 255-400 (maximum)
Alnico 8 : 36 (minimum)

« Remanence (tesia)

Fe, 21% Ni, Samarium-cobalt rare earth : 0.92-1.0
Neodymium-iron-boron alloy : .16 (maximum)
Alnico 8 : 0.76 {minimum)
e Coercivity (kA/m)
Samarium-cobalt rare earth : 200 : .
Neodymium-iron-boron alloy : 220-345 (maximum)
 Alnico 8 : 125 (minimum) ' "
« Resistivity (ohm m)
~ Samarium-cobalt rare earth : 5x10-7 —-
" Neodymium-iron-boron alloy+16x10~
« TCurie temperature (°C) '
Samarium-cobalt rare earth : 725
o _ ] Neodymium-iron-boron a-|loy 1 310 (minimum)
HEHMMs) Alnico 8 : 860 (maximum)
R — « Fabrication technique
; of about 80 ‘ Samarium-cobalt rare earth and Alinic 8: Sintering
. N Neodymium—iron-borona!loy-: Sintering, or rapid solidification
i0kJ/m3. The e Cost T '
structure of Samarium-cobalt rare earth : Costlier
- Example Neodymium-iron-boron -alloy : Cheaper -
Alnico 8 : Cheaper
e Uses: _
Samarium-cobalt rare earth : As magnets for fractional horse power motors
r cobalt with ) Neodymium-iron-boron alloy : As magnets for fractional horse power motors
:r metallurgy Alnico 8 : As magnets for large horse power motors
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{ auestions )

1. Diamagnetism is exhibited by

(a) Only those materials which do not
possess permanent-magnetic
moments.

{b) All materials

(c} Only those materials which
possess permanent magnetic.

momentis

(d) Only those materials which have
strong internat fields.

2. Paramagnetic materials when placed

in a magnetic field, get
{a} FeebE';,fvattraca.e-t!-
{b) Feebiy repelied
(c) Strongly repeiied
(d) Strongly-attracted

3. The net spin magnetic moment of

~ Fe*ion is
(@) Sug {b) 44,
(c) 3pg {d) 2,
4. The susceptibility of diamagnetic
material

(a) Varies directly with temperature
(b) Varies as 1/(T - 6)

(c) Varies as 1/T

(d) Is independent of temperature

5. The condition for an atom to possess
orbital magnetic moment is that the
atom must have

(a) Completely filled s-shells
(b) Partially filled s-shells

=l

(c) Partially filled p, d or f shells
(d) Completely filled R, d or f shells

In transition metals, the contribution to
magnetic moment is due to

(a) Only spin magnetic moment of 3d

electrons ;

(b) Only spin magnetic moment of 4s
electrons

(c) Both spin and orbital momen}S of
3d electrons
(d) Both spin and orbital moments of

L N N -
AC @imdirorn
1o gl ONs

in high frequency applicaticns 2 ferriic

" is preferred 1o a ferromagnetic material

because, the ferrite has

(@) High permeabiity

(b) High resistivity

‘() High saturation magnetization
{d) Square saturation magnetization
4n the ceramic material MnO

(a) There is a net magnetic moment
due to the Mn* ion

(b) There is a net magnetic moment
due to the O% ion

(c) There is a net magnetic moment
due to both Mn?* and O?% ions

(d) There is no net magnetic moment
Curie-Weiss Law is obeyed by
(@) Paramagnetic materials

(b) Antiferromagnetic materials

“10.

1.

12,

13.

14.

15.



r shells

. or f shells
& . sntribution to
2 to

:noment of 3d
-oment of 4s
i moments of .

' moments of

2tic material’-

4 onetization
“agnetization
MnO

g¢ =lic moment
‘ic moment

- moment
-7 ions

- moment

“y

ons a ferrite T

Magnetic Properties of Matesials

153

“10.

1.

14.

15.

(c) Ferromagnetic materials above
Curie temperature

-(d) Ferromagnetic material below

Curie temperature

The magnetic effect which is

analogous to converse piezoelectric

effect

(a) Exchange interaction
(b) Magnetostriction

(c) Magnetic Hystéra;sis
(d) Antiferromagnetism

The units of magnetic permeability are

(@) Am™? (b) Wb m—2

(¢) Hm™! (dy Wb A" m™

In base Sl units, tesla is expressed as
@y NA T m™ - BINAT M

(c) kg m2 572 A7 (d) kg s2 A~

In a paramagnetic material of
susceptibility equai fo 152, the induction
in Wb m~2 at an applied field of 100 kA
m"is (Mo = 1.257 x 10°* H m™)

(a) 0.1257 (b) 0.1258

(c)' 4rx107 (d) none of these
The net magnetic moment of Fe atom
in BCC crystal (a=2.857 A) is 2.2,
(Bs = 9.273 x 10 A m?). The
saturation magnetization of Fe at 0 K
is

(a) 0 (b 1750 kA m™'
(c) 1750 Am~  (d) 1750 A m™"'

Gadolinium has a higher saturation
magnetization than Co at

(a) —273°C (b) 25°C
(c) 290°C {d) 769°C

16.

17.

18.

L5

radius of Mn, which

20.

21.

The Curie temperature of €obal. is
(a) 2000K (b) 106K
(c) 1040K (dh) 63K

The total iron toss in a tra@r_mer core
at 25 Hz and 50 Hz is 250 W and
800W,‘ respectively. The eddy current
foss at 25 Hz is
{a) 100w

{c) 200W

(b) 15w
(d) BB
Using a permalloy core fg =2700), &
19m long 300 turn toil &fa conduzt
giving ‘an induction of 75 T iz F L
made. The current in the ¢ail s

. d
oy

be G
(a) 0A (b} B2 mA
(c) 74 A

(d) 48 A

-t P . .
T rabioe 7 Pl iy e S
1l TQUT U 2l !

antiferromagnetic behav

(a) 1.47 by -

{c) 1.82 W) a8

The temperatare of e
antiferromagnetic-to-srrams .~ olic

transition is called ,

(a) Antiferromagnetic Carie to 10
(b) Curie-Weiss temp.

{c) Neel temp.

(d) Debye temp.

The factors that obstruct domain wall
motion~in Fe are

(a) dislocation tangles
(b) impurity atoms
(c) voids

(d) nonmagnetic inclusions
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22.

23.

24,

| (c)- 1020

26.

The transition from the ferromagnetic
to the paramagnetic state is named
after

(@) Curie (b) Curie-Weiss
(c) Neel (d) Debye

The magnetic momeht of a ferric ion
in nickel-zinc ferrite is

(a) 5

(b) O

(c) depends on Zn%

) 22 '

The saturation magnetization of

magnetite jwith 16 ferric ions and 8

ferrous ions in the eubic unit cell (a =
8.37 A) is (uy = 9.273 x 102 A m?)
(a) 1770 KA m~" (k) 638 kA m™!

{ o~ YN - PR AN Ve P -1
{0y Shis L2 ! . ;d,\ 500 LA et
N VLag SN RA T

If the saluration -magnetization of -

magnetite is 510 kA m-1, that of nickel

ferrite in the same unils is (Given:-

atomic number of Fe = 26; Ni = 28)
(a) 255 _ (b)510
- (d) 340
To-make the Mn—atom feromagnetic
by alloying, the ratio of s atomic

radius-to-3d radius shouid be
(a) constant (b) increased

(c) decreased ;(d) zeio

27. In nickel-zinc ferrite with ZnéNi atom
ratio equal to 3/5, the number of
unpaired electron spins present per
Ni, .,sZN, .. €,0, is (assume that zinc
ions push the ferric ions from
tetrahedral sites to octahedral sites and

change their spins)

(@) 5 (b) 3.75
{c) 1.25 (d)4.5
28. The garnet crystal used in a
microprocessor-has the formula
ia) YOFe,0,  (b)'Y,FeO,,
‘c} YO.6Fe, 0, (d) Y,0,.Fe, 0,
2t "he highest measured energy product
& permanent magnet is about
" m-3 (b) 8n - m-3
30.
mea:. cractor ¢
aboui o
@) 1.1 (b) 5 1
(c) 100 (d) 1000 !
31. A suitable material for audic and TV =~ -

transformers is
(a) ferrite
(c) Fe-30% Ni

(b) Fe-4% Si
(d) very ; .:: e

aaa
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Zn/Ni atom

ANSWERS = -
number of N
1. (b) 9. () | 7. ‘) 25.  (a)
2. (@) 10.  (b) 18. (d) 26.  (b)
s ‘\: 3. @ 1. (cd) 19. @* .| 27. (a)
» ‘ 4. (d) 12.  {d) 20. - (0) 28.  (b)
Er 'sed in a 3
£3 >rmula 5. {c) 13. {b) 21. (a,b,c.d) 2’9. N (3)
20, o : ,
. 2. 30.
_Fe.0, | 8. (a) 14.  (b) 2 (@) ©)
rgy product g 7. (b) 15.  (a) 23" (a) 31, (a)
5 about _ :
| kJ m3 8. «) 16.  (b) 24, (dy
I -3

oroduct of
an that of a : L _ )
/ a factor of W o : =

0
dio and TV-

4% Si
y pure Fe




The Gonductivity of
Metals |

8.1 OHM’S LAW (POINT FORM)

Ohm’s Law (Point Form)

Mean Free Path (L}

Relaxation Time

Factors Affecting Resistivity of
Metals

Superconductivity
Silsbee Rule
Meissner Effect

-Types of Super-Conductor

Type-I Super-Conductor

Tvpe-ll_Super Conducior

Low Resistivity Conducting Material

High Resistivity Conducting Material

Insulating Materials

Application of Conductors

Types of Conducting Materials

Modern Ceramic Superconductors

Superconducting Maqnet

- When a electric field is applied to a conductor,

the current density developed (J) in the conductor

is related to electric field applied (E) as fallows:

J = ok
e The current den§ity is a general property of the
material and does not depend upon the size of

the conductor. It is proportional to the electric field~ "~

2
ne-t
E and a constant

, called the conductivity of
m .
the matrial 5 ;

Mobitity
e The average drift velocity varies in direct
proportion to the electric field, through a
e
proportionality factor ;t called the mobility of

the electrons, 1, .

He=
m
. Mobility is defined as the magnitude of the average
v
drift velocity per unit electric field. i.e. po =—-2

Mobility and conductivity have the relation,
c=ney,.
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2
nit of = m?volt's™t or —.

Unit of k, olt Volt —sec

Effect of Temparature on Conductivity

1. Conductor : We know that,

2 1
ne‘t P ‘
S T OC ——
m ( VT]

With increase in temperature there is no appriciable increase in number of electrons
as conductor have already large number of electrons in their conduction band. So
overall conductivity decreases with increase in temperature.

2. Semiconductor : We know that,

n
o o —, and
VT ,
= _Ego/KT
n? = A Te
. where,
n, = Intrinsic concentration
B = Energy gap with 0°K

fo[8]

—-- 77~ A, = is constant that depends on the semiconducting material (9:64 x 10').

— K = is Boltzmann’s constant

130 gl2KT
—_ — s 2 2 a
n =n=AgT%e

n //
= - Agz T &-Fo0/2T
n
ﬁ
.Te—Ego

T -
oFa0/2KT

Since

Q
&

12KT

a
]

Q

 Therefore, conductivity of semiconductor increases with the rise in temperature. In
other words semiconductors have negative temperature coefficients.

Note : These materials do not follow Ohm's law. Band gap of these materials is
nearly 1 eV. The semiconducting material is a perfect insulator at O K.
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8.2 MEAN FREE PATH (L)

It is defined as the average distance travelled by electron before eollision takes place.

where, 1 = average collision time, V= drift velocity.

8.3 RELAXATION TIME ¢

0.37V,

1

It is defined as the time required at which the drift velocity of electron reduces to 37%

of its value after the removal of eIectrlc field. For ISO‘h’OplC mater|a| the relaxatlon time and

8.4 FACTORS AFFECTING RESIS*‘WF Y OF METALS

« In pure metals and d||ute,alloys the total resistivity is the sum of two terms.
' PEPr L (D)
s The thermal component p-; which arises from the lattice- vibrations, and the residual

resistivity p,, caused by impurities and structural imperfections. The residual resistivity
is independent of temperature.

e Equation (i) is Matthiessen'’s rule. This rule becomes less accurate at high temperature
or at high impurity levels. .

e The elctrical resistance of most metals increases with increase of temperature At
temperatures above the so called Debye temiperature, the themmal component of
resistivity of conductors is approximately linear.

*  Many conducting - materials have vanishing resistivity near absolute zero temperature.
This phenomenon is known as superconducﬁvity.

8.5 SUPERCONDUCTIVITY

» It was discovered in 1911 by Kamerlingh Onnes in Leiden when he observed that the
electrical resistivity of mercury disappeared completely at temperature below
approximate 4.2°K.
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» A state of material in which it has zero resistivity is called super conductivity.

*  These elements compounds and alloys of metal exhibit extraordinary maagnetic and
electrical behaviour at extremely low temperature.

Transition Temperature

The temperature at which the transistion from the ‘normal’ state to the super conducting

state occurs is called transition temperature (T.). ¢

P
'S

Super ?
conducting N;;T;'

state

—T
TC

(Near absolute zero.)

FIGURE : Relationship between resistivity and temperature of superconducfivé materials.

show suPer fonouuw ity. o
2. Tt is noted that the transition temperature all lie below 10°K.

3. The elements which et room temperature are good-conductors{Cu, Ag, Au and
the alkali-metal) are absent from the list of super conducting materials. In
fact, the superconducting elements are relatively poor conductors at room
temperature.

4. Fe, Ni, Co, are also not superconducting materials. ,
5. The super conduchng compounds and alloys do nhot necessiaﬁhly have super

conducting componenfrssw:h as: Pb,Au,Pb,Tl,, Snsb,CuS NbN MoN, NbB, ZrC.

Condition for Super Conductivity
1. Resistivity should be zero. -
Perfect dia-magnetism (g, =0). -

Applied magnetic field should be fess than critical magnetic field.
Power loss (copper) I2R = 0.

Specific resistance, P = Q.

S T

Magnetic susuptibility x = —1.
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Critical Magnetic Field

e |tis a minimum amount of magnetic field
required at a‘given temperature to H
destroy super conductivity. Its value is

Normal

given by : He
F
He =Hg | 1-— |
%)
o , Te T
where, .- FIGURE : Schematic diagram or representation
H, = Critical field at 0°K ' of the critical magnetic field Hcas a

function of temperature.
H, = Critical field at T°K :

T, = Transition or critical temperature

Note : The fransistion temperature (T.) of a super conductor can be reduced by
the application of a magnetic field. : :

»_ The magnetic field which causes a super-conductor to bé&corne normal is not

necessarily an externally applied field; it may aiso arise as a result of electric current

flow in the conductor.

* Thus superconductivity_in a long circular wire of radius R may be distroyed when the
current exceeds the value |, which at the surface of the wire would-produce the
critical magnetic field H. .

e |f a current | is flowing in long wire of super conducting materials, according to
ampere’s law : 1
$H.dl =1
p— i 7
27R

o

He = 2nR -

So, the critical current, I =27aR-H

and the critical current density, J, =|§ :HCx—zan
7R

8.7

. T
a
a

T
118
T
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e This rule prevents the use of super conductors as coifs for the production of strong
magnetic fields.

» The disappearance of super conductivity for fle'ds above the critical field is the
principle on which a cryotron operates.

Note : For a superconductor the relative permeability is zero; this is referred to
- as perfect diamagnetism. €

« As we know that in super conductor resistively is zero and also the magnetic flux

density in a super conductor also _vanis-hes ie,B= 0.
»  Also we know that | 8 = po(H+M)
but B=0= M=-H ?
Therefore, ] M= (g, —)H=-H=(y —1)H
== -1 !
) g, =0 s
L Reiatio—lshiprbeiweén Transition Temperature T, and isctopic Mnss M

M”ZTC = constant-

Table : Superconducting elements and their T

[Element: T Al 1V-| Zn | Ga | Cd | Sn | Hg | Pb | Th | U -
T(K): |1.14 |51 0.79 | 1.07 | 0.54 | 3.69 |442| 726 | 1.32 | 06

8.7 MEISSNER EFFECT

« The repulsxon of magnetic flux from the interior of a piece of superconducting matenat,
as the material-undergoes to the transition to the super conducting phase is known
as-meissner’s effect.

- It has been observed that when a long super conductor is cooled in a longitudinal
magnetic field from above transition temperature, the line of induction are pushed out.
Then inside the specimen, B = 0

— ¢
~N_ S

o N—" '

T>Te, H<H T<Te H<H,

FIGURE : Flux fimes in sphere under different conditions of temperature and field.
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. M
e AlsoB =m,H+M) for B=0, H=-M, consequently since Xy = q° -1, we may
state that magnetic susceptibility in a superconductor is negative. This referred te as

perfect diamagnetism. This phenomenon is called Meissner Effect.

Factors Affecting Super Conductivity and Transition Temperature

1. Frequency : Super conductivity decreases with increase in frequency and it is
observed upto radio frequency (10 MHz). Above 10 MHz resistivity increases. At
infrared frequency (10'3 Hz) the resistivity of material is same as normal state.

Entropy : Entropy increases on going from super conducting state to normal state.
Thermal Conductivity : It decreases on going from normal state to super conqucting
state.

4. Isotope Mass (M) : T « —1—

M |
8.8 TYPES OF SUPER-CONDUCTOR

v
Ea ks

« Low temperature superconductor : Critical" Temp. - ‘ IS oz
mettalic e.g. Nb-Ti, Nb-Zr, Nb,Sn, Nb Al V,Ga etc
¢ High temperature super conductor (HTS)-: Critic:: - : Zok. These_ are ? o

ceramics type e.g:: Perovskite oxide. .

+ Certain ma"te'ri'alé, particularly those, that have low m::ti 1y points and are mechanically
soft and easily obtained in pure, strain free condition display similarties in their super-
conductive behavior. They are distinguised as ldeal or soft super-conductors.

+ They exhibit complete meissner’s effect and silsbee rule.

+« The change of state from normal to super-conducting and vice versa is : tor
sharp.

¢ These are unsuitable as magnets because of thei .

Super conductir::
state

FIGURE : Relationship between M and H of type-| superconductor.
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p
Super
conducting N(;;Ta'
state state
+H
1 HC

FIGURE : Relationship between pand H of type-¥superconductor. :

« Example : Zn, Pb, Hg, A/, In etc.

8.8.2 Type-H Super-conduttor

¢ They-are also called hard super-conductor or non-ideal super-conductor.

+ The exhibit incomplete meissner’s effect and break down of siisbee rule.

+ There critical field and fransition temperature are high.

+ The change of state from normal to super-conductor and vice versa is gradual.
- M/ir\ | | S

! Intermediate
. or Vorlex region
Super <
= Conducting, )

region . sl o

Hc, A
FIGURE : Relationship between M and H of tvpe-ll superconductor.

et

v

Super i He
conducting
region
FIGURE : Relationship betw_een p and H of type-ll superconductor.

Vortex
region

normal
state
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¢ These super conductor exhibit incomplete meissner’s effect in vortex region.

Example : Nb Al NbTi, Nb,Sn, (BiP SrCaCuO) bismuth lead stronfium calcium copper
oxide. '

Application of Super-conductors

¢ Magretic Resonance Imaging (MRI)
e Generators and Motors

e Switching elements like “Cryotrons”

¢ Magnets for Nuclear Fission.

ﬁo;ei: Thermo Electric Effects :
(a) Sgeback Effect (b) Peltier Effect

(a) Seeback Effect : When two dissimilar metals are jointed at their ends
and junction ends are maintained at different temperature then an emf
exist across the junction, this is called seeback effect.

s . Lof i B end .
- TEL- - B S
\u/r *eitier Effect @ An eleciric ¢ cent v LiowWs 7."‘;5_5 LG congigt e

of-two dissimilar mefal cause: ¢ decrease in femperature of one end < 3
increase in femperature of the other end. It is converse of seeb:ck
effect.

8.9 LéWRESISTIVITY CONDUCTING MATERIAL

. Silver has low resistivity than Cu, but it is very costly, which restrict its use for
commercial purpose. '

e Aluminium is cheaper than Cu, so it is often used as a Cu substitute in electrical
power system.

—+ Brassis a alloy of Zinc and Copper. It has high.tensile strength but lower conductivity

than Copper.

¢ Brass is—used in rheostats, tamp holders and plug points. It has good corrosion
resistance.

¢ Bronze is a alloy of Cu, Tin, Al, Ni and Si. it has superior mechanical property and
corrosion resistance than-brass.

¢ Phosphor-Bronze is used in current carrying-springs and brush holders
e Silicon Bronze is used in wires and telephone parts.
¢ Alloy of Tin, Lead, Cu-Zn are used in solder material.

« Tungesten is a metal which is used upto 3300°C as heating filament in bulbs, CRis.

8.10

It
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-egion. 8.10 HIGH RESISTIVITY CONDUCTING MATERIAL

lciurn copper e Pure carbon is a semi-conductor with negative temperature coefficient of resistivity.
It is used in brushes for electrical machine.

o |Lead has high anti-corrosion properties, because of this it is used for covering of
underground and under water cables for power and communication lines.

e Platinum is used for contact fabrication in low power rating contactors.
e Nickel is used for making electrodes.

Table : Comparison between high resistivity conducting materials.

Heating element in soldering,

‘ - £a | Upto 1100°C.
Nichrome | Ni + Cr + Mn +Fe iron furnaces.

it their ends
then an emf

Wire wound resistors, rheostats,

Constantan Cu + Ni Upto 500°C | girain gauge

Precision instruments, for bridge

1

.y Mangam-in Mn + Ni + Cu ~ 60°C )
ad consisting 7 - i e potentiometer
one C!\d Ur\d - . T i H . i : Heating filam o oeuch oo huins .
Tungsten i Btatgl 3390°C HC(IJ:IH lamenia such 28 buids, f
. of sezback | : CRTs ofc ,
- i

=77 | 8.11INSULATING MATERIALS

1.:— Ceramics

ct its use for
« These materials are hard, strong and brittle.

e in electrical ‘e They have high temperature stability.

: . ) ~ . . dal
ot conductivity Ceramics are generally in-organic material (absence of carbon).

* These are generally crystaliine in nature (except amorphous glass ).

0od corrosion e These are non metalic oxide, nitrites and carbides.

| property and Examples : Qarnets, BaTiO,, Ferrites, TiO, (Rutile) (T/ dioxide), Porcelains, Quartz,
ZnS, MgO, SiC, CdS efc.

ars. e Ceramics can be broadly described as :

(i) Porcelains (g, <12) (i) Alumina ceramics (g, <12)

(i) Stestite (er <12) {iv) Titanate (s, > 12}
1 bulbs, CRTs.
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Porcelain is used in insulation of transmission and distribution of power system. It is
used in low and high voltage application. ’

Steatites are used in high frequency applications. .

Alumina ceramics are used for high temperature applications as circuit breakers and
resistance cores. .

Titanate is used in capacitor dielectrics.
Another classification of ceramics :

Ceramics can also be divided into two groups depending whether the permittivity is
lesser or greater than 12.

(i) e, <12: Ceramics having permittivity less than 12 are used as insulators, as
they have high dielectric strength and Iqw loss tangent.

Example : Porcelain, Steatite, Alumina Ceramic.

(i) ¢ >12: Ceramics with high permittivity (g,>12) are used in capacitor
applications.

1

Exampie : Titanates, Rutile.

PR GRS le rrel e

Transformer cores are dipped in mineral oil known as transformer oil. I acts as an
insulator and cooling medium. _ - ’

Break down voltage of transformer oil decreases with contamination, example :
moisture. To absorb moisture, absorbents added-are Silica gel and Alumina.
Askarels

They are fire resistance insulating material.

Two types of Askarels

(a) Chlorinated benzene

(b) Chlorinated biphenyl

Now a days they are not used in tranformer and capacitor because on decomposition
they produce toxic and poisonous gases.

8.12 APPLICATION OF CONDUCTORS -

Electricity transmission and distribution lines,
Electrical contacts viz. relays, brushes, switches etc.,
Resistors and

Heating elements
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er system. It is Gold is the best conductor electricity followed by silver, copper and aluminium. Keeping
in view the cost factor, copper and aluminium are the natural choices although silver
_is used for contacts in aircrafts.

it breakers and e Aluminium conductor reinforced with steel {ACSR) is an improved material for
transmission lines.

e Oxygen-free-high conductivity (OFHC) copper condygtor is very suitable for low
temerature applications. It has high purity whose resistivity is 1x10-1° ohm m at 4.2K
s permittivity is and zero electric field.

8.13 TYPES OF CONDUCTING MATERIALS

. insulators, as

. On the Basis of quality of resistivity

1. Low resistiity (or high condcutivity) materials such as Au, Ag, Cu, Al, brass,
| in capacitor ! bronze etc.

2. High resistivity (or low conductivity) materials such as W, Pt, C, Ni, Ta, nichrome,
- etc. ' ' '

¥}

ii 7 am &b
oEn
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1))

- o s (gt A Di ' §
It acts as an . ) i. Metals such as Cujzsteel, Al, Pt Ir, Pd, Rh etfc.

7 Noen-metals such assconducting polymer
on, example.

L Alloys such as brass, bronze, rose metal, constantan etc.
umina.

A W N

-Reinforced composites such as ACSR.

iil. On the Basis Applications

' 1. Cable purpose materials such as Cu, Al, ACSR, OFHC
Filament purpose materiais such as W, carbon (graphitej

- Contact purpose materials such as Au, Pt, Ag, Mo, Ir, W etc.

jecomposition Soldering purpose-materials such as Cu, Zn, Sn, Ag, Cd

Fusible (or fuse) purpose maierials such as Pb, Sn, Ag etc.

Sheathing purpose materials such as Pb, p.v.c., Pb-Cd alioy

N o o~ w N

Sealing purpose materials such as Fe with Si, Mn, Mo.
IV. On the Basis Temperature Requirements

1. High temperature condcuting materials such as ACSR

2. Low temperature condcuting materials such as OFHC copper
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3. Very low (or cryogenic) temperature conducting materials such as Ni-based steel
alloy.

V. Cn the Basis of State of Materiai

1. Solid conducting materials such as metals, alloys
2. Liguid conducting materials such as Hg

3. _Gaseous_conducting materialssuch as N, in gas-filled pressure cables.
Cepper

« High Conductivity and reasonable cost.

!

« |t is a crystalline, non-ferrous, non-magnetic (diamagnetic), reddish coloured metal.

+ [t is a ductile metal having a ductility of more than 15%. Because of this property,
it can be easily drawn into thin bars and wires. Hence, it is very useful for making
cables, strands, and conductors.

e |ts ultimate tensile-strength is high enough (300-350 MPa) which mékes it éubstantially

£ ~
strong o sust?in mec

1l

v'_/}

s}
.

« lis melling point Is sufficiently nigh (1083°C) so it is use at high fenipeiatures «iso.

s When exposed to atmospheric environment, it forms a proteciive. layer of copper
oxide (CuQ). Thus, it is highly resistant o corrosion which is require property for
bare/open overhead conductors. - B

s ltcan be eésily brazed (a kind of welding) which is a necessary requirement in wiring
and other connections. -

Aleminium

+ Conductivity is lower to that of copper, but it is cheaper than copper.
+ |tis a crystalline, non-ferrous, weak magnetic_(paramagnetic) metal of white colour.
¢ [t is a lightweight metal having a specific gravity of 2.7 only.

e ltis a ductile metal because of which it can be easily drawn into thin bars and wires.
Therefore, aluminium is very useful for making cables and conductors.

+ Its ultimate tensile strength is sufficiently high (about 50-70 MPa).

* It can be easily soldered which is an essential requirement in wiring. However, due
to insulating nature of aluminium oxide layer, the soldered joint may not be so strong

e ts electrical contacts faces the possibility of loss connections due to its softness.
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Comparison of different conducting metals with steel

e Resistance to corrosion More More Less
e Tensile Strength More Less Maximum
| & Ductility (about) 55% 50% 18-25%
e Density (kg/m3) 89697 27 7800
e Melting point (°C) 1083 660 1539
o Thermal conductivity 425 300 65
at 25°C (W/m-K)
e Salient feature - Can be drawn| Canbe drawn | Can be drawn

into thin wires| into wires upto iﬁto thick wires
0.1 mm diameter

e Comparative cost 12 8 1

e Working efficiency Best Better Good

° Lifg : Highest Higher ' High

¢ Resistivity (ohm-m) 17x107 - 28x10° -

s Covuicient of linear ATy LTt -
expansion (/K) 3 ﬂ

¢ Coefficient of temperature - 0.0039 0.0035 0.004-0.005
resistance at 20°C ) o

8.14 MODERN CERAMIC SUPERCONDUCTORS

La Ba CuQ superconductor, supercondcuting at 70K.

2. The Vttrium barium copper oxide i.e. YBCO (Y' Ba, Cu; O, ) behave as
superconductors at 90 K. Critical current densities in excess of 108 Alem? was
achieved in it.

3. Bismuth and thallium superconducting compounds has characteristics same order
line with yttrium compounds.

BSCCO (Bi Sr Ca CuO) showing T_ = 106 K. and Zero resistance at 85 K.

Thallium barium calcium copper oxide i.e. TBCCO (Th Ba Ca CuO) superconducting
at 125 K, but practical application is doubtful due to highly poisonous nature of

In 2005, the value of T, = 115 K has been reported in .S'n2 Ba, (Ca, ; Tm, ) Cu,O,.
The value of Tc = 127-128 K has been found with material system Tl,Ba,Ca,Cu;0,,.

The highest value of critical temperature Tc = 138 K reported so far is in Hg0.8 T10.2
Ba2 Ca2 Cu3 08.33.
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 Josephson Junction is a device having two supercondcuting plates separated by 1 A cryotron
an oxide layer. These juctions are used in_SQUID, (superconducting quantum : a coil of £
interference device) computer memories and other microelectronic devices. It works ,
on the priniciple of Josephson effect. This quantum effect is characterized by the the cryolr
tunnelling of supperelectrons through the insulator of Josephson junction, and is ‘B’ are st
found that flow of current without any driving potential. - cryotron i
« Maglev or Magnetic Levitation. This is a levitation phenomengn caused. by the + working n
opposing magnetic fluxes. The use of this is in wheel-less high speed trains that are : N7
quipped with superconducting magnets. The Nb, Sn and Nb-Ti are used as magnet 0
grade superconductors. - 1
« Magnetohydrodynamics (MHD) : MHD deals with the motion of an electrically (
conducting fluid under the influence of magnetlc field. This principle is employed in !
1
- MHD power generation - MHD ship propuision, and -
< MHD magnets _ (i) ‘
« In MHD power generation, the thermal energy of hot ionized gas is converted into : :
d.c. electric power. In MHD ship propuilsion, the sea water is accelerated by magnetic )
field. In both these applications, the superconducting magnets are 'required. The
Jananese experiments! shin Yamate sailed in 1992 utilized MHD pringin!s Core i
& Y ¥ regonance li“pl‘ ir F\i-i:l;:!‘E : H\r(\ fhg \:lSU(—:% -mage 3 .
bur‘y par‘n can.-be created. S.,Dercondc uting magnets above DL

teslaorr

purpose.
© density g

~« Suspension-systems and motors. Fnctlonless suspension systems may be found

by the interaction-between a magnetic flux produced externaily and the currents - Kl—o;;f_
flowing in ‘a superconductor. If the superconductor is pressed downwards it tries to
oppose and come out of the magnetic field, hence the magnetic flux on which it rests
is compressed and the repelling force is increased. Since it is possible to allow high
speed rotation to a suspened superconducting body, and that all the conductors in
the-motor are free of resistance, it is obvious that the ideal of a 100% efficient motor
can be closely approxrmated

1
¥
¢
¢
¢

" Radiation detectors

The operation of these is based on the heat provided by the incident radiation. The
superconductor is kept just above its critical temperature, where the resistance is a
rapidly varying as a function of temperature. The change in resistance is_then calibrated
as a function of the incident radiation.

8.15 SUPERCONDCUTING MAGNET

Superconducting magnet which can generate magnetic flux densities upto B = 15 tesla
(H =12 x 108 Am~* in free space). The wires used to make the coils of the superconducting
solenoid can carry much higher current densities than conventional conductors.
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A cryotron is an assembly of a supercondcuting wire (core material) ‘o’ surrounded by
a coil of another superconducting material . When temperature of a system in which
the cryotron is used, is below the transition temperature of two materials, both ‘o’ and
‘B’ are superconducting; otherwise they attain a normal state. Based on this fact, a

cryotron is used as an element in control devices such as fllp flop in_a computer. Its
working may be understood as follows: "

€

(i) The current |, in the wire is controlied by the current lB in the coil. It is :due to

magnetic field produced by the coil normally exceeds the critical field of the wire
(core material) at operating temperature. The intensity of controfling current Iy

required to make the core in normal state, depends upon d.c. current flowing
through the core. Hence, the—core current also produces a magnetic field.

(i) Tantalum is a suitabld material for making wire (or core), if the -operating
temperature is extremelly low { =4.2 K which is liquification temperature of helium).
Since the coii has to be superconducting even if the control current flows, hence
niobium or lead are suitable coil materials.

Supercooled Coils

Supercooled coils are such electrical systems whcih can produce & fiux density ot 10

tesla or more in superconducting state. This flux density is ‘ten’ times more than the fiux

density produced by normal-coils at room temperature

Note : 1155K (-157.5°C) is known as cryogenic ‘rempemfure Those industries in
) which the operations are performed below this temperature are called
cryegenic industires. Industries involved feriifizer industry {at -190°C) etc.
are such examples. Engines using liquid fuels at so low temperatures are

called cryogenic engines.
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( auesTions }—

Consider the following properties
pertaining to an alloy used as a
precision resistor :

1.  Uniform resistance
2. Stable resistance

3. Zero or low temperature coefficient
of resitivity

- Which of these properties are desirable?

(@) 1,2 and 3
(c) 1and 3

(b) 1 and 2
(d) 2 and 3

When temperature of a Tonductor is

S AT -

monroacning zers (atvin the mean

free path i the free electrons in the
conductor is proportional to

@T @

(c) (1) (d) 1713

In a conductor of size 20 mm x 10

mm x 10 mm, the wavelength of the

sfowest moving free electron is
(b) 10 mm
(d) 40 mm

(a) 5 mm

(c) 20 mm

 The conductivity of a super conducting

material on being subject to critical
magnetic field changes to

(a) normal state

{b) unstable state:

(c) temperature-independent state
(d) temperature-dependent state

Which of the following has the greatest
mobility?

() T

(a) Positive ion  (b) Negative ion
‘(d) Hole

Which of the following insulating
materials has the least affinity to
moisture?

(a) Cotton
(c) Asbestos

(c) Electron

(b) Paper
(d) Mica

Which of the followin_g statements is
NOT true? )

(a) Superconductors show perfect
diamagnetism ' '

e gt o
stors havos 4ot Zorn

he external magnetic field has no
flect on superconduclors
(d) Entropy increases on going from

superconducting_state to normal
state

-8. The transition temperature of Mercury
. at which it becomes superconductive
is ‘

(a) 4.12°F (b) 4.12°C
(c) 412K d) 41.2 K

De Broglie wavelength associated with
a matenial particle is

(a) inversely proportional to its energy

(b) directly proportional to its
momentum

(c) directly proportional to its-energy

(d) inversly proportional to its
momentum

10. Whi
for :

@
(b)

(d)
11. Acc
the
elec
of ic
(@
(b)

(d)

i2. Whi
is ¢«
of d

(b)

©)

13. The




Jegative ion
{ole

1g insulating
st affinity to

b) Paper
d) Mica

statements is
show perfect

zero

5 N0, s -

iy joing from
ite to normal-

re of Mercury
serconductive

5) 4.12°C
1) 41.2 K

ssociated with

Il to its energy

ynal to its
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Which one of the following is NOT true
for Sulphur hexafluoride gas?

(a) It is electronegative in nature
(b) It has high-dielectric strength
(c) It is non-toxic

(d) It is highly inflammable

According to Wiedemann-Franz law

the ratio of thermal conductivity to
electrical conductivity of a conductor
-of-is

(a) Independent of temperature
(b) Directly propaortional to temperature
(c) Inversely propattional to temperature

(d)- Inversely proportional to square of

et a vt s laay

¥vhich one of the foliowing statements
is correct for four-point probe method-

of determining resistivity?
{a) The sample must be extrinsic

(6) The current soeurce is—connected
to the two inner probes

{c) One- probe point must inject
minority camers

(d) Current flow only in a small area
of the sample

The average drift velocity V, of

electrons in a metal is related to
electric field E and collision time T as

(a) Vy = QET/m__
(b) V4 =m QT _
(c) V4= mQTi2E
(d) V4 = QET2m,

14. On which of the foliowingfacicis does

the value of critical curent density in
a superconductor depend?

{a) Temperature
(b) Applied magnetic feld

(c) Temperature and applied m:—;grﬁﬁc
field

(d) Silsbee’s rule
The magnetic field at which & s~ -
conductor remains im its cul -

‘conducting state at a temperai: e Los

than the transition temperai - ..
(a) Zero

(b) Greater than the criticz:
corresponding to thco
temperature

{o) Legsa ot
correspendine s
temperature.  (@pEe
critical field corregg.nding
© transition temperai.-2

Match Listd (Insulatery with 7.0«
(Application) and selest the oronct
answer using the code:; give. . W

List -l

Mica
Polystyrene

Porcelain

oo w>

Silicon rubber

List =l

Bushings
Electric wires and cables
Low voltage capacitors

Iron

o b w N

Radio Cabinets
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17.

18.

Py
w0

20.

Codes:

A B C€ D
(a) 4 5 1 2
(b) 2 1 3 4
(c) 4 1 3 2
(d 2 5 1 4

Metallic copper is a

(a) Paramagnetic substance

(b) Diamagnetic substance

(c) Ferromagnetic substance

(d) Ferrimagnetic substance
Superconductivity is destroyed

(a) At high temperature

{b) At high magnetic field

{c} In presence of macnpetic impurities
(d) In ali the above cases

In metais, resistivity is composed - of
two parts: one-part is characteristic of

the particular-substance. Thgother part

is due to
(a) Applied voltage

" (b) Crystal imperfections

(c)- Applied magnetic field
(d) Supplied thermal energy

Consider the following :
Applications of low permitivity ceramics
include which of the following?

1. Suspension insulators for high
voltage lines.

2. Superconductors
3. Pin insulators for low voltage lines.

Select the correct answer using the
code given below :

(a) 1 and 2
(c) 2.and 3

(b) 1 and 3
(d)1, 2and 3

21.

22.

N

24.

25.

A{cy 7.92 Ohm

Consider the following statements in
connection with superconductors

1. Transiticn temperature of a super
conductor can be reduced by the
application of a magnetic field

2. Transition from the
superconducting %o normal state
under the influence of a magnetic
field is irrversible.

Which of these statements is/are
correct?

(@) 1 only (b) 2 only -

(c} Both 1 and 2 (d) Neither 1 nor 2
\"’hich one of the following is the
ot stater . t?
~slal in. super-

=fficient of

o ~5.0.0008/°C. If

s resistance oi 2 wire is 8 Ohm at

0°C. What is the resistance at 100°C?
(a) 8.64 Ohm (b) 8.08 Ohm
(d) 7.20 Ohm

Two materials having temperature

coefficient of 0.084 and 0.0004

respectively are joined in series. The

overall temperature_coefficient is
approximately

(a) 0.08 (b) 0.04
(c) 0:001 (d) 0.0001

Match List-l with List-ll and select
the correct answer using the code
given below the list:

0.

27.

Wit
cor

(a)
(c)

Co
ab
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statements in

nductors :

ire of a super
:«duced by the
jnetic field

om the

normal state

7 of a magnetic

#2 ments isfare

only
= leither 1 nor 2

owing is the

al in super-
as relative

efficient of
0.0008/°C. K
e is 8§ Ohm at .
1ce at 100°C?
08 Ohm
.20 Ohm

temperature
and 0.0604
in series. The
soefficient is

9) 0.04
4) 0.0001

I and select
ing the code

25,

27.

List i
A. Enamel covering
B. Insulation
C. Fibrous Materials
D. Empire cloth
T List N
1. Laminations
2. Wires
3. Machines
4. Transformers
Codes:
A B C D
@) 2 4 1 3
(b 3 4 1 2
{cy. 2 1 4 3
(dy "3 1 4 Z

Consider.the following' statements :
Characteristics ¢f a good insulating

—material are

1. Should give uniform electric and
thermal properties. '

2. High permittivity.
3. Low dissipation factor.
4. Low insulating resistance.

Which of the above siatements are
correct?

(a) 1 and 4 only (b)2 ard 4 only
(c) Tand 3 only (d) 1,2, 3 and 4

“Consider the following statements
about superconductors :

1. The temperature at which the
conductor becomes a super
conductor is calied transition
temperature.

28.

2. Superconductors sepel magnetic
flux lines.

3. All superconductors
paramagnetic materials.

are

4. Superconductors become normal
when placed in a magnretic field of
certain critical value.

Which of the above statements are
correct?

(2) 1 and 2 only (b) 2 and 4 oniy

(c) 1,2 and 4 only’ (d) 1, 2, 3 and
4

Match List-l with List-ll and select
the correct answer using the code
given below the list:

List - List - )
A, Precision Waoll 10 Growas
=B Rheostat 2. Nichreme
- C. Heating devices3. Constantan
" D. Brushes 4. Magnesium
__Codes:
A B € D
“(a) 4 3 2 T
(b). 1 3 2 4
{c) 4 2 3 1
(d) 1 2 3 4

29.Match List-i

with List-i and select
the correct answer using the code
given below the lists:

List -1

High conductivity materials
High resistivity matenials

Metal for lightly icaded contacts

S ow»

Materials for bimetallic strip
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List Il

30.

31

32.

1. Tungsten, Carbon
2. Platinum, Molybdenum
3. Aluminium, Copper

4. lron, Nickel Constantan

Codes: e
A B € D

(a) 3 1 2 4

(b) 4 1 2 3

{c) 3 2 1 4

d 4 2 1 3

Consider the following statements with
regard to manufacture of a standard
resistor

1. The material should be of high |

resistivity and iow eiipoiawurs

coefficient.

2. Resistors are shielded against

magnetic field.

3. Nickel-chromium is best suited for
resistance of high value.

Which of the these statements is/are
correct? .

(@) 1 and 2 only (bj 1 only
(d) 3 only

Materials in superconducting state
have the property of

(¢) 1 and 3 only

{a) Absorbing magnetic field
(b) Repelling magnetic field
(c) Absorbing electric field
(d) Repelling electric field

A superconductor may be used for

generating
(a) Voltage {b) Pressure

(c) Temperature (d) Magnetic field

33.

34.

35.

36.

As temperature falls below the
transition temperature, the value of
critical magnetic field of a
superconductor

(@) Remains unchanged
(b) Increases
(c) Decreases

(d) First increases, reaches a peak
and then decreases

The energy gap of a superconductor
(a) Is independent of temperature .
(b) Increases with temperature

(c) s maximum at a critical temperature
(d) Is minimum at a crifical temperature

Which of the following properties is
NOT correct for a superconductor in

i e . [ : .
A RIS T~ T ARV A T BT & AL R Vo SR
BT ot A OLB T L BN SN

{(a) its resistivity is zero

conductor is zero
(c) Its relative permeability-is-unity--

(d) Its magnetic susceptibility is

negative

Lead

1. Is not used to form cable sheaths.

2. Is least affected by sea water.

3. Has good malleable and ductile
properties

4. Will not alloy with many other
metals

(a) 1 and 2 are correct

(b) 2 and 3 are correct
(c) 3 and 4 are—correct
(d) 1 and 4 are correct

Match List-l with Listdl and select
the correct answer using the code
given below the list:’

)
(b) Magnetic flux density inside the.

38.

Cow»
@

—
<

(@

L)
(c)
(d)
it is ¢
condu
(a) a
(b) a
tre
(c) a
(d) a
ati
Consi¢
insula:
1. In

2. Di

3. Di
4. Pe

Some
use al




pelow the
the value of
2ld  of a

ches a peak

:perconductor

properties -is
rconductor in

Cable sheaths.
¥ sea water.
and ductile

= and select
3135ing the code
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List -

Porcelain
Steatite
Mica
Rutile

°Cow»

List I -

38.

39.

- conductivity of a-material by applying

~(a) a strong magnetic field

1. Used for
applications

high frequency

2. Used in capacitors to be operated
at high frequencies '

3. Used for insulators
4. teieases water when heated
Codes:

A B C
(ay 3_ 1 4

1 = 4

N O

5y
[@V]

() 3 4.2 1
@ 1t 4 2 3
It-is-possibte to destroy the super-

(b) a temperature much below the
transition temperature

(c) a strong electric field

(d) a pressure below that of the
atmosphere

Consider thefollowing properties of
insulators: '

1. Insulation resistance

2. Dielectric breakdown strength
3. Dielectric losses

4. Pemittivity _
Some of these properties are for DC
use and some are for AC use.

The comrect combination is

DC use AC use
(@ 1.2and 3 1, 2 and 4
(b) 1 and 3 1, 2 and 3
{c) 2 and 4 1 and 2
(d) 1 ang 2 1, 2, 3 and 4
Directions:

The following items consist of two
statements, one labelled as ‘Assertion A
and the other fabelled as ‘Reason R’. You
are to examine these two statements
carefully and select the answer to these
two statements carefully and select the
answer to these #tems using the codes given
below:

(a) Both Aand R are individually true and
"R is the cofrect explanation of A

Y and ¥ are indt s s bl

Both Aand 7 e i !

R is not the correct explanaticn of &

Pica i

(c) A is true but R is false

(d) Ais false but R is true. :

40. Assertion {A): Lepidolite type mica is
unsuitable for electric insulation.
Reasor {R): Lepidolite is hard and
brittle. T

41. Assertion {A): Glazing is done on
ceramic insulators to make the surface
smooth and non-absorbent.

Reason (R}: Moisture from the
atmosphere can collect on the surface
discontinuties on a ceramic and result
in electric breakdown.

42. Assertiom (A): An electric or
mechanical input makes the fiux jump .
from one superconductor fo another,
generating large direct cumrents.

Reason {R): The electric resistivity of
superconductors depends upon the
magnetic field.
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43.

44,

Assertion (A): Cryotron is a swiich
constructed out of superconducting
materials.

Reason (R): Switching action is
characteristic of superconductors only.

Assertion (A): Aninsulator has a high
value of resistivity, and with increasing

~ témperature the vlaue of its resistivity

45.

decreases exponentiaily.

Reason (R): With increasing
temperature, the value of the energy
band gap decreases. ,

Assertion (A): Superconductivity of a
superconducting material can be
destroyed by application of an external
magnetic field.

Reason (R): If the applied magnetic
field is greater than the critical

46.

47.

-

magnetic field at a given temperature
which is more than the transition
temperature, super-conductivity can be
destroyed.

Assertion (A): At .absolute zero
degree Kelvin temperature the
semiconductor matgrials behave as
insulators.

Reason (R): At absolute zero degree
Kelvin temperature, there is nc energy
available to generate the current

carriers in the semiconductor. ,

Assertion (A): Superconductors
cannot be used as coils for production

- of strong magnetic fields.

Reason (R): Superconductivity in a
wire may be destroyed if the current
in the wire exceeds a critical value.

C

ANSWERS
1. () - 1. (b) 217((:) s (b) 41, (a)
2. (d) ; 12 (br),, 22, (c) 32, (d) 42, ()
3. (¢ | 13- (a) 23.  (a) 33.  (b) 43. (o)
4. (@) 14.  (d) 24, (c) 34, (d) 44,  (d)
5 (c) 15.  (c) 25. (b'j 35, (c) 45.  (a)
6. () 16. - (d) 26.  (c) 36.  (b) 46. (a)
7. (o). 17.  (b) 27. (¢ 37. © [ 47. ()
8. (o) 18.  (d) 28.  (a) 38.  (a)
9. (d) 19. (b) 29. (a) 39, (d)
10.  (d). 20. (b) 30, (c) 40. (a)

10.

13.

15.

19.

()
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(i)
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10.

13.

15,

19.

(d)

As we know, mean free path, A =vyt-

1
and A oc =g '
{a)
Critical magnetic field is the required
magnetic field to.bring conductivity of

super conducting material to normal

state. :

{c)

Mobility of electron is more than hole
(c)

External magneticO field equal to
critical magnetic field can destroy
super Conductivity. Also by the

[P e . '
— N s T T R L R > Fa Ta T Iat
anpiCs MO SE AL MAanne i

the value of transition temperature
decreases. _

(d) - : —
Sk, is an inert gas.

(a)
QET
V=g
(c)

At critical field the superconductor will
come to normal state.

(b)

Resistivity is composed of two
components:-

(i) Thermal Resistivity : It is due to

lattice vibration and s
characteristic of the particular
substance

(ii) Residual Component : This
component arises due to impurity
and defect present in the material.
This is independent of temperature.

22. (c) _
For super-conducting metals,
Xm = -1
and Ym Tu,—1.
So u, =0
23. (a)

Roew =Ro[1+(a At)]
At=T, -T;=100°C

¢ 7 0.0008,Ry =8shm
Rodw =8(1+0.08)

Riew = 8.640hm”

(b) 3

Superconductors are essentially
~diamagnetic, so they repel the

31.

T miagnetic fieiu

33. (b)

where, Hge—= critical magnetic field.
Hence as-tempeature T decreases
below the transition temperature (T ),
the value “of critical magnetic field
increases. 3

36. (b)
Lead has good corrosion resistance,
so it is least affected by ea water.

37. (c)
Porcelain : is a ceramic material and
used for insulator.
Mica : used in capacitors to be
operated at high frequencies.

38. (a)
if the applied field is greater than the
critical magnetic field at any
temperature, super conductivity will be
destroyed.
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¢.1 INTRODUCTICR

«

Introduction

Classification of Materials in Terms
of Energy Bands

Tvpe of Semiconducting Materials

Classification of Elemental

Semiconductors

Faosition of Fermi Level in Extrinsic.

Semiconductors

Conductivity of Semiconductor

Hall Effect in_Semiconductors

Mevits of Semiconductor Materials

-Apolications of Semiconductor

Materials

Formulated (Compound_and Alloyed)
Semiconducting Materials

Agplications of Semiconductor

Devices
Microelectronics

Fabrication_of Thin Film
Microelectronic Circuit

Semiconductor Devices

Semiconductor [ asers

L1

A semiconductor is defined as a material whose
conductivity falls intermediate between that of
metals, 10° to 108 ohm~'m™, and that of dielectrics
(insulators); 1072° to 108 ohm~'m~".

Semiconductors are materials which have
resistivity between 105 to about 107 ohm-m (at

[P SO —d. -

P - —~
Gifialy wCriipg: ¢

SN
i

Gi L

The resistivity of semiconductors depends greatly
on .

1. The temperature : i'esistivity decreas'esﬁas,,

the temperature increases. Hence, the
temperature coefficient for the resistivity of a
semiconductor is usually negative.-

T2. The iilumination : resistivity decreaseé in
brighter surroundings.

3. The magnitude of electric field in
semiconductors : Current in semiconductors
does not obey Chm’s law and will increase
rapidly than voltage, i.e. semiconductos are
non-linear resistors.

4. Extermnal impurities : A minute amounts of
certain other substances change resistivity of
semiconductor considerably; certain impurities
even change the mechanism of conduction in
semiconductors.

0
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9.2 CLASSIFICATION CF MATERIALS IN TERMS OF ENERGY BANDS

« The band theory provides a clear-cut classification of the matedals according to
which there are three categories nommaly, metals, insulators and semiconductors.

« |If the energy levels of the filled band and the conduction (emtpy) band overlap, a
slight excitation will cause electrons to pass from a filled to a condution band. A

material consisting of such atoms will therefore exhlblt high conductivity, and be a
conductor. 4

material concerned have an energy gap
lying between filled and conduction
band, the material will not be able to
act as-a conductor—1f-the difference R

between the (anergy levels of filled and Conductor Semiconductor Dielectric

Energy Level

conduction band is small, the electrons S Fllled — Em
’ = pty Forblddeen
will only reduire a small amount of B band D

energy (e.g. thermal_energy) to become FIGURE : Energy levels moondqctors,.
excited and pass into the conduction , semiconductors and dielectrics.
band.—Materials of such a class are

sar vnl l\r\r‘u lr‘rr‘\rg |n cor\’\:r\r\na

forbidden region /o’npt\; band
a width of 0.12 to 5.3 eV{normally 1 eV

at room temperature).

1

s The materials, in which the energy gap is still hlgher (Eg =15 eV), the electrons do
i not leave the filled band even by thermal excitation, such materials are dielectrics
*(lnsulators 6 eV).

9.3 TYPE OF SEMICONDUCTING MATERIALS

Types of semiconductor Examples

Elemental form

Cglgmn n Zn, Cd

[} B, Al, Ga, In
v C, Si, Ge
\Y N, P, As, Sb
Vi S, Se, Te-
e Binary compounds
[1-VI compounds ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe
-V compounds AP, AlAs, AISb, GaN, GaP,

GaAs, GaSb, InP, InAs, InSb
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. IV-lv compounds SiC, SiGe
. Ternary compounds GaAsP, HgCdTe, AIGaAs
¢ Quarternary compounds InGaAsP — _
e Tenary alloys Aly ;Ga,,As (30% is Al and 70% is Ga); A
1N, 5358y 534S, Ny 1,Gag gAs, .
. : GaAs) gg505.12
s Quarternary alloys InXG":11_)/\:syP1_y
A. Elemental semiconductors (Group IV element)
(@) Intrinsic semiconductor *
(b) Extrinsic semiconductor :
B. Compound semiconductors
(a) It — VI compound semiconductors
(b) Il -V compound semiconductors ’
{c) IV — IV coempound semiconductors ' :
(d) IV - \/!Eompound semicondi~tar . P ¢
= As conauctivity and banc gap of
hence their usefullness is limited: S.
is used to provide better propertis - e
A. Elemental Semiconductor !
Example ::Ge, Si, C, B, A, Gs. . Sb, Bi etc. 9.
s It i5 pentavalent semiconductor : ;i -
s It is used as doner N-type sem::  :uctor material . ' ' : I A.
s  When it is alloyed with Gallium. © - it is used in fabrication of LED. !
Se (Selenium) : It is used in ph - voltaic cell.
B. Compound Semiconductor fizterial
(i) lli-V semiconductor materiais :
e They provide wider range of band gap and extended temperature range.
e  Structure is diamond cubic.
Example : GaAs, AIP etc- . - ‘ B.
GaAs
e This is large band gap material.
¢ It has large electron mobility which helps in high speed switching.
. It is 10 times costlier than Si ’
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. It is 2.5 times faster than Si based devices

. In GaAs cyrstal, Ga takes place corner and face atom where as As takes place of
four inside atoms:

70% is Ga); Application
' : e LED e Laser » Sztellite Amplifier.
(ii) Group li-Vl1 Semiconducter Materials : L

Example : Cds, CdSe, CdTe, ZnS, ZnSe etc.

.o They are used in photo conductors.

¢ Band gap is larger than group -V semiconductor material.
(iii) Group IV — IV Semiconductor materails : o
Example : SiC

e lts band gap is 3eV.

e o —5jCc can be used for high temperature devices.

e lts_drawback is that it is expensive and not easy'to man'.ufacture_
Cnniied

oo ators

- = -In_these semiconductors excess Pb-give rise tc N-type semiconductors and less Pb-
© give rise (o p-type semi-conductors. : . ) ‘

9.4 CLASSIFICATION OF ELEMENTAL SEMICONDUCTORS

A. Intrinsic semicanductor

e The semiconducting material in its pure (no impurity added) form is generally
known as inirinsic semiconductor.

« In such materials there are mo charge carriers at 0°k as the.valence band is
completely full of electrons and the conduction band-is empty.

« At higher temperatures, electron - hole pairs are generated as the electron of
valence band can cross the energy gap by incident thermal energy.

ge.

B. Extrinsic semicenductor

e The real power of semiconductor materials is realised when these are doped.
Even a very fittte impurity addition (nearly 1 : 102 atom) leads to a drastic change
in the electrical properties of these materials.

» The drastic influence of an impurity on the conductivity of a semiconductor is a
result of change in the energy band spectrum.
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» Extrinsic semiconductor can be obtained by doping the pure semiconductor by
1" or V' group elements of the periodic table.

e The most frequently used elements from the third column ‘are boron, gallium,
indium and aluminium, and from fifth : phosphorus, antimony, or arsenic.

fa) n-type semiconductor

¢ n- type semiconductors are these in which Ci e i
Ge or Si is doped with an element from the ~— = =79 :j:j;r'
fifth column, for example, Ge or Si doped cloctrom i
with phosphorus, antimony or arsenic. These ) PR
impurities from the fifth column have five o

—electrons in its outer shell available for _ I S Ch
interaction with other atoms. B

k43 A
i th N 1o

- FIGURE : n4 i A
e The four nearest silicon atoms then form IGURE - n-type semiconductor,

,,,,, covalent bonds with four of the five valance
electrons of the arsenic atom. In the energy
band diagram, the energy level of this electron
will be close 40 the conduction band as .

indicataed in fioure
mnaicaiec In igure.

~=Note : n-p junction diode
n-p-n used for transister

—» - Impurity atoms like arsenic, that contribute free electrons as described above, are
— called donors, because they donate electrons.

“e [ntroducing a greup-V element in & pure semiconductor create a fevel.close to the

conduction band. The impurity levels created by group-V impursity atoms-is known

as donor level.

¢ This addition of group-V element leads to increase in the number of electrons.
© The majority camiers in n-type semiconductor are “electrons’.

Conduction band Conduction band

— ¢ ¢ _¢ e
Vile & @

Occupied g R lonized
donor levels donor fevels
Valance band
FIGURE : Energy band diagram FIGURE : Donor atoms are ionized by
for donor impurity. thermal excitation, leading to

conduction by electrons.

i i T
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waf electrons.

The Mechanism of Conduction in Semiconductors 185

(b} p-type semiconductor

« p-type semiconductors are those semiconductos in which Ge or Si is doped with
an element from the third column, for example, Ge or Si doped with boron,
gallium, or aluminium.

« Three of the neighbouring silicon atoms form covalent bonds with the three
valance electrons of the aluminium atom (trivaler;t impurity). '

e Impurity atoms, that contribute holes in this :',. L
manner are termed acceptors, because they
accept electrons from Si or Ge atoms.

* Introducing a group-lll element in pure
semiconductor creates a levelnear to the
valence band. The imFurity levels created

by group-Ilt elements i3 known as acceptor

FIGURE e semlconductor
level. p- typ

e Thus addition of group-Ill impurity leads to increase in number of holes Majority
carrlers in p-type semiconductor are “holes”. ‘

Canduction band
Conduction band .
Y et Elactrons from
Acceptor i . Valance band
W - | L3 ® [
"2 49 [
g 9 o o
A w;

v
//Vatance -band

FIGURE : Energy band diagram
for acceptor lmpunty

FIGURE : Acceptors have accepted
electrons from valance band
at the expense of energy W,

9.5 POSITION OF FERMI LEVEL IN EXTRINSIC SEMICONDUCTORS

A. n-type extrinsic semicondudor

« In intrinsic semiconductor, fermi level lies very close to the middle of forbidden
energy gap (Eg) indicating equal concentrations of free electrons and holes.

* When donor type impurity is added 1o the crystal (ifbwe assume that all the donor
atoms are ionised). The donor electron will occupy the states near the bottom of
the conduction band.

+ Hence it will be more difficult for the electrons from the valence band to cross
energy gap by thermal agitations. Consequently, the number of holes in the
valence band is decreased. Hence E, for n-type semiconductor must move closer
to the conduction band
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FIGURE : Position of Fermi level in N-fype semiconductors.

E,—> EnefgyJeMer corresponding to the Donor impurities

B. p-type extrinsic semiconductor

« When a group Nl impurity is added, it creates new energy levels, that are near
to the top of the valence band. » 1 '

« The energies for holes are highest near the valence band and de_Creasé vertically
upward in energy level diagram. ,

¢ When an intrinsic semiconductor is doped with acceptor type inipurity. The
concentration of holes in the valence band is more then the concentration of
electrons in the conduction band; Fermi level shifts towards' the valence band.

FIGURE : Position of Fermi level in p-fype semiconductors.

E,— Energy levels corresponding to the acceptor impurities

9.6 CONDUCTIVITY OF SEMICONDUCTOR

-« Since both types of charge carriers. (electrons—and holes) are available in a
semiconductor and both are influenced by exteral applied efectric field, therefore
the net conductivity of a semiconductor will be a sum of conductivity of holes and
electrons.

« |If n be the no. of electrons and p be the no. of holes.
The current density due to electrons Jo = neyv, —
The current density due to holes J, = p.e.v,

The net current density of a semiconductor
J = J, +J, = nev, +pey,

eE[nVAeﬂLDV*h}

E E
ek [Ny, +p.y,]

— .
H

| -0
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where
m, — mobility of electron
m, — mobility of hole
Vy  Average drift velocity

m = "E " “Applied electric field

e And conductivity due to drift motion of charge carrigrs

J
s= £ e [Ny +py,]

For an intrinsic semiconductor;
hat are near :

n-= p = ni
. . . =11, ’
ise vertically The conductivity will; therefore be ,
o= me(ue + )|
npurity. The * The reciprocal of conductivity is resistivity
sentration of .
: ' 1 1 1
ience band. L
- o o &MU +PHy)

- of temperai;rc on the ra’e o plu duction of efectron-hoie j

NrE. ! show s the :
~ any intrinsic semiconductor, the intrinsic concnetration n,, and hence the conauc uwty
B follows the relation = -
oo g . n = AT3%2¢ —eV/ékT
- ) ' 1
rrrrrr 1 ~- Here V = The energy in volts required to break the covalent bond.and is called

ionization energy,

. " T = The absolute temperature,
ailable in a k = Boltzman’s constant,
i1d, therefore
of holes and " e = The charge of an electron,
and A=

A constant that depends on the semiconducting materiat.

s In pure germanium V = 0.75 volt and A = 9.64 x 101°, so that at room temperature
of T =300 K, n, = 2.5 x 10" electrons per m2.

* The mobilities of holes and free electrons in germanlum are 0.17 and 0.36 m? vol’(—1
sec™!, respectively.

9.7 HALL EFFECT IN SEMICONDUCTORS

e The Hall effect occurs when a transverse magnetic field is applied to a specimen
(metal or semiconductor) carrying current. Under these conditions, a transverse electric
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field is produced (perpendicular to both the direction of electric current and the
applied magnetic field). The effect thus produces a measurable transverse voltage
across the specimen.

‘

¢ The conductivity of a semiconductor does not determine the mobility and the density
of charge carriers separately (determine the product of the two). However, in case
there is only one type of charge camers (either electron or holes); the density of
charge carriers can be found from a measurement of the, so called,Hall coefficient,
R, of the material. : - T

#B Resultant field

By x R—

FIGURE : Hall effect in p-type semiconductor.

¢ Let us discuss the Hall effect for a p-type material, assuming the carriers are positive
holes then by applying electric field they will drift with an average velocity v, in the
x-direction. - !

Y VAT oot — o i
S T T T L e 1 F o PP T S T U O PR YL F PN
i T - AU L Zaan e hnnn e

P AT
B

carriers will experience s Loreniz force perpendicular to v, & B, , resutiing in ar

excess of holes near the front face and deficiency of holes near the back face. These
charges willin turn create an electric {field along the negative y-axis i.e. E,

ek, = ev,B, ' (1) |
. . @) N
O - Z i i
also, the current density
— J, = nev, ...(3)

where,
J, - is_the current density in the x-direction.
n, — is the density of holes. (only positive charges).
Then “Hall coefficient” Ry, is defined as.

E 1

Ry=—2 ——
HTBJ, en, )

» If instead of holes the carriers-were electrons, then the voltage measured across the
Hall probes would be reversed. Hence, for electrons,

E 1
Ry=—Y —
HTBJ,  en, ~(9)
where n, is the density of conduction electrons. - " e F

I SN _
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Note
1 . L . .
~, when electron is.moving with drift webecity
RH = p37t .
a when electroen motion is random
P
_ : ) 1
where, r = charge density = e €

R - negative for n-type semiconductors
H = | positive for p-type semiconductors

+ Measurement of the hall coefficient in a semiconductor gives us #he information
about the density of the carriers and their sign (whether electrot or holes).

Due to the presence of the hali field Ey, the resultant field in the matesiaf no {o:1;2r
remains longitudinal but makes a angle q with the x axis (previous fiedd-direc’iz:.".
The angle q is called “Hall angle”. ‘

Calculation of Hall voltage :

~ From equation (2)

“y T Eh "‘:‘-}j
\‘/’H -
a4 =" v,B -
o 'V, = v,dB o (8)

~where d is the width of the specimen :
- We know that, L

y - -
Vg = e 5 (r = charge density)
From equation (6) .
J
v, = ,,BXdXB
! dxB )
VH = K‘;X X
v, = wip xdxB (w = thickness of the specimen)
Bl
Vy = W

V, = R [g\
I T WJ

« For comparable electron and hole concentration
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e For intrinsic semiconducior

1n (uﬁ —ui)
' 4qie‘rﬁz(i’lh THe )2

1 ()

nize (“h tHe )2

RH:

3 ’:_1_(Hh._ue)
R = 2 (a1

But for intrinsic semiconductor H. > My

R, is negative fof infrinsic semi-conductor

Note © Value of Eufor_ si--10°
Vaiue of RF for Ge = - 10°°

Application of Hall Effect

e To determine the type of semiconductor.
e 7o determine the carier concentration,

+ To calculate mobilify of carriers.

9.8 MERITS OF SEMICONDUCTOR ¥ - “ ERIALS

e Smaller in size

e Very light in weight

e They consume negligible power
+. Their operating voltage in low

e Do not show ageing effect

T.S. Applicationsof semiconductor materials

1. Thermistors, 2. Varsioer, 3. Photo electric device, 4. Photo cells, 5.

Refrigeratiaes
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;s of TV camera ! « Metal-semiconductor field-effect transistor (MESFET)

. Metal-insulator-semiconductor field effect transistor (MISFET)

Optoelectrenic devices e.g.

» Photodiodes - Photodetectors
» Photocells - Solarcells
y and excellent . Light emitting diodes (LEDs) ¢
| by depositing . Optical fibres «  Semiconductor lasers

Negative cenductance microwave devices e.g.

gap is 2.4 eV.
: - Tunne! diodes . . . Impatt diode
- The Gunn diode

Power devices e.g.
« p-n-pn diode
- Silicen controlled rectifiers (SCRs) :

4. « Juncifon : Boundary between p and n semiconductors is knuwi as junclion. The
=ry high (about” o region of smgli thickness af the junction is called depletion laver. The rectifying action
: takes place in this region: : _ o -
e Transistor : Two junction (n-p-and p-n)-system shows amplifying action of electrical
" signals. Miniature, cheap, reliable, instant acting and less power consuming solid
state transistors. Metal oxide semiconductor field-effect ransiistor (MOSFET) is a
modern fransistor used in street lights and as burglar alarm. CdS, CdSe and CdTe
" are commonly used photoconducting semicondutors.

¢ Photodiedes : A photodiode is a two terminal device, which responds to photon
absorplicn.

¢ Photocanductors (or photo detect'brs) used-to detect and measure the quanta of light
such as in automatic door opener, in switching the street lights.and as burglar alarm.
CdS, CdSe and CdTe are commonly used photocondcuting semiconductors.

e+ Photocedls convert the light energe into electrical energy. Made from CdS, Se and
PbSO4. Photocells are used in cinematography, firealarms and television cameras
etc.

e Solar cells from semiconducting materials are of immense utility in satellites and

space-gaing vehicles. They are also used in calculators, solar power generation and
solar autovehicles.

+ Light-emitting diode is an incoherent light source, that is used as a light source in
fiber optic systems and other devices. '
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¢.10.2 Semiconductor Lasers - s - .

Materials for Semii:‘onductor Lasers

Laser is the source of a highly directional, monochromatic coherent light which is
used as a light source for various optical and electronic devices.

Optical fiber is a means of transmitting optical signals from a:source to a detector.
Thermistors are used to determine the temperature of systems in process industries, :
ovens and furnaces etc. They are manufactured from sintered manganese oxide that
contains dissolved germanium or lithium. ;

Integrated circuits are made on a single chip that contains digdes, transistors,- 7:3

either unipolar or bipolar techniques.

Thermistors : These work on temperatuwre dependency effect of semiconductors.
Varistors : These work on voltage dependency effect of semiconductors. ,
Rectifiers : These work on impurity dependency effect of semiconductors.
Strain gauges : These work on change in resistance effect of semiconductors. |
Zener diodes : These work on electrical field effect of semiconductors.
Transistors : These work on amplification effects of semiconductors.

Photoconductive cells : These work on the light-illumination effect of semiconductors.

[N TR
Piyeacisiatise A
HEFEH VR RIHGIRS,

[itimnrmitmim mmiia - T A PY ST B PP P
Phenvaitalc calls - These work on the enlical ¢ somis o

Dt e e e

48]

Hall effect generators : These work on the carrier drift effect in semiconductors.

Laser (light amplification by stimulated emission of radiation) is a quantum electronic - =

device that generates intense electromagaetic radiation.

-Now a days solid ruby laser (chromium igas in alumina), liguid lasers (having rare- -- 4

earth ions), and gaseous laser (such as carbon dioxide taser) are used in successful
applications but semiconductor lasers are more efficient than these lasers.

GaP, GaAs and GaSb are the most significant compounds for this _purp‘oée.

In semiconductors lasers, light emission is obtained through a pn junction as a result
of recombination of electrons and holes.

it must be efficient light emitter.
It ease in formation of p-n junctions.
It and heterojunction barriers.

-Vl compounds efficiency high for light emission, but formation of their junction is
difficult. However using nitrogen (N) as acceptor, the junction can be grown easily in
the following materials by crystal growth techniques like MBE (molecutar beam epitaxy)
and MOVPE (metal-organic vapour-phase epitaxy).
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=

« ZnS « ZnSe . Zn'I_'e

Lasers made of these materials emit in the reqion of areer and blue-green light
spectrum. !

Large bandgap semiconductors : Semiconductor of large band gaps {(about 2 to 5
eV) offer good candidature as semiconductor lasers materials. e.g.

« InN (E =2eV) - GaN(E = 3.4 eV) . A!N(E =5 eV)

e This covers a wide range of light emission from blue to UV spectrum.

o Ternary alloy system : Thses are used in the lasers used in fibre-optic communication
systems.

. AlGaAs . PbSnTe . InGaSb

» The PbSnTe is able to provide laser output in the wavelength ;ange from 7um to

above 30um at low temperatures. The InGaSb is suitable for use at intermediate
wavelengths. )

¢ Quaternary alloy system : These are versatile in fabricating, by allowing flexibility
in lattice matching. e.g. InGaAsP

f

e Short waveleﬁgth emitters : Blue/UVsemlconductor lasers are vem 9u'rabl<= for storage

e

[Tatatiy -l o 7
“ove o ﬁrﬁr‘\Yl P et
\\.,L_/u), Gl \_, Lul Vorsauie oEs

PN

¢ By reducing the laser wavelength i.e. by using short wavelenath ensiitare the storane
- density of these devices can be increased many times. e.g. InGaN

This laser has multi-quantum-well heterostructures.

9.41 MICROELECTRGONICS

+ In microelectlronics single piece of semiconductor can connsct more than 10600
transistors on an area of about 1 square centimetre.

¢ Processes of microelectronics may be classfied as :
- Semiconductor microelectronics, and
«  Thin film micreelectronics

e Diodes, pnpn swilches, transistors and resistors belong to semiconductor
microelectronics group while the interconnections of various electronic circuits and
capacitors are the products of thin film microelectronics™

9.12 FABRICATION OF THIN FILM MICROELECTRORIC CIRCUlf

« In fabricating of these circuits, glazed ceramics and glass substrates are used.

e Substrate is a polished surface on which many hundred 1.Cs may be located.
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e Deposition of 1.Cs on thin films can be done by one or more of the following processes.

(i) Vaccum deposition
(iity Vapour plating
(v) Plasma decomposition

(vii) Anodization

e Thin film resistors employ metallic film while the conductors emplsy fiim of gold or__

(i) Silk screening
(iv) Electron beam decomposition

(vi) Sputtering, and

aluminium; and capacitors use a dielectric film.

e lon implantation is a most modern method of doping microelectronic devices such as

‘in MOSFET.

Qoo

i
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{ auEsTioss )

For a semiconductor, which one of the
following statements is NOT correct?

(a) When an electron and a hole
recombine, energy must be
liberated

(b) Electrons in the conduction band
can acquire a net acceleration
from a field because there are
empty energy levels available

(c) An electron in the valence band
cannot be accelerated by the field
unless there are empty energy

SNVTIS

(d) Holes cannot be accelerated by
the field unless there are empty.

energy feveis avaiiabie”
Consider the following statement :

Extrinsic semiconductors show high

electrical conductivity because the

impurties are

1. Of high conductivity
2. Highly mobite

3. Highly charged

Whic_h of these statements are NOT
correct?

(@) 1 and 2 (b) 2 and 3
(c) 1 and 3 (d)1, 2 and 3

Match List4d with List-ll and select
the correct answer :

List —I List —-ﬂ o
A Ga-As 1. lniegi&d circuit
B. Nichrome 2. Laser
C. Quartz 3. Busbar
D. Si 4. Heating eicme.

5. Osdiliator
Codes ‘ f
A B L D

@ 2 4 5 1
® 1 5 3 2
dey 2 5 3 K
) 1 4 5

. Assuming the Fermi fexc L -
~ independent of-tempers: &e, E ;
_be defined as the leval wit

f

accupancy probability of

@) 0% (b) 5%

€} 75%  (d) 100%

The forbidden energy gap.in stiicon at
300 K is ”

{a) 1.41 eV
{c) 0.785 eV

(b) 1.1 €V

With an mcrease in temperature, the
fFermi level in an intrinsic -
semiconductor

{a) Moves closer the conduction band
edge
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10.

(b) Moves closer to the valence band
edge
(c) Moves into the conduction band

(d) Remains at the centre of the
forbidden gap

On which of the following factors does
the electrical conductivity of a
semiconductor depend?

1. Carrier concentration
2. Carrier mobility
3.~ Sign of the carrier

Select the correct answer using the
codes given below :

(a)y1and 2 (b) 1 and 3
(c) 2 and 3 (d) 1, 2 and 3
An intrinsic semiconductor at a

teamnaratiira o
e re of

. [ i '
QPCALITA 7000 NGO oe
era e Zero pennves

like an insulator because of

(@) Non-avaiiability of free eiectro

(b) Non-recombination of electro:.
with holes

(c) ‘Low drift Qélocity of free electrons

(d) Low (almost zero) electron energy

‘In which one of the fcliowing ways can
-the Hall-voltage across an impurity

semiconductor crystal. be increased?

(a) By increasing the thickness of the
crystal

(b)” By increasing the concentration of
impurity atoms in the crystai

(c) By increasing the width of the
crystal

(d) By increasing the -current flowing
through the crystal :

Which one of the following statements

is correct? The Hall coefficient of an
intrinsic semiconductor is

1.

12.

14,

15.

(@) To finc iy,

(a) positive (b) negative

(d) infinite

The electrical ‘conductivity of a
semiconductor increases with increase
in temperature because

(c) zero

(@) The mobility of the carriers
increases e

{b) The carrier concentration

increases

(c) Both carrier concentratiom and
mobility increases

(d} Thermal energy of electron
increases

Fermi level in a p-type semicondiuctar
lies close to

(a) The top of the'valar-= “anc

T

SEE

sconduicter
(whether p or n y5.¢)

(b) To find carrier concentratiom

(c) To measure conductivity

(d) All'of the above -

Width of energy bands depemds an
which of the following?

- (a) Temperature

(b) Pressure

(c) Relative freedom of electnons in
the cyrstal -

(d) Mass of atom in the materiial

Which one of the follov" = staterments
is not true for a p-typ: e Susstor?

e m Saloh

(a) Conductic:: .

of holes .. ... . :ience b

16.

17.

=N
[{u}

20
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16.

17.

19.

20.

e

" number of

number of holes at which temperature?

(b) Holes constitue the majority
charge carriers

(c) Fermi levei lies closer to the
" conduction band

(d) ttis formed by adding an accepior
impurity to germanium

Principle of Hall effect is used in the
construction of which one of the
foliowing?

(a) Ammeter (b) Voltmeter
(c) Galvanometer (d) Gaussmeter

For which one of the following
matenals, is the Hall coefficient zeso?

(a) Metal

(b) Insulator

(c) Intrinsic semiconductor
(d) Aoy

in an-in

£

(a) 0 K ,

) 0

(c) High-temperature
(d) All temperatures

Elements can reach a stable atomic
structure by )

(a) losing electrons only

(b) gaining electrons only

(c) losing or gaining of sharing
electrons

(d) collisions between atomé

-V alloy semiconductor crystafllizes
in what form?

(a) Simple cubic structure
(b) Body-centered cubic structure
(c) Zinc blende structure

. (d) Wurtzite structure

21.

22.

23.

24.

Which one of the following is the Fermi
function f(E)?

1 1
(E-Er)ixT) (D) 1 o(EERVIKT)

(a)

i+e

© 1+ el E)i(kT) (d) 1_ o(EFEM(T)-

What is The output voltage’ produced
across the crystal by Hall effect, due t0?

(a) Drop across the crystal due to
current passing through it

(b) Movement of charge carriers
towards one end

(c) Induced voltage by the applied
magnetic field

(d) Induced voltage by the applied
electric field '

The measurement of which one of the

following” wil

ovesl the gy o s
charge carriers? J

(z2) Conduclivity

(b) obility

(c) Hall coefficient

(d) Diffusion constant

Consider the following statements
about semiconductors?

1. The forbidden ene'rgy gap in
semiconductors lies between the
valence band and conduction
band.

2. The forbidden energy gap in
germanium at 0 K is about
0.72 eV.

3. Semiconductors have negative
temperature coefficient of resistivity.

Which of these statements are correct?
(@) 1,2 and 3 (b) 1 and 2
(c) 2and 3 (d) 1 and 3
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25. Consider the following statements : 28. A semiconductor has a band gap of 2 @ A
In a Hall effect experiment, the sign of eV. The wavelength of radiation
Hall voltage will change if emitted from the semiconductor when (b) A
1. Direction of applied field is electrons and holes recombine is >(c) Z
changed. _
9 (a) 625 nm (b) 625 pm (d) P
2. Direction of applied magnetic field i
is changed. (c) 625 mm () 625 cm.
3. Direction of both applied electric | 29. The Fermi function for an electron is 34. Thec
and magnetic fields are changed. f(E), where E is energy. Then, the due t
4. Direction of current is changed. - Fermi function for a hole is: 1. C
Which of these statements is/are (a) f(E) (b) 1 — f(E) 1 2. C
R ,
correct j (c) (E) (d) 1+ (E) 3. [
a)1,23nd 3 b) 3 onl i
(@) (b) y 30. According to free electron theory, (a) 1
(c) 1,2and 4 (d) 3 and 4 electron in a metal are subjected to © 1
. L c
26. For mstrmsul: Gg As, the 'r(?on?— (a) Constant potential
temperature electrical™conductivity is 35. Cons
1078 {ohm-m)7Y, the electron and hole .~ (b) Sinusedial potential - - .
mobilities are. '?9593?“‘?;3"50-5?‘7d (c) Square wave poteniial area
0.04 m?/\V-s. What is the instiinsic differ
‘carrier concentration n at the room d) Non-periodic potential _ th '
, ) , e ¢
7 temperature?r 31. Controlled addition of group Ill element veloc
(8) 108' m3 to an elemental semiconductor results
. B : . . The
(b) 102 m=3 in the formation of
(c) 7.0 x 10*2m-3 (a) Intrinsic -semiconductor as-t
(dy 7.0 x 1020 m=3 (b) n-type semiconductor - elect
27. Consider the following statements : (c) p-type semiconductor aRChfi
_ o}
-1. Fermi level-lies below the donor .(d) Degenerate semiconductor
4 > (T). -
level at room-temperature (T) 32. The Fermi energy E. of a metal is (a)
2. Fermi level lies above the donor proporticnal to (n is the number of free
levelas T 0. electrans per unit volume of the metal)
3. Fermi level lies.in valence band. as - " (c)
. L : (@) n? (b) n'2 :
Fermi level remains invariant with
, (c) n?2. (d) n¥2
emperature. 36. Mat
(a) 1 only (b)1 and 2 only 33. Th.e temperature coefﬁ(’:lent of a cor
resistance of a dopped semiconductors belo
{(c) 2,3 and 4 (d) 1, 2 end 3 is
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(a) Always positive
(b} Always negative
(c) Zero

(d) Positive or negative depending on
the level of doping

The current flow in a semiconductor is
due to

1. Drift current

2. Displacement current

3. .Diffusi()n current

(a) 1, 2and 3 (b) 1 and 2 only
(c) 1 and 3 only (d)2 énd 3 only

Consider a metallic conductor of length
L m and a constant cross-sectional
area of Am®. A steady potential
difference of V volts is applied between

the ends of the conducter. The drift

velocity of the free electrons is v m/s.--

The mobility of the electrons is defined
_r
Vi R if the number of free
electrons per m3is N and each carries
a charge of e Coulomb, the resistance
R of the conductor is

as u=

LN
ohm —oh
@) NAue () Aueo m
Lu Lue
——ohm ——oh
©) Nae (d) aonm

Match List-l with List-ll and select the
correct answer using the code given
below the list:

List -l List —II

A. Carbon (Diamond} 1. Conducting

B. Silicon 2. Semi-
conducting

C. Tin (Grey)
D. Lead‘
Codes:

3. Insulating-

(a)
(b)
(c)
(@) 1

-

w = W >
= = N N
NN = =0
W = w =2 D

DIRECTIONS :

The folloyvin_g items consist of two

T T O TH U o Sy J N A A S WPy
Slatsiiiciiy, Uit tane Ol uo s

s P
GO A

and the other labelled as ‘Ressorn R'. You
are 1o examine these twe slatements
carefully and -select the answer .to these-
two statements—carefudly and select-the
answer to these itemsusing the codes given—

below:

(a) Both A'and R are individually true and
R is the correct explanation of A

{b) Both A and R are mdividually true but .
R is not the comect explanation of A

{c) A is true but R is false

{d) A is false but R is frue.

37. Assertion (A): Adoped semiconductor

will behave as a perfect insulator at
zero Kelvin but its electrical
conductivity will ise if the temperature
is slowly increased above zero Kelvin.
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38.

Reason (R): The rise in electrical
conductivity is mainly due to increased
jonization as the temperature is rasied
above zero Kelvin.

Assertion (A): Energy released when
an electron jumps from a higher to a

lower level is usually in the form of |

photons.

Reason (R): Energy released when
an electron jumps from a higher to a
jower level is absorbed by the nucleus.

40. Assertion (A): Instrinsic semiconductors

39. Assertion (A):.An intrinsic semi- ﬂ
conductor has low electrical ]
conductivity. Hence, it is normally not
used in the device fabrication without
doping.

Reason (R): Its electncal resistivity can
be increased by raising its
temperature.

show negative Hali coefficient.

Reason (R): The number of electrons
and holes are equal in an intrinsic
semiconductor.

Qoo
ANSWERS -
1, (@) S (d) 7. (&) ‘
2. (a) 0. {b) 18.  (d)
3. (a) 1. () | 19.
4- (b) 12. ) 20. (o)
5. (b) 13, (d) 21 (a) 20, (b) 37 (d) ]
6. (d) 14.  (a) 22. () | 30. (a) 38. (a)
7. (@) 15. () 23. (o) 31, (© |-39. (o
8. (@) 16.  (d) 24.  (d) 32  (c) | 40.  (b)

4. (b)

The Fi
state v
if no f«

6. (d)

Fermi
does

move
is add

7. (@)

Conc

ne(p

a.  (d)

S10. ()
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10.

1.

12.

N A /
‘

4 SOLUTION

(b)
The Fermi level represents the energy
state with 50% probability of being filled,

-if no forbidden band exists.

(d)

Fermilevel in aninfrinsic semiconductor
does not depend on temperature. It
moves up or down only if some impurity
is added in semiconductor.

(a)

Conductivity of semiconducto‘r =

ne(“e + Hh)
d) -
Bi
Vo, =——
Hali Voltage, V# ow
So Vyoi .
(b)
For instrinsic semiconductor,
n=p-=n,
and Ry - | &:H_]
ni qQ\ ¥p + Hn

‘and as w,(mobility of e”) > pp

Ry = negative, for instrinsic semi
conductors.

(b)

At high temperature more covalent
bonds will break, and so more charge
carriers will be available.

(a)

Energy band diagram for p-type semi-
conductor -

I_*__J conductien tand

negativé” """

15.

17.

18.

22,

26.

27.

ion *e_e_e_e_E (Fermi Level)
lo:)}g 0 0o lValance band

extra generated holes

(c)
In p-type semiconductors, Fermi level
is slightly above the valance band.
(a) t
1 ‘
Ry=—-
" he

where, n = carrier concentration as for
metals n—» » so, Ry —» 0

(d) ’

Forinstrinsic =~ eoonroctor, n=a=0
(c)

Que o b Gy rhnese
CAlmers i ATt ;

output voliage . .1« v uced across the
crystal by hall effzci.
(c)

As for intrinsic GaAs, n. =n=p

G =ne(u, +H,)
(o)

= ———
e(u, + 1)

~ 10°°
1.6x107%(.5+.04)
n, =7x10”m™
(b)
Fermilevel in an n-type semi-conducior
at zero degree kelvin will be below
donor levei and above the half way

between the conduction band and e
valance level.
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28. (8) (i) Drift Current — which is due to
Given, E = 2eV applied voltage
_ 1 24 {5} Diffusion Current + which is due to
Wavelength of radation, A(um)=—— difference in concentration of
Eg charge carriers in semiconductor
x=1'§—4x10‘6m 35. (a)
' As we know i
A - 6250 current densit,
29. (b) | TP ~
Fermi Function determines the glve.n, P = neVa =y :
probability of electron or hole and | so i=neAy .. (i)
f(E)electrc:m +f(E)hole =1 . _ Y
and givenu= ——
32. (c) VI/L
' 2 2/3 Vu N
E - (hC)2 [E} 2/ so vy = L. (if)
8mc T ,
- — L !
So, E; o n?/3 = so i  NAue
33, () 7. id)
temperature coefficient (;f a ddpped keivin, so it will b-e—.;;av- as insula!
-semiconductor may be positive-or not perfect insutator.
negative dep??nding on the level of | 35 ()
‘ doping. ..miconductors have neg: tive
34, {c} -erature coefficient, there eleci:ical
Current -flow in semi-conductor is due resistivity decreases by raising
fo— - temperature. ‘
-00G
m
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10.1 INTRODUCTION

Introduction
Refraction
Reflection

Absorption

Rayleigh Scattering

Transmission

Thermal Emission

Photoelectric_Effect

Brightness

Optical Properties of Non-MetaIs

Optical Properties of Metals

Optical Properties of
Semiconductors

Visibility Range of Light Spectrum

Optical Propem'és of Insulators

Optical Absorption in lonic Crystals
Luminescence
Photo-Luminescence

Electro-Luminescence

i they causes po|a"¢7ah'm of the Clima v

| Optical property deals with the respor}sé of a material
.against exposure to electromagnetic radiations,
| specially to visible light. When light falls on a material,
severall processes such as reflection, refraction,
absorption, scattering etc.

16.2 REFRACTION

When light photons are transmuted throuah @ material,

b

m.-’_, Gy e scting wWiEhE poos

lose -some of their energy. As a resuli of thls the "
1 speed of light is reduced and the beam of light
changes direction.

Exahple:
Material Refractivé index

() Germanium | 4

i) Ar 1

(i) Water 1.33
(iv) lce 1.309
(v) Dimond - 2.41
(vi) Silica glass 1.458
(vii) Sapphire ALO, 1.76
(viii) NaCl 1.54

(ix) Rutile, TiO, 2.68
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Opto-Electronic Devices

Solar Cells

Light Emitting Diodes '

Light Emitting Materials

Optical Fibres

Types_of Qptical Fibres

Thermal Properties

Heat Capacity

Thermal Expansion

Thermal Conductivity

Relation between Coefficient of Thermal

Expansion and Melting Point

- Therma! Stress

10.2 REFLECTIOK

When a beam of photons strikes a matenal, some of
the light is scattered at the interface between thet wo
media even if both are transparent. Reflectivity, R, is
a measure of fraction of incident light which is reflected
at the interface.

10.4 ABSORPTION

When a light beam is striked on a material surface,
portion of the incident beam that is not reflected by
the material is either absorbed or transmitted throdgh
the material. The fraction of beam that is absorbed is
related to the thickness of the materials and the
manner in which the photons interact with the
material's structure.

L4

| 10.5 RAYLEIGH SCA_TTERIN(:%

Here photon interacts with the electron orbitin: . d
! .

sl e s vdibonnd o i T S

A

encryy. 1his.s more vitai for high atonuc nuinber
atoms and low photon energies. Ex. Blue colour in

the sunlight gets scattered more than other colors in-

the visible spectrum and thus making sky look blue.

¢« Tvndalli effect : Here scattering occur form
particles much larger than the wavelength of light
Ex. cloud look white

« Compton scattering : In this incident photon
knocks out an electron from the atom loosing
some of its*energy during the process.

10.6 TRANSMISSION

The fraction of beam that is not reflected or absorbed
is transmitted through the material. Thus the fraction
of light that is transmitted through a transparent
material depends on the losses incurred by absorption
and reflection. Thus, R+ A+ T =1

where R = reflectivity, A = absorptivity, and

T = transmitivity

3

Note

‘ Phén(

the m
wavel
effect

_10.1

Phenc
any o

10.1
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10.7 THERMAL EMISSIORN
4 _ome of 7 e When a material is heated electrons are excieted to higher energy levels generally
2n thet wo in the outer energy levels where the electrons are less strongly bound to the nucleus.
dvity, R, is These excited electrons, upon returning back to the ground state, release photons
reflected in process termed as thermal emission.

e By measuring the intensity of a narrow band ot he .emltted wavelengths with a
pyrometer, material’s temperature can be estimated.

Note : Lasers are useful im welding, metal cutting, heat treatment, surgery, mapping,
reading compact disc etc. Ex. Ruby, single crystal of Al,O, dopped with little
amount of Cr,05 yttrium aluminium garnet (YaAI OIZ) YAG) doped with
neodymium, Nd; 602 gas; He-Ne gas; some semi-conductors like GaAs and
InGaAsP. Gas lasers produce lower intensities and powers; but are useful in
conjinuous operatien. since solid-state lasers generate appreciable amounts
of heat.

)

10.8 ELECTRO-OPTIC EFFECT

The behaviour of a material in which its optical isotropic nature changes !
nature on application of an electric ficld. This effect is seen ih LINDO,, L%

g E~i~~<i)yﬂ!“£f«§'r :

Phenomenon in which the gjection of electrons from a metal surface {are: piace, when -
I-—-—_ the metal surface is illuminated by light or any other radiation of suitable {requency (or
q- wavelength). Several deviges such as phototube, solar cell, fire alarm efc. work on this

' effect {principle). :

10.10 PHOTOEMISSIVITY

Phenomenon of emission of electrons from a metal cathode, when exposed to light or
any other radiations.

10.71 BRIGHTNESS

* Power emitted-by a source per unit area per unit solid angle.

r absorbed } + Photo conductivity - Phenomenon of increase in condsctivity of a semi-conductor
he fra~tion due to excess carriers arisen from optical luminescence.
ransy. i

abe: 10.12 OPTICAL PROPERTIES OF NON-METALS

+ These materials may be transparent, translucent, or opague. Therefore, they exhibit
different optical properties such as reflection, refraction, absorption and wansmission.
The phenomenon of gefraction is more dominant in them.
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¢ The non-metals which are transparert, are generally coloured due to light absorption
and remission in the visible region by them. Absorption of Ilght occurs due to :
Electronic polarization.

* Excitation of electrons from filled valence band to empty state within conduction 1
band, and Wide band gaps in dielectric materials.

¢ The non-metallic transparent materials transmit light due to net enaergy formed by“
absorption and reflection processes.

3
M
i

10.13 OPTICAL PROPERTIES OF METALS

e In metals, the valence band is partially filled and so there are large num‘ber"of quasi
continuous vacant energy levels available within the valenja band._‘When light is
incident on metals the valence electrons absorb all frequenges of visible light and
get excited to vacant states inside the valence band (intra-band transitions). This
result in the opacity of metals.

i

« The total absorption of light by the metal < . * .~< is within a very thin outer laver of
iess than 0.1 v The excited siectrons r © v 4o lower energy states th
nzusing emi - o0 iab UL ARl ine fnre vl
of the same v.aveiengtin. s ¢ oued !iqm win.. o appears asttne reflecied light 1s
cause of the lustrous appearance of metals o 1

* |n_copper, lnter—band transitions _occur for energies greater than 22 eV i
photons of energy greater than 2.2 eV are strongly absorbed. This energy corre.spos
to wavelength below 5625 A. This means that the radiation in the blue-violet ranz:
is absorbed. This is reason for the reddish-orange colour of copper. -

* In silver and aluminium, there is no absorption in the full range of visible radiat.on.
So, the re-emission occurs over the entire waveiength range of the visible sy :m
due to which the white colour of these metals-exist.

+ Gold appears yellow bécause there is absorption in green portion and refiection in
yellow and red reglon B

10.14 OPTICAL PROPERTIES GF SEMICONDUCTCGRS ~

« Intrinsic semiconductors at low temperatures have a completely filled valence band
and an empty conduction band. So no intra-band transitions can occur in
semiconductors. -

e Radiation of low frequencies, i.e. infrared radiation are not absorbed and thats why
semlconductors are transparent to infra-red radiation.
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» The energy gaps in semiconductors are in the range of 0.5 — 3eV. So ir~r-band
absorption occurs for radiation in this range which coiresponds to near infra- :d and
visible range, this is responsible for the opacity of semiconductors.

16.15 VISIBILITY RANGE OF LIGHT SPECTRUM

* Semiconductors infrared region: InSb, Ge, Si, GaAs.
 Semiconductors lying in visible region: CdSe (red visitﬁlity) GaP (yellow visibility).

» Semiconductors lying in ultraviolet region: CdS (green visibility), SiC (blue visibility)

iSpectrum). (*
oflight |* |
red green violet ‘
yellow blue
: CdSeGaP CdS SiC
lnSbje Si GaAs I AfS
- | i
2 3

1
|

FIGURE @ Som:x semiconduciors under d¥izrent visibility onr.

16,16 QPTICAL b LOPERTIES OF IRSULATORS

| insulators_have completely filled valence band and so like as in semiconductors, no

intra-band transitions can ocuur.

e The energy gap in msulators are greater than 5 eV and so no infer- banc‘ transition
can -occur in the visibie range of radiation.

 Absorption occurs only for the ultraviolent radiation. Insulators are transparent from

infra-red up to the ultra-violet radiation.
Examples_.-.

« Perfect diamond crystal . Fused quartz . Window glass

Kon trénsparent insulator

. Enamels, ' . Porcelains, . Opal glass etc.

e Above materials are opaque because the incident radiation gets scattered in all

direction by the small particles present in these materials.

» Due to this, there cannot be perfect transmission. Part of the radiation is diffusely

fransmitted and part is diffusely reflected. This makes the materials appear cpague.
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« If the particle size is of the order of the wavelength of visible radiation, there will be
maximum scattering.

¢ For some applications, such particles are deliberately introduced in dielectrics to
make them opaque.

10.17 @PTICAL ABSORPTION IN IONIC CRYSTALS

L

e jonic crystals are insulators. The energy gap_in these crystal are in_the range of

5-8 eV. The electrons cannot absorb photons in the visible radiation and get excited
to the conduction band. So the complete range of visible radiation is transmitted by
ionic crystals and they are transparent.

e The absorption properties #f ionic crystals change drastically if point défects such as
lattice vacancy or Schottlky defects are present in them. Because of this defect
matesials are found to be colored---

e Another method by which the optical absorption in ionic crystals can be changed is
by adding impurities. ~ ' '

i s aasdiGe i Ui PiupEiLly ../y Winit o uLL,uo ETHRTREN HHTS) haxn I ot alb el iy

matcanalC &he fight is emitted under--certain COﬂd[lIO\Ea which are as below.

i) When—electrgp-hole pairs (EHP) are generated, or
(i) When the carriers fall to their equilibrium staie after being excited to higher impurity
levels.

Different Types of Luminescence

Photo-iuminescence in which the cariers are excited ’a;»,/1
: "1 photon absomption
Cathode-luminescence | in which the carriers are created
| by high-energy bombardment of
‘ electrons onthe material.
Electro-luminescence |in which the camers are excited by
introducing currentin the material.

Chemi-luminescence (in which the luminescence is
created by chemical action.

10.18.1 Phioto-Luminescence

e It is the phenomenon of emission of light from a semiconductor on account of
recombination of excited electron-hole pair (EHRP).

)
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-

Here one photon is emitted form each photon absorbed. Recombination in
semiconductors takes place at varying rates; fast and slow. Accordingly, the photo-
luminescence may be of foliowing two types.

Fluorescence : It is a fast process property of material in which the emission of
photon stops in about 10-8s afier the excitation is removed. Example :

(i) Glass surface coated with tungstates or stlicates such as in fluorescent lamps.
(i) Television screen coated with sulphides, oxides, #ungstates etc. -

Phosphorescence : Slow process property of material in which the emission of
photon continues for a longer duration, lasting for seconds and minutes after removal
of excitation. Materials falling in this category are termed as phosphors, example :

+ ZnS coated with Cu an impurity + CdS coated with Ag as impurity
+ KCI coated with Tl as impurity + Nal coated with’ T! as impurity

Example : ‘fluorescent lamp’. It is a glass tube filled with a pas, which is generally
the mixture of mercury vapours and argon. The inside of the|tube has a fluorescent
coating. When an electric discharge is induced between electrodes of the tube, the
atoms of the gas are excited and emit photons.

10.1€.2 Electm-Luminescence

. &

This effect can be cres
T alecitical current orn

RER Su.;:\,uﬂovu Ofs.

sicondresfor,

The name of the process is injection electro-luminescence Wthh is use in making

light-emitting diodes (LEDs).

In them the minority carriers are injected by electric current, into the regions of 2
crystal where they can recombine with majonty carriers. It results. in emission of
recombination radiation.

The effect of electro-luminiscence can be found in dewces mcorporatlng the phasphor
powder (sunh as of ZnS) in a plastic binder.

This phosphor gives-off the lightwhen an alternating current (a.c.) filed is apphed on
it. Such device is known as ‘electro-luminsecence cell’, which is used as fighting
panel.

Destriau effect : The emission of photons in certain phosphors occurs when they
are subjected to alternating electric field, was observed-for the first time by Destriau.

‘Hence ‘this phenomenon is known as ‘Destriau effect’.

10.19 OPTO-ELECTRONIC DEVICES

Optoelectronic devices are those devices whose function involve the interaction of

"photons with semiconductors. Some of the opioelectronic devices delect pholons,

while some others emit photons.




212 Chapter-10

Devices that convert optical energy into electrical energy, such as -

. Photodiodes .
- Devices that emit photons, such as

. Incoherent sources like light-emitting diodes (LEDs).

Solar cells

. Coherent sources such as lasers.

10.20 SOLAR CELLS

e A solar cells is find_in_application to convert solar energy into electrical energy. Itis
a direct energy conversion system, based on photovoltaic action.

e A solar cell is a self-generating amagement which employs semiconductor contacts

against metals. The current generated depends on the extent of illuminated area.

< As an illustration, the current generated is about 10—100 mA from a juction of about

1-em? area.

* Usually the amount of current generated from a single solar cell is too less, so many
solar celis are used together to fosm a ‘solar battery’. ’

T b e o m i a e e e . -
e DONAST DT GOLHIGES {g]rn(\'han
Phic puiier phad NG

solar celis_are wit

10.21 LIGHT EMITTING b

& Light-emitting diodes are the devices that behave as the generator of light. They are
the. light source for fibre optic systems.

. T-heir"working is based on the effect defined as injection electroluminescence’.
-According to this effect, the semiconductors characterized by direct recombination
give-off light from their junctions under forward-bias.

« It is opposile to with-the semiconductors having indirect band qaps (e.q. Si or Ge), |

in which only heat is released on recombination and not the light.

10.21.1 Light Emitting Materials . ;

A large variety of light emitting sém_imnductors are known to exist. They include n-type,
p-type, H-V and I{-VI group materials, ternary and quarternary compounds and alloys.

—_—— e —— — —— — — 5

n-type binary compounds
+  ZnSe « ZnS + CdSe + CdS
p-type binary compounds

. ZnSe - - Znle
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Infrared emitter compounds and alloys
. Gahls * InP
* GaN(E, = 3.4eV) for blue wavelength

. inSb (E; = 0.18 eV) . Maxed alloys of GaAs and InP
Ternary compounds '

+  AlGaAs e

* AlGaP system for yellow and green wavelengths

=X X

. Gallium arsenide-phosphide (GaAs,_P,) alloy .
Quaternary compounds '
. InGaAsP system * AlGaAsSb system !
Multiplayer heterojunction systims
. (Zn, Cd) system + | (S, Se)
For a good light-emitting material its band gap energy should be hlgh

Purpose o communioatins o

e These fibres functicn as ah optlcal waveguide with a transmitier snd & ocLector nguf
propagates through it by total mternal reflection and refraction.

. During-operation, they are placed between a light source and oetector for transmission
of signals.

e The operation of optical fibers is based on the principle of ‘total internal reflection and
refraction’ at the interface between high refractive index core and lower refractive
index cladding of pure glass.

10.22.1 Types of Gptical Fibres

On the basis of construction and operation, the optical fibres can be categorized into
following two types.

1. Monomode fibres in which the diameter of inner core is comparable with the wavelength
- of light. Hence, only one mode of light propagates through it.

2. Multimode fibres in which the diameter of core is sufficiently larger than the wavel'ength
of light. Hence, the light propagation takes place in a large number of modes. The

multimode fibres, on the basis of refractive index 1 of the core, may be further
divided into folfowing two types.

A (i) step-index type, and (ii) graded-index type
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Optical Fibres Material should have

10.
(iy High purity, having impurities to the level of less than 1 ppm. .
(i) Low loss. - : !
(iii) Low-dispersion.
(iv) High refractive index for core materials.
(v) Low refractive mdex for claddmg material. v
. [ L
Materials used in : .
e Fiber of highly pure glass. i )
e« Core made of vitreous high-silica glass doped with germanium oxide (Ge2O), i.e.
germanla 10.:
e Jacket of plastic, glass of rubber.
Advantages
¢ They are of minia{ure size. ;
= They are immune tn oo falls
They are el subjetien L clactremisgnatic interferanss i
. x...e" are capable of carrying much more information for a given cross-s«tion of
fibre, than can be transmitted via the conventional coaxnax cable.
. They can guide the optical signals over long d:stances (Many kilometres) without the
. necessﬂy of perfect alignment between source and -detector. =
Note : 1. Blue LED are short wavelengfh emitt fers. GaN'is prominent material for
it, as it -gives a very high eff|C|ency.-B}ue LEDs are used in outdoor *
displays and TV screens. They can combined with LEDs of other colours
also to form very intense white light sources. Luminous efficiency of such
light source exceeds over the conventional light bulbs. ~
2. An optoelectronic 'pair means a pair of a light emitter and a photodiode.
It provides electrical isolation between input and oufput. In an
optoelectronic isolator, both these devices are mounted on a ceramic .
substrate and packed fogether to form a compact unit. This unit, while .
maintaining isolation, passes the information. - 10.:
+ Dark resistance of a photoconductor : lt is the resistance of a photoconducting cell ' °

when it is un-illuminated. Dark resistance is always higher than the bright resistance
(i.e. the resistance of the celf when iluminated).
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10.23 THERMAL PROPERTIES

unit, while .

10 23 1 Heat Capauty

&

The responses of solids against the thermal effects are termed as thermal propeﬁies
of materials. Proper selection of materials for favourable low and high temperature
applications requires knowledge of their thermal properties.

e.g. Liquid ammonia (NH,) and liquid oxygen (O, )requure thermal protection at very'
low (cryogenic temperatures) for storage purpose.

Electnc bulb needs to be protected from thermal fatlgue at high temperatures.

Information about themmal conductivity, thermal, expansion, melting point and heat
dissipation are very essentxak in the design and operation of power plants (gas and
steam)

Many engineering solids when exposed to heat experinces an increase in temperature
i.e. it absorbs heat energy. This property of a maternial i.e. material’s ability to absorb
heat energy is called its heat capacity, C. It is defined as the energy required to
change a material's temperature by one degree

i

(J(_I -

Where d@ is the ¢ :nergy reguired to produce a temepraii.

Heat capacity is not an infrinsic property i.e. tolal ieat a wnawrial. rwwvte.. .
-parameter cailed specific heat c, it defined unit mass (J/kg-K, Cal/kg-K]

With increase-of internal energy, geometrical changes may occur parallely heat€ap: -
is"measured either at constant volume, C,, or constant external pressure, Cp. )
magnitude of C is always greater than C

Heat energy absorption of a (solid, liquid or gaseous) material exists in moed:

—thermal energy vibration of constituent atoms or molecules aprat from the ¢:... =

mechanicat heat absorption such as electronic contribution. With increase ef.en-
atoms vibrate at higher frequencies. However, the vibrations of adjacent atoms - - -
coupled through atomic bonding, which may lead to movement of lattices. This 1 -
be-represented as waves {phonon) or sound waves, Vibrational contribution.of { - -t
capacit_y is varies with temperature.

C, equal to zero at 0 K, but increase rapidly with temperature.

10. 23 2 Thermal Expansion

After heat absorption, atoms started vibrating and having larger atomic radius, le:ds
to increase in materials diamensions. The phenomenon is called thermal expansion.
.Thermal expansion (a) defined as the change in the dimensions length, and is
expressed as :
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k-l AL e
GW(T; —(Ty) AT AT

Where T, and T are the initial and final temperature (in K), {; and t; are the ihitial and

final dlmen3|ons of the material and ¢ is the strain. a has umts as (° C)‘1 For range

of 5 - 25 x 10, for ceramics 0.5 — 15 x 1076,

A volume coefficient of thermal expansion, a, (=3a) is used to change with
temperature

Av
VAT

a,, =

An instrument known as dilatometer is used to measure the thermal expopsion.

10.23.3 Thermal Conductivity

The ability of a material to transport heat energy from high temperature region to low
temeprature region is defined as thermal conductivity.

Similar to diffusion coefficient, thermal conductivity is a microstructure sensitive

property. :
) . . . . o ;\‘—y

The heal energy Gans, ored eoross 0 r:.f-"._—“-

Where Kk is the thermal conductivity material. It has units as W/m.K. Metais in the

range 20—400, ceramics.2=50, while polymers have-in order of 0.3.

Heat energy,in solids in-transported by two mechanisms : Latfice vibrations (photons)
and electrorts.

The "amounts of energy transported depends electrons, i crotora of

material, lattice temperature. The thermal energy associ:~

In ceramic phonon are responsible for thermal : toreason for
experimentally observed low conductivity of ceramics i+ - _sity, as phonons
are effectively scattered by imperfections. The scati=: . . .. ...ons becomes more
pronounced with rising temperature. Hence, the t+ .2l conductivity of ceramic
materials nomally diminishes with increasing tempera®.: - Advanced ceramic materials

like AIN, SiC are good themmal conductors, they a= also electrical insulators. So,
these materials are useful as electronic packaging substrates where heat dissipation
is needed.

Thermal conductivyt of polymers is even low, compared with ceramic materials.
Vibration and movement/rotation of molecular chains transfer heat energy. In these
materials thermal conductivity depends on degree -of crysiallinity; a polymer with
highly crystalline and ordered structure will have higher conductivity then amorphous
polymer.

3
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Thermal Propetties of Some Materiafs
initial and
F n e £ 3 = - = C S S T
rorrang ‘ e Aluminium (pure) - 237 300 830
K « Al alloy with 5% Cu 232 170 780
inge with « Copper (pure) 17.7 425 1355
e Brass o 18.8 200 1280
¢ Mild steel . 15.2 . 65 1785
» 18-8 stainless steel . 10.5 25 1765
onsion. e Teflon . 1405 0.20 " 600
: H
« Nylon 107.0 0.40 . 500
« Alumina B 65.00 2320
ion to low
- 2.0F , AL, .
sensitive 2 £15¢ SO, ®
&3 12k m Spinel 3
%5 , MO0 B
§ R ‘ P : ; =
als in the - F
2 ool T
o 0 25 50 75 100
(ﬁphotons) Temperature (°C) Temperature (°C)

(@) ()
FIGURE : Variation in the coefficient of linear thermal expaxnsion of fue
(a) ceramics, and (b) meiats at different temperature._..

3. type of
on.

zason for Note : The thermal conductivity of polycr'ysTallme metals is much lower than that of single
s phonons ) crystals due to scattering of electrons along grain-boundaries. Thermal conducTivity
mes more ° of metals decreases due to strong magnetic field and high temperatures. The thermal
f ceramic conductivity of metals is higher than their alloys due to scattering of electrons and
smaterials N phonons in the presence of alloying (foreign) atoms. In semiconductors, the thermal
ators. So, conductivity increases with increasing temperature due to fiow of more number of
Jissipation ; excifed electrons. Thermal conductivity of amorphous solids such as plastics and
glasses increases with a rise in temperature.

materials.
/. In these
ymer with
morphous

e Thermal conductivity of metals, alloys, semiconductors and dielectrics are in the
decreasing order.

10. 23 4 Relation between Coefficient of Thermal Expansion and Melting Point

The coefﬂc;ent of linear thermal expansnon o and the melting point- T  of the solids are .
related as
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aT,, =constant = A
The values of 3, for different solids are as folloows. ;
(i) A = 0.02 for ionic compounds and metals,
@iy 2 = 0.03 for some salts, and

(i) » = 0.007 for covalent bonded oxides and glasses. P

10.23.5 Thermal Stress

e Thermal stresses are caused in a material due to temperature variation (thermal
gradient) when thermal expansion is resirained. Example :

e Welded construction of structures and the pressure vessels, !

e Joints of two railroad rails, _

Jacketed thick cylinders that are shrink fitted,

Bimetallic strips in thermostatic controls;

" Refractory bricks+n metallic furnaces and ovens,.

Components of O engines, and

¢ Huge concrete siructuras such as dams.
‘Warpage

The distribution of residual stresses is not always symmetrical within the material. Uneven
cooling is a cause of such unbalanced stresses. it happens because when one surface
“of a material is cooled more rapidly than the other, the rapidly cooled surface generates
compression whereas tension is developed on other surface. Such asymmetry produces
‘warpage’ and-the-material develops convexity towards rapidly cocled surface.

16.23.6 Spalling [or Thermal} Cracking

The residual stresses produced within plastic materials may be relieved partially by
warpage, but this is not so in case of non-plastic materials. In them, the dimensional
changes cannot relieve the stresses, and the siresses in excess of elastic limit produce
thermal cracking. This is called spalling. This is a very common phenomenon in glassware.

10.23.7 Thermal Fatiglie and Thermat Shock

« Thermal fatigue : Behaviour of a materzal under repeated heating and cooling is
known as thermal fatigue. Due to themmal fatigue, thermal stresses of fluctuating
nature are produced in the material which may eventually cause its thermal fatigue
faiture. ThF ability of a material to withstand such failure is called thermal fatigue
resistance.
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Thermal shock : A situation in the maierial, when there is a severe and sudden
temperature change, is known as thermal shock. The capability of a material to
withstand this effects of such drastic change is called thermal shock resistance.

Thermal shocks may be minimized in structural and man,hme systems by using the
following devices.

1. Bellows, .
-2. Expansion loops, ‘
3. Corrugated parlﬁ, and
4. Flexible joints
High Thermal Shock Resistivity Material ,
- o Graphite s Cermels
¢ Glass-ceramics ‘e Lithium-ceramics
 Fused silica ® Pyrex glasé
Technique of Reflective tasulation , S
= The , tion i foimd in tankars tremgnading ol avvaoen,
H!
« In this technigue, t > surfaces nre s3parsies B s s i

Conduction and convection is rsinifium atl anout 20 mm widih of air.

Aluminium foils on paper ‘reflective -aluminum surfaces separafed by glass ﬂbre
lamina, and Mylar (aluminized plastic films) under-high vacuum are used for this
purpose. )

_Air is not-suitable for thermal insulation at cryogenic temperatures as it sclidifies at

81.3 K. Hence tho insulating layers are kept free from air and are sealed.

Note : High temperature effects are those observed above room temperature and

low temperature effects.are those observed below of it.

High Temperature Effect

The effects of high temperatures on materials is to cause the following effects :

e Loss of strength, e Gain in ductility,
¢ Reduced stiffness, * Lower yield strength,
e Polymorphic transformations * Decrease in hardness etc.

aad
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{ QuesTions )}
1. Find the wrong statement : Specific | 8. Coefficient of thermal expansion for
heat of 2 material ceramics is the range of o x10-¢
(a) Constant for a material (a) 0.5 - 15 (b)5~-25
(b) Heat capacity per unit mass (c) 25 -390 (d) 50 — 400
(c) Extrinsic proeprty 9. Metals have thermal conductivities in the
. . range of
(d) Has units as J/kg-K
w h . : (@) <1 (b) 1 -
2. Heat capaci as units as :
pactty ©) 5 - 25 (@) 20 4 400
. j/mol. . ,
(a) Jkgk (b) jfmol.K 10. Heat capacity of most materials is
(c) J.ohm/sec.K? (d) W/imK - approximately equal to ..........
3. Units for thermal conductivity (a R () 2R’
Gy N un ; ST : RN
{c) J.ohm/zeci?  (d) Wim.K ! 1. With increase in arature, thermal
4. Lorentz constant has unils as | CO_DGUC”VHY 01 @ MSE: e
(a) Increases
(a) Jikg.K (b) J/mol.K :
(b) Decreases
(c) J.ohm/seciK? (d) W/m.K ) -
- (c) Either ) -
. [ i f i
5 ‘ I:sgrn:;_expanspn of a material has (d) All, depending on metal
} 12. Thermal conductivity in polymers
(a) JIkg.K (b) J/mol.K ) : y In polymer
increases with .........
(¢) J.ohm/sec.K® (d) 1/°C (a) Increass in crystallinity
in the range of (c) Either
(@ <1 (b) 1-10 (d) None
[(c) 10-100 . (d) ~ 100 13. Visible light's wavelength fange
7. Polymers have thermal expansion (@) 0.39 —0.77 mm
coefficient in the range of ........ x10% b) 0_39'_ 0.77 um
(@) 0.5-15 (b) 5-25 (c) 0.39 — 0.77 nm
(c) 25 - 50 (d) 50 — 400 (d) 0.39 - 0.77 cm

e

Plan

14.

15.

16.

17.

20.

21.

(a) €
- (b) €
(c) €
(d) €
Sum
(a) |
(b) f

(c) F
.

(d) /
Meta
(@)
(c) T
Meta
()
vels
(a) F
(c) !
Refle
(a) (
(c) €
Refr
apprn
(@) t
(b) t
(c) t

f
A(d)y t
Snel
() L
(b) 1
(cy L
() |
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14. Planck’s constant is

(a) 6.62 x 10 J.sec

(b) 6.62 x 107 J.min

(c) 6.62 x 10 Cal. sec

(d) 6.62 x 10 Cal min
15. Sum of these is unity

(a) Reflectivity

(b) Reflectivity + Refractivity

(c) Reflectivity + Refractivity +
Transmitivity

(d) Any
16. Metals can .......... the light beams

(a) Reflect

(c) Transmit

(b) Refract
(d) Any

17.
(b} Opaque
i8 n wansmit ihese ...
s - (b VisiBle light'
_—(e)-Microwaves  (d) X-rays
19. Reflectivity of metals
~(a) 0.05 (b) 0.50
(c) 0.95 (d) None

20. Refractive-index of materials is
approximately equal to square root of

(a) Electrical permitivity -
(b) Magnetic permeability

{c) Electrical permitivity x magnetic
permeability

(d) None
21. Snell’s law relates ............
(a) Light reflection
(b) Light refraction
‘(c) Light transmission
(d) Light Absorption

22.

23.

24.

25,

26.

Bouguer’s law relates ...........
(a) Light reflection

(b) Light refraction

(c) Light transmission

(d) Ligh‘g absorption

Sky looks blue because the sun_light
is subjected to

(a) Rayleigh scattering

(b) Compfon scattf'en'ng'

(c) Both '

(d) None

Luminescence is because of

(a) Photons emitted White excited
electrans drops down

"’n«-"r-‘ -
;oG lnoL,

ahototis

- {c} Photons stim.iee by photars
(d) Al
Fluorescence accurs within
(a) 10%s (b) 105 ms
(¢} 10%us (d) 10°ns

Electro-luminescence occurs in

" (a) Electrical conductors

(b) Electrical insulators
(c) p-n junctions
(d) All

Pyrometer works based on

(a) Laser technology
(b) Photo-conduction
(c) Thermal emission
(d) Tyndall effect
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28.

'29.

30.

32.

33.

Solar cell works based on

(a) Laser technology

(b) Photon-conduction

(¢) Thermal emission

(d) Tyndall effect

Optical fibre operators on the principle of
(a) Total internal reflectance

(b) Tyndall effect

(c) Photon-electric effect

(d) Laser technology

The ranges of electromagnetic
radiation in which metals exhibit
maximum reflectivity is

(a) Visible

v pevond uitrayiuist

In indirect inter-band- transition the

_electron undergoes

(a) Change in both energy and-

momentum

(b) Change in momentum but no
change in energy

(c) No change in both—energy and
momentum :

(d) Change in energy' but no change
in momentum '

Which of the following,are examples
of direct band gap semiconductors?

(a) GaAs (b) Si
(c) Ge (d) Se

‘Among the following tasers which one

emits the Ia‘rgest wavelength radiation?

34.

35.

37.

38.

(2) Ruby laser

(b) CO, laser B
(c) Semiconductor laser
(d) He-Ne laser

Which of the following relations,
between the velocity ofelight-in the
material v and its dielectric constant
are true?

) v =c? /¢
@ c=Jvo,

Dielectric materials IiKe enamels,
_porcelain, etc. are opaque (in the
“visible range) because

(@) v? :cZ/sr

c) ¢ =ve

(a2) They have band gap greater than
3 eV ‘

(b)Y Thev the band gan fess than~

‘L,./

{c} They scatter iight

«(d) They have low refractive index

“Which of the following materials does
not-absorb visible radiation?

(a) Sapphire (b) Ruby
(c) Diamond (d) Siticon
-Cadmium sulphide has a band gap of

2.4 eV. Which of the following
wavelength radiation will i absorb?

(a) 4000 A (b) 5500 A
(c) 6500 A (d) 7000 A

In day laser, the laser wavelength is
“tuned by

(a) Changing the rise time of the
pumping source

(b) Changing the orientation of the
grating the cavity

(c) Changing the solvents

(d) Changing the intensity of pumping
source

2. (b
5 (@
4. (c
5. (d
6. (c
7. (c
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1. "(b) 9. (d) 117 " 25, (b) 33. (b)
relations, 2. ® 10. (c) 18. (d) 26. (c) 34. (a) & (c)
ligh- i the - : v o
ric cunstant | 3 @ 11. (d) 19. (c) 27. (c) 35. (c)
_c? e 4. () 12 () | 20. (a) 28. (b) 36. (c)
- Jve, 5. (d) 13. (b) | 21. ) . | 29 7. (@)
3 enamels, ’ . !
jue (in the 6. (a) 14. (a) . 22. (d) 30. (a) & (b) 31, (b)
grme‘r than 7. (d) 15. (¢) - | 23. (a) 31, (a)
24. (a) '32. (a)

band gap of - o )

3> following : . .

it absorb?- 1 N
00 A _
100 A
+ slength is

2 of the
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Polymers

11.1 INTRODUCTION

- Introduction

Chemistry of Polymer Molecules

Molecular ight

Molécular Shape

Mblecula( Structure

Polymer Crystailanity-——-

Chéracteristics,ﬁnd Typical
Applications of Few Piastic
Materials

Thermo Plastics -

Thermo Setting Polymers —— -

Expanding Plastics

Conducting Polymers

Behaviour of Polymers Under
Different Situations

Thermal Behaviour of‘Pon'ers

Fibres —

Polymeric Fibres

General Applications of Polvmersi

Addition Polymerization

Polymer Additions

Thermoplastic_Efastomers

Vulcaization d

" e They are gigantic molecules and are often reffered

as macromolecules.

e Within .each molecule the atoms are bound
together*by covalent bonds.

* For most molecules are in the form of long fléxible
chains. i

. The backbohé ofe;

s e o abringes
T2 sinine

atoms.
|1 _
Valence—C—C-—(l;- o sence
electron iU L1 electron

» Remaining two valence electrons of each carbon

atom may be involved in side bonding with atom
or radical. :

e These long molecules are composed of structural
~ entities called “Mer” units, which are repeated in
a chain. The term polymer is composed of many
mers. e.g.

R—OH

"o Alcohols
. Ethere R—O—R’
e Acids R—COOH B

* Aldehydes R—CHO
OH

' _ Phenol
e Aeromatics O

11.2 CHE|

] When'th
homopol
e While thi

Almost ¢
between’

fnitiator

HH

- Luringth
This resu
for a poel—

* The aver
- - of size

where M
particular

Weight .
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11.2 CHEMITRY OF POLYMER MOLECULES

* When the repeating units along a chain are of same type, the resulting polymer is
homopolymer. : o

While those composed of two or more different Mer units-are termed as copolymers.

Almost all polymers are formed when an active ‘mer’ is formed by the reaction
between an initiator or catalyst species. -
HH HH
I ||

R

_ HH HH
Init:iator Merunit Active mer !
HH HH HH l:i H
RGG +0b —— kiddbo
Y ,

e TN

e Thus the active sets. ar unniarad eiactron is transffered fn nanb clige - ol

=
e}
]
<
=
A
idi
o
=5
]
[®]
D
-
1%
=8
o)
LS
&)

.3 MOLECULAR WEIGHT

~During the polymerization-process not all polymers_chains grow to the same length.
" This results in a distribution of molecular weights-Thus an average weight is specified
for a polymer. -

The average molecular weight (M_} is obtained by dividing the chains into a seiies
of size range. -

M. =

n

-
‘/"XLMi

where M, is the mean of size range and x_in fraction of total no. of chains of a
particular size range.

Weight Average molecular wiehgt M,, is

= Swhi,

where M, is again mean molecular weight of a size range and w, is the weight fraction
of molecules within same size interval.

Average chain size of a pclymer is also experssed by degree of polymerization
(DOP)
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DOP = & ‘or X . . 11.51
m -om o
) . . - Physic:
where m is the molecular wight of a mer unit - 7‘, but als
Mol. wt. State of polymer ': (a) L
> 100 g/mol © Liquids or gases ' |
-~ * Iny
1000 g/mol - Waxy Solids or soft resins. e i are
<10,000 g/mol ~ Solid . For
: ' the
* Co
o —_— o—o_o . v
Straight chain Amgfunt _
. polymer g (b) Br
Twisted chain :
3 * He
7 . ) . The
11 4 MOLECULAR SHAPE o : - Sg:
¢ Single chain bends are capable of roiating anc “c 4 :
bending in three dimensions. in the shown figure the Ty
third carbon atom can take any position on Lhe cone cC C L i i
of revolution and still maintain an inciuded angie of o ”777‘ ,/’ 0
-108°. ) : ;:,,,,,\,,, R
e As chain atoms are rotated, the chain gets twisted ) T El I
and bended. A single chain molecule composed of--- )
many chain atoms might have a large number of -_ {c} Cr
links, twists and bends as shown in figure where (r}- g
_represents the end to end distance. - 3 ¢ He
i bot
¢ In a polymer this bending, linking and caeiling of many B —
chains leads to extensive inter twining and e The
che

entangiment of neighbouring-chain molecules. Thése
random entanglment are responsible for number of —r—>» i by
important characteristics of polymer such as large : _' vul
elastic extensions, there abilities to experience -

rotation in response to applied Stresses or thermal - )

wbratnons —
* Double and triple bonds are rotationally rigid as compard to singTeJ bonds. Also,
introduction of a bulky or large side group of atoms restricts rotational movement. For . {di Ne
_ e.g. Polystyrene molecules which have a phenyl side group are more resistant to :
rotation then polyethylene chains. , —— ¢« A}

¢ ' pol




bonds. Also,
S wwement. For
24 > resistant to
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11.5 MOLECULAR STRUCTURE

Physical characteristics of polymer depend not only on its molecular weight and shape
but also on difference in the structure of the molecular chains.

(a) Linear Polymers

* In which mer units are joined together end to end in sing>|e chains. These long chains
are flexible. - _

* For linear polymer these are extensive vanderwals and hydrogen-bonding between
the chains. o .

» Common example are polyethylene, PVC, polysthyenes, PMMA, Nylone.

1

ide branches are connected to the main branch.

(b) Branched Polymers
. HerelL

. These branches occur as a result of side reaction that occur during synthesis of the
polymer. The Chain packing efficiency is reduced which results in ifowering of
polymer density.

O—o—«o-—o—@—O-—O—O’-O—O'—O‘é*‘{*"-\’)

(c) Cross Linked Polymers

* Here adjacent chains are joined to one another at various positions by covalent
bonds. '

* The cross linking process in either achieved during synthesis or by a non reversible

by additive atoms or molecules that are covalently bonded to the chains. e.g. is
vulcanization of rubber.

% g
(d) Network Pelyemrs

* A Mer unit having there active covalent bonds forms a 3-D network called network
¢ polymers.
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« A polymer that is highly cross linked may be called network polymers. These materials
have distinctive mechanical and thermal properties. h

Examples are epoxy and phenot formaldehyde. o

11.6 COPOLYMERS

Synthesised for obtaining better properties compared to homopolymers. Various
sequencing arrangements along the polymer chains are possible. They art.

¢ Random
e®0
.0 ... N L] °
oV °00°o o° .
: leferent merunit . H
e Alternating S
Ce
*o eC Ceoce®
* Block - _ !
font ! onere are fifuctured in bloelke nlong the chet
e ®C0¢ o
& (= Oa & ?*; & O

. Grafted

When homopolymer side branches of one mer cham is graftetho the main chain of
the secowd homopolymer -

11.7 POLYMER CRYSTALLANITY

e - The unit cell of polythelene molecules has an orthorhombic geometry. As a result to
their large size and complixity, polymer molecules are only partially crystalllne, having
crystalline regions dispersed within the remaining amorphous material. Any chain

- disorder will result |n an amorphous region since twisting and bending prevent strict
ordering of chains.

e Also crystallization is highly favoured i.e. polymers having simple Mer structures as
compared to polymer with complex Mer units. Linear polymer are easilycrystallined
as compared to’ branched polymers, as branches interfare in crystallization with
regard to sterio-isomerism. Atactic polymers are difficult to crystallize because of
random configuration.

 For copolymers, as a general rule, the more |rregular and random the mer
arrangemants,,the greater is non crystallinity.

ha
11.8
11.8.1
1. Ac
2. Ac
3., F
4 Po

.
5. . Po




se materials

rs. Various
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\s a resultto

Wine, having
[. Any chain
Jrevent strict
structures as—
/ crystallined
llization with
: because of

»m the mer

' Polyfn:eéé" -

\

. Alternatmg and block polymer are some. what similar to Crystalllzatlon on the othef?;' '
hand graft af:d random’copolymers are amorphous

11.8 CHARA&TERIST!QS AND "'YF!E:AL &PPL!CATIQ&S GF FEW -.
PLASTIC MATERIALS '

11.8.1 Therme plastics " ' v

1. Acrylonitrite-butadiene-styrene (ABS)
e Characteristics : Outstanding strength and toughness, resistarce to heat

distortion; good electncal prooertles flammable and soluble in some organlc_ '

solvents. ;

« Application : Refrigefator lining, lawn and garden equipment, toys, highway -

safety devices.

2. Acrylics [paty- -methyl- méﬁlacnlat_e[

¢ Characteristics : Outstanding light transmission and resistance to weatherlng,._
" fair mechanical -properties.

ki

aft enclosures, draiing

e Applicstion 1 Lenses transparent aiicr
signals:

3. Fluerocarbenas’ fDTFE or TEEL {0, Teflen

o _Charactenstlcs Chemmally inert in almost all env:roments excelient e!eetﬂca{ - ""*"7
properties; fow caoefficient of frlctlon may be used to 260° C; re[atlvely weak andﬁ——_ o
poor colé-flow properties. ]

¢ Application : Anticorrosive seals, chem-'rcal pipes “and valves,”bearings, anti
adhesive coatings, high témperature electronic oar’ts. ‘ '

4. Polyamides (aylons)

e Characteristics : Good méchénical strength, abrasion resistance, and toughness;
Iow ooefﬁclent of friction; absorbs wate r and some other Ilqwds

4 ;,_“ i

e Appllcaﬁon Bearlnas gears cams bushings, handles and Jacketlng for anes

. and cabl% T _ - - . SRS

5. ~Pol1cammus : '_ : _
% Charactenstics Dmensumaljy s*able Io_v\; water aEsdfbtidn';":ff;ahépé;gﬁf;' ‘yery
: good .mpact resnstaneeand dUCtI“ty ' ' s 7- : ;

At : . - . —-
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6. Polyethylene
e Characteristics : Chemically resistant and electrically insulating; tough and
relatively low toefficient of friction; low strength and poor resistance to weathering.

* Application : Flexible botfles, toys, tumbers, battery parts, ice trays, film wrapping
materials. ’ '

e PVC used in electrical irisulation, piping gramophone_ records. #
* Polyhexamethylene adipamide (Nylon 66) used in ripes

» Polyhexnethylene sebacarhide (Nylon610)

¢ Polycaprelactym (Nylon6) - Synthetictive fibre

7. Polypropylene - _
e Characteristics : Resistant to heat distortion; excellent electrical properties and
fatigue strength; chemically inert; relatively inexpensive; poor resistance to UV

light. '

]

1 Sleritizablas hattles, packaging film. TV cabinets luggage

o
o]
.
r
i
E
D
3
[}

o Characteristics : Excelient electrical properties and optice” arily; good theiima!
~and dimensional stability; relatively inexpensive; poor resistance to UV light

,-‘,Appliicat‘ign\—: Walltite; battery cases, toys, indoor lighling panels, appliance-
housings. |

9. Polyester [PET or PETE)

. Characteristics 7 One of the toughest of plastic films; excelient fatigue and tear
strength, and resistance to humidity acids, greases, oils and solvents

» Application : Magneﬁc recording tapes, clothing, automotive tire cords, beverage
containers - - '

11.8.2 Thermo Setting Polymers
1. Epoxies (Specific gravity : 1.2, usable temp. 90-120, excellent electrical properties)

e Characteristics : Excellent combination of mechanical properties and corrosion
resistance; dimensionally “stable;—good adhesion; relatively inexpensive; burns
stowly. _

. ?’Applécaﬁbn : Electrical moldings, sinks, adhesives, protective coatings, used
with fiberglass laminates.
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2. Phenolics (Specific gravity 1.2, usable temp. 250-300°C, electrical prderties good)

Characteristics : Excellent thermal stability to over 150°C; may be compounded
with a large number of resins, fillers, efc.; ineéxpensive, self extinguishing

Application : Motor housing, telephones, auto distributors electrical fixtures

Polyster : Specific gravity 1.2, usable temp. 80-120°C, mechanical properties
very good, electrical properties excelient water regitant very good, heat resistant

~ good, price low, large care shrinkage fluid before care. bunis slowly used as
synthetic fi bres :

Melamine : Specuﬁ»c gravity 1.4, arc resus’ance mechanical propertles very good

. excellent electrlcal propertles self extingushing used in crockeries. -

Silicone :_Specific gravity : 1.5s usable temp. 250-300 mephaﬁlcal properties fair,

excellent electrical properties heat resistance, costly used in high temperature
resisting components. '

Comprison between Themmosets and Thermoplasts

° Bondmo | Chain molecuhs are 3-dimensional,

-~ coacora oy
B VLVV\J l STUU .\A\~.J‘ ;

« tffect of heat Bond breaks and . I Becomz: lLierd and
becomes soft cannotl be sofieny
- again
e Consequence {No chemicalt change | A chemical change
of curing - {occurs— T ‘occurs during

- ~{-permanent hardening-|
« Mouldability to |Requires coofing for | Both: heat and

any shape —Isetting— pressure are required

e Effect of intense They are soften They brezkdown by'
heating N degradation

e Melting point | 115°C-330°C They-do not melt

e Normal usable |60°C-200°C 80°C-300°C
temperature

11 8.3 Expanding plastics

Common plastics shrink when cured. Expanding monomers (EMs) experience zero
shrmkaqe during polymerization. the polycydlic ring opening monomers are combined

with conventional monomers and oligomers to produce expanding plastics.

* These plastics have enhanced resistance to corrosion-—and - abrasion. Expanding

* monomers find use in coatings, adhoswes electro-optics, dentistry, medlcalprostheses

electronics and other industries.
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« Eliminate internal stresses by expanding into microcracks in advanced composites.

Copolymerize with epoxies, acrylics, and urethanes to_generate unprecedented
properties in aviation and aerospace plastics applications. !

Deliver bio-degradable polymerized vesicles in Pharmaeuticals.

Produce advanced microchip sealants, and conductive links in electronics.

Combine with GMA for superior fillings, dentures, and crowns in deﬁtisfry.

11.8.4 Conducting pelymers

. » The conductivity of PAC (Polyacetylene) is enhanced by more than ten times _‘w’hen

iodine_is doped into_it. The doped PAC possesses conductivity much hicmer;and
almost equal to metallic range.

= |t, however, loses conductivity rapidly when exposed to atmospheric conditions. Another = -
limitation is the migration and loss of dopant from the surface. ’

i

Uses : CondUﬂtmg poiymers can generate electric signals by ion- exchange . .

: oo cupnbin - L~

eeshamam. Londasing il oicectivs -{J'l"lj_"*’"‘!-’fff“"'- 3 ong to the class of - - -aterial
aikl aie used as chemical sensors. '

n

_ ____e Several polymers show exceilent opto-eizcironic propertie.

used for Integrated insulation and cross overs for microwav: - 4

"~ e Aviation radome, anti-radar paints, and heat shields are som= novet &, :cations of -
special polymers. )

' 11.9 BEHAYIOUR OF POLYMERS UNDER DIFFERENT SITUATIONS

.~ + Thermosets have low shelf {or pot) life which necessiaizs that they should be B
consumed within this time. Therefore, they are unsuitable for high volume- (i.e. huge T

quantity) production. Thermoplasts are suitable for high volume production that helps Nc
in lowering their costs.

s Polymers in mixture and alloys forms are suitable for high performance applications

because of improved toughness in them. Imporant amongst these are poly ether

ketone (PEEK), poly phenylene sulfide (PPS), Poly ether sulfone (PES), Acrylonitrile

S _ butadiene styrene (ABS), Poly ethylene teraphthalate (PET), Poly phenyloxide (PPO), ' —
- =" > poly tarbonate, Poly ether imide (PEI), Polytetrafluroethylene (PTEE), Poly ; 1
o phthalamide. . , —

J- f €
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11.9.1 Thermal Behaviour of Polymers

In the glassy region (up to 80°C), a polymer
is hard and brittle. In this region, strain occurs
by streiching of bonds within and between
molecular chains. Behaviour of polymers in
this region resembiles like the deformation of
a spring.

Leathery region : The modulus drops rapidly
with increasing temperature. Reversible
sliding becomes possible in the chain as the

~small sections move causmg neighboring
‘ sect|ons to move.

fL—‘l Glassy region
i lealhery region
-------- Rubbery region
| Rubbery flow
e
L1 1

I 1 ] I
60 80 1001201401601&02{)5T0C

Temperature

FIGURE : Different regions (states} of polymer

as a function of te!mperanm,.

Rubbery region : Viscoelastic behaviour of polymer. dominates deformation. As the

temperature increases above the glass-transition temperature T,

. the molecular

segments slide teversibly past one another and tend {o strengthen out.

Rubbery flow and liquid regions : Permanent
sliding molecules dominates the deformation
Process. s Lofge€igidie milfeasss, tie
viscosity decreases and at high lemperatures
the polymer is essentially a liquid.

Glass Transition Temperature (T.) : The

-‘temperature at which-—the —polymer

“experiences the transition from rubbery to

rigid state is called as glass transition
temperature. Normally Tg lies between 0.5

10 0.8 times of melting temperature.

Elastic modulus

- NCross linked A\

Amorphou-.:\7

»T°C
60 Tg 170 250

Temperature

FIGURE : Elastic mbdulus versus temperature

plot for crystalline, cross-flinked, and
non-crysialline polymer.

: Rubberyregion : Not found in a crystalline polymer. The elastic modulus in

such a material decreases gradually with increasing temperature until the
mel'rmg point is reached. Most polymers contain both crystalline and amorphous
regions. Elastic modulus versus temperature curve of crystalline, cross-linked
and non-crystaliine polymers is shown in figure. It is highest in crysTalIme

polymer at all temperatures.

11.10 FIBRES

Fiber polmers are capable of being drawn into long filaments having at least a

100 : t-length to diameter ratio.
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« They have applications in textile industries, being woven or knit inte cloth or fabric, Different T)
during application fibers may be subjected to strenching, twisting; shearing and ¢ Chlorine
abrasion. So, they must have high tensile strength and high modules’of eiasticity and « Packinc
have high abrasion resistance. <
- . L : * Cyclise
« Molecular weight and degree of crystallinity of the fiber material should be high as yl?dls I(I
tensile strength increases with. effect of these two parameters. SOt a.
. - bd ' e Synthet
« Furthermore, they must exhibit chemica! stability in variety of environments including ma
acids, bases, bleaches etc. They should be non flammable. gz’malz
11.10.1 Polymeric Fibers L - - « Poiychl
. ! ageing,
e Polymeric fibres are long chains of molecules align d in longitudinal direction. This Butyl
funish directional properties to the fibre. T : Butyl a
_ tyres, t
e The elastic modulus and strength are much higher in the longitudinal direction than e Butadie
in the other transverse directions. These fibres may be further sub-grouped as follows. shoes
¢ Natural fibres such as wool, Tellulose, cotton, silk efc. ' - L ,
: , ¢ Nitrile (
Jynelic TIMEs SUCh aw NYIoN, wiviene (Caciully, layoi, Otion, keviar ic. ! : o o
Ceilulose fibres are flexible and strong in tensicn. Colten Cioﬁ*cs shrink due 1o ke « Poiire
presence of wrinkled molecules. ba'\forlzeu cotton clolhes are non- shrlnkmg as long alkaline
~ chains are made to align in such ciothes. o . . Silicone
. Polyester flbrgs : Dimensional-synthetic polymeric fibres belong to the family of ; Used a
both, the thermosets and the thermoplastics. Polyester fibres (a thermoset)-such as
0 ' B 11.11 GE
terylene, is defined b I linkage. Oxygen rovidés*ﬁexi'bilit fo polyester. {1 . .
. Ty Yy P ] ygen p y 10 polyester. lil Coatir
Becomes soft more easily W|th mcreasmg temperature these-are durabile, uniform e To
dimension. - T
. e To
. Nylon fibres : Nylon 66 (a thermoplast) which is a polyamide fibre does not soften e To
easily with increasing temperatures The polyamide fibres are characterized by en
| O 1 . _
| _ - (ii} Adhes
eoN- linka 'e | o Use
| ge. { stre
L N | . * The
* Nylon 6 is polymide, SP, gravity 1.14, tensile strength 820 MPa ans used for tyre :at
cords. i « As
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=Y

Different Types of Processed Natural Rubber

| or fabric, .
:aring and * Chlorinated rubber is used in the production of adhesives and protective coatings.
ssticity and « Packing of delicate equipment is done by rubber hydrochloride. 7
) e Cyclised rubber is used in manufacturing of papers with the use of paraffin wax (i.e.
»e high as .
: solid alkanes). .
. _ * Synthetic rubbers are superior to natural rubbers in mamy respects. Synthetic rubber
s including are manufactured from raw materials like coal tar, petroleum, coke, limestone, natural
gas, alcohol, ammonia, salt and sulphur etc. These are superior to natural rubber.
e Polychioroprenes (Neoprenes) are highly resistance to temperature, oil, grease and
: ageing, used as oil seals, gaskets, adhesives, tank lining, IO)N voltage insulation.
ion. This . o o
ction , * Butyl are highly resistant to oxidizing agents, and impermeable to gases. Used as
tyres, tubes insulations for cables and wires.
sction than : e Butadiene are highly abrasion and weather used resistant. Used as belts, soles of
as follows. . :
shoes, flooring. ,
giﬂ e Nitrite (Buna-N) are excellent resistant to solvent, grease and oily sitljatims. Used

aue to the : strength and highly abrasion resisiast, oorc o ac
ng as fong . . alkailine attacks. These are used as expanded foams, lyres, cunveyss belw

~ ¢ Silicone are Mechanically weak, costiier, temperature stability upto about 600 K..
s family of —-- - {—— - Used as coatings, packaging tube, gaskets, cable insulation.. ——
it) such as - ' T

11.11 GENERAL APPLICATIONS OF POLYMERS

polyester. (i) Coatings
e, uniform - * To protect the item from environmental damage such as corrosion.
* To improve items appearance
nqt soften * To provide electrical insulation. The coating fall into many categories: Paint,
terized by enamel, shellac efc.
lii) Adhesive _
"o Used to join surfaces of two solid materials to produce a joint with a high shear
strength. _
~* The bonding forces between adhesive and solid material are electrostatic in
. nature.
ed for tyre

K N * e A strong joint is produced by adhessive layer.

-
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“e If a good joint is formed, the adhesive material may fracture before the adhesive. B (il

¢ The primary drawback is the service temperature. Its adhesive strength decreases
rapidly as service temperature increases. e.g. cyanoaerylate araldite.

(ml Films

¢ Films have thickness befween 0.025 — 0.125 mm Used for packgmg foods,

- beverages etc. -

_» Imporatant characteristics of materials used for film production are low density,

high degree of flexibility, high tensile and tearing strengths, resistance to_attack

by moisture and other chemicals. Examples are po|vethene oeliophase (iii)
polvgopvlene and cellulose Acetate. -

—

-~ “fiv Foams '

e These are plaisnc materials -that contain high percentage of vo|ume of small
pores. .

e Both thermoplast and thetmoset are used as foams.

e These includes poiyethane rubber, polystyrene and PVC.

T Ty D G TR
. Wt ( B

~E T~
SO 1DeinT

TOhik Ul NS and T o H
nacks g and thermal ) ,
+ Foanun: Drocess is eorr;eo out by incorporating into thie batch of maleric «
blowmg agent that upon son heating decorfiposes with the Itberatlon of a gas. i N
- —-e_These gas ‘bubbles remain as pores upon cooling and glve rise to a spongy :
S structure. . . _
x . *Some effect can also-be produced by bubblmg an mert gas through a matenal _ tivl

while it_is in molten state.

¢ e.g. polymethane, fnrmed—-polymethane us insulato-r used.

_11.12 ADDITION POLYMERIZATION

« Addition polymerization also called chain reaction polymerization, there bifunctional
monomer units are attached one at a time in chain like fashion to form a linear
macromolecule. _ -

.ve  Thus the resultant pro‘duct ts an exact multiple of the orignal reactant monomer.

i) lmtlatlon o : ' .

' Here an active center is formed by a reaction between lnltlatOl' and monomer unit.

(Inigiator)
; HH
{Monomer unit) (Active site)
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(ii] Propogation

It involves linear growth of the molecules as monomer unit attach are at a time to
produce a chain structure

HH HH HH HH

1 ||
T T e
HH HH HHH

This a very rapid process as 1000 mer units add up in 10~2 to 1073s.

(iii) Terminastion

it can be done in two ways to form a non reactive molecules.

HHHH HHHH HEHHHHHH
| 1 1 | ] | Py L1
e e ae e e NSRS S A0 ® S
HHHH HHHH HHHHHHHH
OR ; —

el H ' CH

N ] R ERE

R-C-C ?-C.s +eR -~ R-C-C-C-C-R

‘i
] | 1. b i
HHHH  HHHH

liv} Condensation Polymerization - - -

e |tis also called step reaction polymerization. 1t is a process whereby one or more

than one monomer units combine stepwise and as a result of reaction by products
are condensed out.

HoH H H HoH HH o HHHH
PN 2% vy ON g 9y
OH—C—C—OH 4 C—C—C—C—C-C  ——»OH-L-C-0-C— C-CCLC—C +HO
Lo OH'EIIIOH {1 — [ U 1 oH
HoH HHHH H H HHHH
Ethylene glycol Adipic Acid Polymer

* These stepwise process is repeated to produce & finear molecule. Reaction times
of condensation are generally longer than for addition polymerization.

* Condensation polymerization often produce monomer capable of forming

crosslinked or network polymers. All thermosets nylon and polycarbonates are
produced by condensation polymerization.
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11.13 POLYMER ADDITIONS | td Flam
{iy Filler Materials . _', e M
» These are added to polymers to improve_ tensile and compressive strenagth, * B
abrasion resistance, toughness, dimensional stability etc. e TF
» Materials used as fillers are wood flour (saw dust) s:llca flour and sand, glass, k oh
clay, talc, limestone. - ' 1114 T
* Partical sizes range all the way to macroscopic dimensions. .
* Because these are inexpensive materials replace some volume of the more * ZO'ytn
expensive polymer, the cost of final product is reduced. ) - mos
~ : . . , T * Most
(i} Plasticizers '- _~ . mer ¢
- - e Here the flexibility, ductility and toughness of polymers are improved by addltlon positis
of plasticizers.
 But hardness and stuffnes also reduced Plasticizers are generally liquids
faving low vapour pressure a"" tow molecular weinht,
— « Smali plasticizer motecules occupy pos’zt%erzs bet‘-.-‘-.feen ihe largs po vm'.'emw
effecievely increasing the interchai
o -intermolecular bonding forces. - : S o
 There applications include thin sheets or films, raincoat, tubing_and curtains. * - L \¥
(iii) Stablllzaers — _ . = .
7 e Some polymers even under a normal environmental conditions_are rapidly —
T deteriorated in terms of mechanical mtegnty of polymers. ]
* UV causes severance of covalent bonds along the molecuiar chaln — -
-« Common stabalizers are carbon biack (soot) as it is a good absorber of UV rays. e Al an
: . : —3 eh
e ¢ QOxidation also has deterimental effect on polymers and antioxidant coatings are ] ftorni
used to prevent oxidation of polymers. rest ”
{ivl Colorants ‘ | ) « Thet
« They impart colourto a polymer. - o - S
e They are dyes or pigments. The molecules of dye dissolve and become part of - * Ther
the molecular structure of polymer. T, of
—thern
& On the other hand pigments do not dissolve and remain as a seperate phase . Tvoic
inside the polymers. s yp
good
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(vl Flame Retardents

* Most polymers are flammable in their pure form.

. Exceptions are PVC and PTFE. These comoéuﬁds retard flammability « = solymers.

. strength,
* These retardants either interfere in the combustion process #wouc:” the gas
; phase or initiate a chemical reaction that cools the combustion regic:.
ind, glass, _ - : v ‘
- 1114 THERMOPLASTIC ELASTOMERS L

» Polymeric materials that exhibit elastomeric (rubbery) behavior at room te
the more Most of the elastomers are thermostat as they are crosslinked by, vulcaniz:

¢ Most common éxample of TPE is styrenebutadiens. Where hard and Aigid-{l .. ...

mer occupies th molecular chain ends, while soft butadiene mers-oc-
oy addition positions.
{CHCH,),—(CH,CH=CHCH,), — (CH,CH);— (S—B—S PTE)
ally liquids - .
Cmarchaing - o 4 [N :\Q_‘,
nerchains, 7=, . - Ng? Nt
PR E » ) 7 o & 00° :
- —— e @ Hard and ng!d
— . ST ) . — thermoplasiic {chain ends)
- - - o
3 o . go - O O\
o B I Soco - Seft component
ire rapidly . 00502’ — P " segmg?lt
3 Oogq ({center patt)
. 000
OO e~

5f UV rays. B » At ambient temperature, themsoft, amorphous central segments imparts the rubhery

behaviours to the material. Whereas at temperature below T hard component
forms the-rigid domain regions. These hard ends act as anchor Lnts so as o
restrict soft chain segment motions.

Jatings are

e The useful temoerature"ranqglies between T a of soft components and T__of the hard

component. ) - )
art of o ¢ The main advantage of TPEs over thermoset elastomers-is that upon heating above
me p T, of the hard component, they mett and therefore, may be processed by conventionat
thermoplastlc forming techinque.
~ate phase

¢ . Typical application are automotive bumpers, gaskets, shoe soles and heals, sporimg
¢ goods, protective coating etc.
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11.15 VULCARIZATION

¢ Cross linking process in elastomers is called vulcanization, which is’acheived by non

reversible chemical reaction, carried out at eleavated temperature. In thls process
sulphur compounds are added to the elastomer.

¢ Sulphur atoms bond with adjacent polymer backbone chains and cross link them.
” .

. * The def
ol
Stress(T) s of both
(MPa) N dd ,

o Univalcan'Z - e The fol
T mass, ¢
Strain{-») E specific
* Main reaction sites are C—C double bond. Modulus of elasticity, tensile °trength and H e Thermc

resistance to degradation by oxidation are all enhanced by vulcanization. Vulcanized
. . o e Strenatl

elastomeric materials are thermosetting in nature.
. polyme
: : ent ‘ g stable
- Neoprene rubber SngO ZnO ’ ' « T iggg
| Hypaion S PbOT '
T o Silicone and viton - - . Perox1de | i
' - Urethene rubber ° | °  Didscoyonale ‘ '
— - _ asics _

—— ——— o expans:
Note : Scooter repairing has less degree of. vulcar: . - ' e The ofl
- ST They ai
POINT TO BE REMEMBERED. . availab
) R -designe
* Fracture of polymers is dependent on morpholo: * a polymer. As a thumb rule, e Kevlar
thermosets fracture in brittle mode. It involves fc-iti: .o of cracks at regions where aerosp:

there is a localized stress concentration. Covaler:: onds are break  during the

fracture. -

e However, both ductile and.brittle modes are possibie mode of fracture for
thermoplasts. Many of. thermoplasts can exhibit ductile-to-brittle transition assisted
by reduction in temperature, increase in strain rate, presence of notch, increased -
specimen thickness and a modification of the polymer structure.

+ Unigue to polymer fracture is crazing - presence-of regions of very localized yielding,
—  which lead to formation of small and interconnected microvoids. Crazes form at
.highly stressed regions associated with scratches, flaws and ‘molecular
inhomogeneties; and they propagate perendicular to the applied tensile stress and
typically are Sum or less thick. A craze is different-from a crack as it can support

a foad across its face.

TN
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Microvoid
A - — Crack
ived by non : ) "(ﬁo/‘OOJX v o000 0
his process Blr:iig)g:g&
. (a) {b)
link fhem. ) . (a) Craze showing microvoids and fbreman bridge

(b) Craze foliowed by crack

» The deformation of plastic materiats can be p pnmanly elastic, plastic, or a combination
of both types.
+ The following factors influence the strength of a thermoplast; aveage molecular

mass, degree of crystallization, presence of side groups, presence of polar and other
specific atoms, presence of phenyl fings in main ¢hains and addition of reinforcements.

+ Thermosets are, however, strengthened by reinforcement methods.

itrength and

Vulcanized « Strength of a thermoplast is directly dependent on its average molecular mass since
- polymerization up to a certam molecular-mass range is necessarv to produce a
3 stable solid. ’ ,
¢ E-gtass (lime- -aluminium- borosﬂzcate glass with zero or low sodlum and potassmm
(e {aim 1is 4 {ﬂf h\n\\:nuc'lr:\ it < ! - .
Ev‘s-.g_O) has higher strength-to-weight !
—="- applications include milifary and aerospace applications.
B piastics are also often uged iii -aerospace app tications.
— ___ expansive. ’ :
4 _s. The other classes of remforcements include aramid (aromatic polyamide) flbers
- - " They are popularly known as Kevlar. Presently two commerical variants of Kevlar are
_available-Kevlar29 and Kevlar49. Kevlar09 is low-density, high sirength aramid fiber
: _ B designed for applications such as ballistic protection, ropes and cables. - S
thumb rule, ] —-- e—Kevlard9 is characterized by a low density and high strength/modulus; is used in
jJions where ~ aerospace, marine, automotive and other industrial application.
during the
o _ ) - HiE{n
racture for —
on_assisted )
), increased _
ed yielding, ) -
res form at
molecular
: stress and
can support '
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QUESTIONS

1.

S 2.

3.

““Which of these statements are,,

~_ correct?
(a) 1and 3 (b) 2 and 4
() 1and 4 (dy2and 4

. Match List-l and List-ll and select the

The structure of a polymer is shown
in the given figure. This polymer finds
special application in

F F
L

__Cl__cl;_
F F

(b) adhesives
(d) fertilizer

Consider the following statem.ents:

(a) packaging

(c) bearings

Thermosetting plastic are

1. Formed by addition pelymerization

3. Softened on
hardened on cooling for_any

number of tlmes : -]

4. moduiated by heating and cooling

correct answer using-the codes given
below the lists: '

List-f _ ; List-t
A. Polyethylene 1.. Adhesive
B. Polyurethane 2. Film
€. Cyanoacrylate 3. Wire
D. Nylox ~ ~ 4. Foam

- condensaiion

!

Vheatino and-| -

Codes:

A B C D
@ 2 4 3 17
(b). 4 2 3 1
(c0 2 4 1 3
(d 4 2 1 3

4. Consider the following statements -
Fibre Reinforced-plastic are:

1. Made of thermosetting resins and
glass fibre

2. Made of thermoplastic resins and
glass fibre.

S o, AnEsLULUDIL
4. \sofropic
. Which of these stalememo are

" correct?
—-—a) 1and 4 (b) 1 and 3
(c) 2 and 3 (d) 2 and 4

5. Match Ljst-l with List-1l and select the
correct answer using the codes given
below the lists:

List-
A. Neoprene
B. Bakelite
C. Foamed poly-urethane
~ D. Araldite
List-ll -
1. FElectric switches
---2. -Adhesive
3. Themnal insulator
4. Ofl seal

(a
(b
(c
@
Wh

sy

mai
(a)
(b)
(c)
(d)

Con
and

Ass
poly
of i
cha
Re:
poly
a si

The

is 6
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Codes:

A B C D
(a) 4 1 2 3
(b) 1 4 2 3
(c) 4 1 3 2
dy 1 4 3 2

Which one of the following materials
is used for car tyres as a standard
material?

{a) Styrene-butadiene Rubber (SBR)

(b} Butyl rubber |

(c) Nitrile rubbes _

(d) Any one of the above depending
upon the need

Consider the following pairs of plastics
and their distinct characteristics:

1. Aonyiics. Very good fransporency
to light
2. Polycarbonate.. .Poor impact

resistance
3. PTFE...Low coefficient of friction

Polypropylenie...Excellent fatigue
strength B

Which of these statements are

correct?
{a) 2 and-3 (b) 1 and 3 |
{c) 1and 4 (d) 2 and 4

Assertion  (A) Addition
polymerization is a primary summation
of individual molecules into long

chains.:

Reason (R} : In addition
polymerization, the reaction produces
a small molecue as by-product.

- The molecular weight of vinyl chlaride

is 62.5. Thus the molecular weight of

" a polyvinyl chloride with a degree of
- polymerization of 20000 is

10.

11.

A
3

13.

- 20000 62.5
@) 625 ®) 0000
(c) 62.5 x 20000 (d) 20000
Which of the following are fabricated
using en'gineering plastics?
1. Surface plate
2. Gears

3. Guide ways for machine tools

4. Foundry paiterns

Select -the correct answer using the
codes given below:

(@ 1,2and3 :*(b)1

(¢) 2,3and 4 (d) 1,2, 3and 4

Congider the following statements:

Dﬁ[\/_frzfrﬂ_ﬂlann__cd'honr:. Ve
Oly-lgtre-iuoro-emnene 1<

P - Py b
tion cocflicienl.

2. -having high fr
3. & thermosetiing matedal -
4. "having high friction_coefficient.

5. an electric insulator, —— -

6. non sticking to surfaces.

Which of these statements are
correct?

(@) 1,2and5 (b)2,3and6
(c) 3,4and 5 (d)3; 2and 5
Teflon isa —-

(a) Thermosetting fiuorocarbon

polymer
(b) Thermoplastic fluorocarbon polymer

(¢) Inorganic compound of fluorine
—-and carbon

(d) Laminated phenolic material--

In the case of rubber, vulcanization
refers o the process of producing a
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14.

15.

16.

(a) Linear polymer

(b) Branched polymer
(c) Cross-linked polymér
(d) Network polymer

Polyesters can be defined as the
condensation products of

(a) Dicarboxylic acids with dihydroxy
alcohols

(b) Biphenol-A and epichloro4hydrin .

(c) Phenol and formaldehyde
(d) Benzene and:toluene

Match List-l {(Material) with List-lI
(Typical use) and select the correct
answer using the codes given below
the lists: -

e L A 1Y

A. Branched 1. Boliles
polysthylene

Bﬁ TFic')Iyester - 2. Textile fibres

C. Polyvinyt 3. Fitms for
chloride packaging

D. Linear 4. Transparent
polyethylene - film.

Codes: -~ 7

A B C D

@ 3 2 1 4

(b)) 2 3 4 1

(c) 2 3 1 4

(d 3— 2 4

Phenol formald_ehyde is a/an
(a) thermoplastic polymer
(b) thermoseipolymer

(c) elastomer

(d) rubber ;

17. Consider the following statements:

Assertion (A) : In Addition
Polymerization method, polymer is
produced by adding a second
monomer to the first, then a third
monomer to this dmmmer and so on.

Reason (R) : There must gxist at least.

one double bond in the monomer for
Addition Polymerizafion reaction.

Of these statements

(a) Both A and R are true and R is
the correct expianation of A

(b) Both Aand Rare tlUG_: but R is rlot
a correct explanation of A

(c) A is true but Ris false
(d) A is false but R is true

/I\m.ﬁl. 13

18. Match List-I (Matenal) with Llst i

P popeny H—\A

e

S0mic .x r~|u T&iedd

answer using the code given
the lists:

List-!

Fibre reinforced plastics
Acrylics o
Phenolics

Butadiene rubber

List-1l

©Sowpx

1. Automobile tyres

2. Aircraft

3. -Lenses

4. Electric switch cover

Codes:

A B C D._
@ 1 4 3
® 2 3 4 1
© 1 3 4 2
@ 2 4 3 1

19. Stru
(@)
(b)
()
G
20. Whe

mor
are

.poly

~suct
@
(b)
()
(d)

21. Con
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19. Structure of a polymer is:
(a) Long chain
(b) Rhombic
(c) Cubic
(d) Closed pack hexagonal
20. What is the process by which two or

more chemically different monomers |

are polymerized to form a cross link
polymer together with a by-product
- such as water or émmonia, known as?
(a) Addition polymerization
(b) Co-polymerization
(c) Linear polymerization
(d) Condensation polymeriiation
21. Consider the following properties for
-plastics:

[ T T o
=S OIE arg o0

DoLNnT il U

2. Increesing piasticity. .

‘3. Ability to deform with rise in
temperature. '

-4, Long chain structure.

Which of these properties for plastics

are correct?

@) 1‘,‘ 2,3and 4 (b)3 and 4 only

(c) 1 and 4 only (d) 2, 3 and 4 only

Plastic material is used for the

component which requires

characteristics os | :

(a) Low density, mechanability and
high strength '

(b) Mechanability, high strength and
large plastic defamation

(c) High strength, large plastic

" deformation and low density

deformation

6. (a) 11

T2 by 7 (b,cy | 12
3. (o) 8 (c) 13
4. (d) 9. (c) | - 14
5. (c) 10. (c) 15

16. - (b) 21. (d)

17. -(a) .22, (d)
18 ()

19. (a)

20. (d)




12.1 INTRODUCTION

Introduction
Structure of Ceramics

—Mechanical Properties
Brittle Fracture of Ceramics

Hardness

Creep
Electrical behaviour of Ceramics ~

_ Lead Zirconate litanate (PZ1) : A
Piezoeleciric Ceramic

Lead Lanthanum Zirconate Titanale

PLZT, B

éan’um Titanate : A Ferroelectric
Ceramic C

\

Fabrication and Processing of
Ceramics

General Example of Ceramics
Schematic Diagram of Pressing and
Blowing Processes

Glasses and Gla;ss Ceramics

Glass Fabrication and Properties

Glass Forming

Clay Products

Fabriation and Processing of Clay
Products ’

Reinforced Cement Concrete @'CC)

Ingredients of RCC
Grades and Strength of RCC

Refractories

Classification

Recent Advances-‘ in Ceramics

Ceramics_can not be defined under metal, non metal
or organic polymer. Cermi¢s are non-metallic,
inorganic, - amorphous solid and are mostly metallce
oxide. Atomic bonding in them from—purely-ionic to
totally co-vallent. These are formed under earth in
pressure extensive heat. These cerémics are

hardness.

=

e.g., Silica (SiO,) & Al,O, - - e

(a) Traditional Ceramics : Such-as whiteware, tiles,

{b) Industrial Ceramics : It also called-engineering,
high-tech or fine ceramics ‘such as turbine,
atuomotive and aerospace components. e.g.
ALLO,, Si,, SN, etc.

12.2 STRUC TURE OF CERAMICS

The structure of ceramics is among the most complex
of all materials. It contains various atorms of different
size. The bonding between these atoms is generally
covalent or ionic. These bonds are much strengthen
than metallic bonds. Ceramics are available as single
crystal or in polycrystalline form. These have finer
grain which leads to more strength and toughness.

brick, Sewre pipe, Pott.ery and abrasive wheel. —-

s
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12.3 MECHANICAL PROPERTIES

Ceramic materials are somewhat limited in apphcabmty by their mechanical propemes
which in many respects are inferior to those of metals.

12.3.1 Brittle Fracture of Ceramics

e The brittle fracture process' consists of the formatidh and propagation of cracks
through the cross section of material in a direction perpendicular to the appliedHoad.

* Crack growth in crystalline ceramics may be either transgranular (i.e. through the
grains} or infergranular (i.e., along grain boundaries); for transgranular fracture, cracks
propagate along specific crystallographic (or cleavage) planes, planes of high atomic
density. Griffitth theory brittle fracture hold goods for ceramics.  /

12.3.2 Hardness

One beneficial mechanical property of ceramics is their hardness, which is often utilized
when an abrasive or grinding action is required; in fact, the hardest known _materials are
ceramics. Their hardness normally I|es in between 500BHN to 2000BHN.

Pl Dt =T
P Saday Wi Gy

. ¢ Ofien ceramic materials.experience creep deformation as & resull of exposura 0
stressesf{usuatly compressive) at"elevated temperatures.

“In_general, the time deformation creep behavior of- ceramics is similar to that of- .
metals; however, creep occurs at higher temperatures in ceramics.

o High-temperature compressive creep tesis are conducted on ceramic materials to
ascerfain creep deformatlon as a function of temperature and stress level:-

e Sialon SaH1 & AIZQQ used for gas turbine at 1300°C due to_this property.

12.4 ELECTRICAL BEHAVIGUR OF CERAMICS -

These are used for insulation purpose in electsic power & transmission, electrical m/c etc.
Mica, Poralian, Micanite, Glass bonded mica, glass tape eic. are example.

12.4.1 Piezoelectric Materials -

1. Quartz, Si0, have pizeoelectric coefficient.
Ammonium_dihydrogen phosphate (ADP) (NH,H,PO,)
3. Lithium tantalate, LiTaO,

‘4. Lithium niobate, LINDO,

N
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5. Potassium dihydrogen phosphate (KDP), KH,PO,
6. Polyvinylidene fluoride (PVDF), (CH,-CF,),

7. Lead zirconate tifanate (PZR), PbTi, ,,Zr
8

05203
Rochelle salt, NaKC,H,O,,4H,0

12.L.2 Lead Zirconate Titanate {PZT) : A Piezoelectric Ceramic

¢ ltis a solid solution of lead zirconate (PbZrOs)'and lead titanate (PbTiO,). Both can
be mixed in different proport|ons to yield the properties of asplrated choices.

o it has wide range of dielectric constants _
.': « Have high curie temperature at allows hagh temperature operations.
o Whas electromechanical coupr:ng coefficients better than the BaTio,.
.« They can be produced easily by sintieirin(';j'f 7

o PbZrOQ is an antlferroelectrlc material. At room temperature its structure _is CUblC
. whrch converts rnto orthorhombrc above curis v e

« PbTiO, is a ferroelectric materiai. Belcw. wre
is cubic but it converts to tetragonal st

cu'bic (PbTIO,) S0 ngonal (Pbﬁoa)

e« PZTis prepared by mixing the zirco: - - bznatedn a ball mast and then calcinising
above 1000°C.

.Applicati_ons : Mains applications oi FZT in'modern uses are the following.
« Ultrasound - Sonar - Buzzers TRt "k genericis

-. Sensors - Transducers + Actuators Lt ites

12.4.3 Lead Lanthanum erconate Titanate {PLZT)

It is a composition of lanthanum (La) with. PZT. Lanthanum is added to modlfy the
properties of PZT. It'results in

1. Decreased curie_temperature

Increased dielectric constant

Increased squarencess of hysteresis loop
{

H W N

Higner electromechanical coupling coefficients

et
te
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=Y

5. Decreased coercive field

6. Better optical transparency

‘

e The proportion of La in PZT plays a vital role i-n'deciding the property of PLZT.

e It is added in different proportions. If the piezoelectric properties of PLZT is to be

enhanced, La should be added i{ess than 5%.
. . *

= But for PLZT in electro-optical applications, a_proportion of more than 5% is requiréd_

o PLZT is generally designated by La/PbZrO,/PbTiO, combination e.g. 7/55/45,
2/65/35, 12/40/60 etc. Various properties of some PLZT composntlons arg give below
in Table 20.5 for a ready reference.

Various Properties of Some PLZT [

2/65/35 | 650 25 320 |37y 7.98
6/65/35 1210 | 1.6 240 87 | 786
Wies3s | 5100 | b4 | . 25 o _.
14/65/35 1450 { 23 - l L as

. b

-

12.4.4 Barium Titanate:A Ferroelectric Ceramic

H .
1 - . -

Barium titanate (BaTiO,) is most important ceramic.t is a mixed oxide having perovgl’('ite

structure as shown in figure. It is an artificial ferroelctric material. Its ¢, >2000. The curie

temperature of BaTiO, is 130°C.

Structure : Its structure is ‘cubical’ above 130°C and ‘tetragonal’ below it. When BaTiO,
crystal is cooled below 130°C, the Ti** ion shifts on one side of the body centre and O~
ions in opposite side as shown in’ figure. Hence,-the centres of positive and negative
charges do not coincide, and local dipoles are created in entire crystal. Since the dipoles
of neighbouring unit cells are ail aligned, they induce a large polarization is solid.

A D
) 3 o= Bgz+ & / ¢ o= Bg
) j =0 ~ o=0 -
c%\ %) : = ‘ﬁ4+ \ e /% e = _’_'4+
& LA & ¥
(a) (b)

- FIGURE : Structure of 8aliO, is (a) Cubic above 130°C, and (b} Tetragonal below 130°C.
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Effect of temperature on structure of BaTio,

Inorga

: of eute
130°C 5°C —90°C : ' o
Cubic | "[Tetragonall ™| Orthorhombic| ™| Rhombohedral| / Hence

Paraelectric "\ 4 . proces

phase " Ferroelectric phase . The pc

Dielectric constant as a function of temperature. The dielectric constant of BaTiO, is . ] E ;l}owe;
affected considerably by temperature as shown in fig. It shows. a rise_wit} mcreasrnq . antt
temperature. There are abrupt and sharp rises at critical temperature viz. —90°C, 5°C and Post fi
130°C. differe
, Glass:
! tempe
4 : e Most ¢
' in forr

the lir

~ Differt
ToC L object

' used

g
WVFlGURE : Variation in disleciric consent ¢, as a funclion of temperature ; press!

' - "« Press_.
fﬁodmedbanum Titanate

It is-madified by addrng curie point shifter. Besrdes changing the curie point to different S : -
operating temperature range, it also smoothens the profile of abrupt change in diefectric ) ) S
constant. The shifting in curie point is accomplished by using some substltutlons ain .
among them are given below. 1 e Blowi

BaTiO, + PbTiO, : This substitution results in formation of (Ba,_Pb )TiO; whea 0<x<1. - - -
On mixing_them, the curie temperature rises at a rate of 3.7°C i.e. dT /dx = 3.7°C. The
value of Tc for BaTiO, is 130°C and that for PbTiO, is 490°C.

BaTiO;,, SiTi0, : At room temperature, -it is not a ferroelectric. lts structure is cubic
perovskrte On mixing them, the cune temperature lowers down by 3.7°C i.e. dT /dx =
-3.7°C. ' -

BaTiO, + CaTiO, : This mixture has no effect on curie temperature, but it Jowers the
tetragonal orthorhombic transition temperature.

. . Si.C)2
12.5 FABRICATION AND PROCESSING OF CERAMICS  cach
» Ceramic melt at high temperatures and they exhibit a brittle behavior under fension. . Ratic
e As a result, the conventional metiting, casting and thermo-mechanical processing — struc

routes are not suitable to process the polycrystalline ceramics.




"1creasmg
i 5°C and

R

$Hns. Main

:n G<x<1.
7°C. The

2 is cubic
g dTC/dx =

xwers the

{:r tension.

4 rocessing

Ceramics 251

' Si0,: itis the most simple silicate material. It is a 3D network that is generated when '

Inorganic glasses, though, make use of lower melting temperaiures due to formation
of euteclis.

Hence, most ceramic products are made from ceramic powders through powder
processing starting with ceramic powders. -

The powder processing of ceramics is very close to that of metals, powder metallurgy.
However there is an important consideration in ceramic-forming that is more prominent -
than in metal forming: it is dimensional tolerance.

Post formmg shrinkage is much higher in ceramics processing because of the large ————
differential between the final density and the as-formed density.

Glasses, however are produced by heating the raw materials to an elevated
temperature above Wthh melting occurs.

Most commercial glasses arg, of the silica-soda-lime variety, where silica is supphed
in form of common quartz sand, soda (Na20) in form of soda ash (Na,CO,) while
the lime (CaO) is supplied ifj form of {imestone (CaCO3).

_ Different forming - are widely in practice to fabricate glass products. Thick glasé

objects such as plates and dishes are produced by pressing, while the biowing is
used td produce obijects like jars, bottles and light bulbs.

Y o T PP
wlawind 15 U5l 20 1Chn G HRE LUDaEE, .LJE e e

ng whjecis
pressing and b.owing process is shown-in below figuie.
Pressing : . _
o o Gob Pressing
o Parison lﬂll ﬁ
- _mold ! o
Blowing .

suspended \‘E{L ] g
Parison Y
__Finishing

mold

FIGURE : General example of ceramics schamatic diagram
. of pressing and blowing processes.

each comer oxygen atom of tetrahedra is shared by adjacent tetrahedra. Thus the
material is electically neutral. _

~Ratioof Sito O atoms is 1:2. If this array is extended in all directions a crystalline

structure is obtained.
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There are three polymorphic forms of silica; “quartz, cristobalite and‘_tridymite.”

These structures are open structures i.e they are not closed packed together.
/
As a consequences these crystalline silicon have low densities. '

F’&bm P

Oions

Silica Glasses : Silica can also be made to exist as non crystalline solid or glass
having high degrees of randomness. Such structure is called fused Silica or vitreous
Silica” Common glasses used for windows"etc are silica glasses.

Networking Modifiers : Certain oxides such as Na,O and CaO are added to
silica glass. These oxides donot form polyhedral networks rather their cations are

incorporated within and modlfy the SiOj~ network For this reason, these oxide

" additives are called network modifiers. o '

\uubt kU\]T; fUl blnuUll an \j bbku e paitl [
these modifiers and inlermediates loweis the meltingpoint and viscosily of glass 2ng
makes it easiers to form at lower temperature. S B

5 ootobhaboa dhn e
W Swaiddnly il i

‘The Sllicéies (Simple silicates) : Structurally simple and invoives isolated tetra, ,
" hedra eg. (Mg28104) for sterite where two Mg?" ion associated with each tetrahedra ——
~ such that Mg?* ion has six oxygen nearest nevghbours .

Layered silicates : These are two dlmenSIon sheet
or layered structures and-can be produced by sharing
of three oxygen ions in each of the tetrahedra.

For these structures the repeating unit is (Si,O;)
“the net negative charge is associated with unbounded
oxygen atoms projecting out of the plane of the page.
Electro neutrallity is established by a second plane
sheet containing excess 6f cationé, which bond with
excess unbonded:oxygen atoms from the Si,O,

4+ 2— +
. Si o0 eNa
sheet. - T ~

Such materials are called the sheet or layered silicates, and thier basic structure is
characteristics .of clays.

Silicon Carbide : -Melting point 2400°C useu in_high tempe:ature transistors. |ts
eneray gap is‘large. about 3ev.
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¢ One of the most common clay minerals kaofinite, has a formula Al, (Si,Oy) (OH),;in
which the silica tetrahedral layer represented by (Si205)2‘ is made electrically neutral
by an adjacent AlL{OH),2* 1ayer. o

Diamond

» Here each carbon atoms bonds to four other carbon atoms by covalent bonds.
Diamond is extremely hard and has a very Iow‘electrial conductivity, these
charactersties are due to its crystal structure and strong mteratomrc covalent bonds.

o It has high thermal conductivity and is optically
transparent in visible and infrared regrons and has
hlgh refractive mde). :

. Industrially, dlamonds are used to cut and grind-soft
" materials. Diamaond films are produced by vapour -
phase chemical reactions followed by film deposition. . Diamond

o These films do not have long range ciystalline regularity of natural diamond.

s Surface of drills, dies bearing Knives and other tools are coated with drlamond films
to increase surface hardness. It-is also app'red on loudspeaker tweeter and high
precision work. .

¢ |t is more stable than diamond at rcom temperature and pressure. iis struciurz

consists of layer of hexagonally arfanged carbon atoms, within the layers, each:

e _ carbon atom is bonded to there coplaner neighbour atoms by strong covalent bonds.

“The-further bondmg electron participates in @ weak vanderwaal type of bond between
the-layers. Thus center plane is fragile, which gives rise to excellent lubricative
properiies of graphite. Electrical conductivity is also high along hexagonal sheeis. -

o Graphrteﬁwas high strength and chemical stability at .
elevated temperature,-high thermal conductivity, low
coefficient of thermel expansion and high resistance
to-thermal shock and good machinability.

. Grabﬁite is commonly used as electrodes in welding, |
casting molds, refractories and insulations, rocket
hozzles, chemical reactor vessels, electrical contacts,
brushes and resistors, battery electrodes and in

purification devices. —Layered Structure
Graphite

12.6 GLASSES AND GLASS CERAMICS

» ‘Glasses are non crystalline silicates containing other oxides e.g. CaO, Na,O, K0
and AlLO,. Atypical soda lime glass consists of approx 70% SiO, + {Na,O + CaO](Resi).
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12.7.1 6lass Fabrication aniﬂ’ﬁ:’perties

Glass is an amorphous solid with the structure of liquid or we can say it is a
supercooled liquid that is cooled at a rate too high to allow crystal to form.

it doesnot have distinct melting and freezing point. All glass contain atleast 50%
silicate defined as glass former and_their strength can be modified by adding the
oxide of aluminium, Ca, Ba, B, Mg and these oxide defined as intermediate or
modifiers. e.g. — soda lime glass, borosilicate glass efc.

_.Normally more than 500 type of glasses which are available today. ¢

Type of glass depends on |nput means if we modify the input we can make different
type of glass.

Final properiies of glass would be depend upon the constltuant and processnng
techniques.

Most inorganic glasses can be -transformecl to crystalline state by a proper high
temperature heat treatment called “Devitrification”.

The product is a fine grained pol'ycrystalllne m_aten'al called glass ceramic devitrification
process. ' :

i

_ Glass ceramics have low coefﬂment of thermel! expansron high thermal shock

fom mam 2 e P TP

FOSIIGT nad reiativiy T Hdll TIGChaNGa SLLhoing ant tharal conduenvd

conveitticnal glass formlr.q techriique may be used in the maximum preduciion of
glass ceramics. .

=

Glass fibres :: Contmuous glass fibre produced by drawmg molten glass through
multiple -orifices. Fibre of small diameter (2um) canbe produced.

Short glaersﬁrfibre or glags wool process : In this molten glaés ejected from a-

rotating head_by centrifugal spraying process. Rotating head contains more than
2000 holes. In this process fiber -diameter canJle achieved from 20.30um air is

supphed from the top to direct the fiber down ward and reduce the temperature. As
the fiber descend, the binder is mixed to achieve required wool criteria the amount
of bider decide mechanical properties.

For glassy materials specific volume decreases continuously w1th temperature
reduction. At glass transition temperature there is a slight decrease in the slope of

_cooling curve. Below this temperature the material is considered to bé glass and
above it first a supercooled liquid, and finally a liquid

Melting point: At viscosity of 10° Pa- S glass is ﬂmd enough to be considered a
liquid.

Working point : correspondlng to wscosrty of 103 Pa-S, the glass is easily deformed
at this VlSCOSlty
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12.7.2Giass Fo

Vqrious glass forming meathods are as follow : , T T

L/‘;”‘d 1014—r -\

© Strain point
o - -
" ¢cOC Annealing point
g S Q\;\qu\d . Viscosity 10 10 T '
5 | {Crystatization  F2S) 10 T Softening point
g S 10 T :
o | gess—T T
£ | ‘ ‘ : 10 T Working ange
& | CrjstalineSold g 4 Working point
@ ; : 10
= Melting pt
;. b
:,. . ) N - ~
T, T, 200 400 s00 800 1000 120014001600
Temperatu re—’ sTemperature —

Softening point : At viscosity of 4 x 10° Pa-S, this is max. temperature at whrch
glass may be handled without causing significant dimensional alterations.

Annealing point : At viscosity 10% Pa-S. At this temperature the atomic diffusion is
sufficients rapid that any residual stress may be removed within about 15 minutes.

‘Strain point : At viscosity level {4 x 1013) Pa-S. For temperature below strain point,

~Afrra tha

£ ~F
SCCUr De&eiogre ne k_[ll‘; o7

AL Caantt
fracture wil' ooounr n'rﬁﬂ"lt: G':“f)rn“""f‘“ Thp \’3'!9-.‘:5 fr;:r\ql'hn"\,

RS

iemperature will be above sirain h:,n‘ temneraturs.

riiing -

~ Glass hanufacturmg Stages

(i) Pressmg Here a glass piece is formed by pressure apphcatlon in a graphite coatecF

cast mold having shape. The mald is ordinarily-heated. to ensure an even surface.—

This meathod is used for produang thick walled pieces such as plates and dlshes .

(if) Blowing : Done for art objects, fhe process is compietely automated fomproductuon

(iii) Drawing :

{

of glass bottles and light bulbs.

First a temporary shape is given to the gob of glass by pressing it in-a mold and then

it isinserted in a blow mold and forced to conform to mold contour by blowing ablast —

of air.

It is used to form long glass pieces such as sheet, rod, tube and fibres
which-have constanst cross section flatness and surface finish can be greatly improved

by floating the sheet in a bath of molten tin at elevated temperature. —_

The piecs is then slewly cooled and heat treated by annealing/.
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Fibre forming : Here the molten glass contained in a platinum heating chamber
fibres are formed by drawing molten glass through small orifices at the base of the
chamber. Glass viscosity is controlled by chamber and orifice temperatures By this
glalss wool wound be made. : :

\Vt

Glass sheet Tuming Roll

Forming Roll
Water cooled shield -

> Molten glass
Platinum .
heatlng

Float process in which flat glass sheet will be made. Glass can be processed in the '
form of fibers, tubing, tempered glass and. laminated glass.

For tubing we require glass as flat sheet -

: |Rawmaten'als}—>| Mel’(ingH Forming—l—pl FArseling J

Paﬁgsging Secondary lnspectlon &—|> ,
ware : I
Ss 1
and shippin proeessing esting
FIGURD L Glasy i"lli-muf&:ulun';ng Slages.

v,0

and GeO “They form the baS|s of random three-dimensional network (3 ¢j:aSS.

« Intermediates include Al,Q,, ZrO,, PbO. BeO TO and ZnO. These oxides are
added in high proportions for Ilnklnq -up withi the basnc qrass network to retain structural

ontlnutly

. o

e Modifiers include-MgO, LiO,, BaO, Ca0, SrO, Na,O and K,O. These oxides are

12.7. 3 Types of Glasses

Divitrified Glass

e Itis made by mixing of dlass with fluxes which lower-down the fusion temperature
of glass, and render the molten glass workable at reasonable temperatures.

e But fluxes may reducefthefesistance of glass against chemical attack.

« Devitrified glass is undesirable since the crystalline areas are extremely weak and
rittle. Stabllzers are therefore -added to this type of glass to overcome these problem.

added to modify the properties of glasses. B
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Heat Treating Glasses

Annealing : When glass is cooled from an elevated temperature thermal siresses
are introduced as a result of difference in cooling rates and thermel contraction

“between the surface and interior regions. These stresses weaken the material and

in extreme cases leads to fracture which is called ‘thermal shock’. Annealing is done
by heating glass to annealmg point and then slowly coohng to room temperature.

Glass Tempering : 1n this process compressive restdual stresses are induced at

" the surface of the glass. Here, the glass is heated to a temperature above the glass

transition temperature but below the softening temperature. It is then cooled to room
temperature by a jet-of -air or in an oil both. The residual stresses than:are induced
due to difference in coohng rates for surface and interior regions.

As the cooling advanced, the surfaces cools more rap!dly and becomes rigid, but

slowly, it tries to contract but the rigid outer surface prevents it when the codling is
complete.

There are net tensilis stresses in the interior and net compressive stresses on the
surfaces. , ‘

Apphcations of fempered glass are making of large docrs, automobile windshields,

y

Compressive \
~stress on surfavcs “Tensile'strsss
I in interior surface

y
y
i\

Tensile

- Compressive

Soda Lime Glasses

Mainly contain m&des of sodium and calcium, and silica. Its formula is Na,OCaC.6SiO,,
Small amount of alumina and magnesium oxides are added to it to improve the
chemical resistance and durabifity of the glass.

Soda lime glasses are cheap, resistance to water and devitrification.

They are widely used as window glass, in electric bulbs, botlles and tablewares
where high temperature resistance and chemical stability are not essentially required.

Lead Glasses

Contain 15 to 40% lead oxide. They are also known as flint glasses.

They are used to make high quality tableware, optical devices, neon sign tubing etc.

.Glasses having a high lead content, upto 80%, have relatively low melting peints,

high electrical resistivity and high refractive index.
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e They are used for exira dense opticéi glasses, windows and protective. shields to
protect against X-ray radiations. -

Borosilicate Glasses

« Contairi mainly silica and boron oxide. Small amounts of alumina and alkaline oxide
are also added to it.

« it has low coefficient of thermal expansion and high chemical resistange. They are
used in scientific piping, gauge glasses, laboratory ware, electrical insulators and
domestic items. This glass is known _as Pyrex glass by trade name.

High Silica Glasses

" e Containing upto 96% silica are made by removing alkalies from a bomsmcate glass.

They are much more expensive than other types of glasses.

"« They have very low thermal expansion and high resistance to thermal s ck, High-

silica glasses are mainly used where high temperature resistance is required.

Photochromatic and Zena Glasses o ,

chromatic and 7ona gleeces are also in common ennlication, Phetochromatic

NATC

]
oy

o
@)

g%as 123 are used in making :ons for goggies. Siiver triehae s mixed o diu
glass to make them. Zena glass is used {o make cnermca! containers.

« The world's telescope situated on Mount Semivadrixe i USSR, which uliiizes
6 metre diameter mirror of 1 metre thickness and 70 tonnes weighi-is exampie. of

glass. .

;llred Glass
Made by meshing steel wire into molten glass by rolling process. It is used for low cost

fire resistant glass which automatically break at high temperature S

Patterned Glass _ .
It is made by Passing the glass through rollers of 1050°C. Mede _in single pass. Gap

between roliers are adjusted to get the desired thickness of flat glass. Molten metal and -

then moves through the tamperature controfled kiln (also known as fehr) and solidfies.

12.7 CLAY PRODUCTS

e ltis an mexpensnve raw matenal and can be formed with ease.

e When mixed in proper proportions with water it forms a plastic mass that is very easy
to shape. :

. e The formed piece is dried to remove some of the moisture, after which it is flred at
an elevated temperature to improve its 'mechanical strength.
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s Clay products can be classified into :

(i) Structural caly products : Bricks, tiles and sewer pipes i.e applications in which
_ structural integrity is important. -

(i) White wares : white creamics become white after the high temperature firing

Example : Porcelin, pottery, tableware, chinaware, sanitary wares.

12.7.1 Fabriation and Processing of Clay Preducts *

e When water is added to clay, they become very plastic, and a condition termed as
hydroplasticity.

e This property is very lmportant for formmg of dlay when water is added.

e The water molecules fit between layers sheet of clay crystals, and form a thin film -

-~ around clay particals.

e The particals are thus free to move over one another, which accounts for resulting

plasticity of the water clay mixture.

e Clay melts over a range of temperature, thus a dense and strong piece of ceramic

may be produced during firing without complete meltmg such that desired shape is
maintained.

re Aluriniure Silicates (ALDO, — SI0,).

. = In addition to clay, the clay products also contain flint, finely ground auaic &
* " called feldspar. Quartz'is usedras a filler material {(inexpensive, hard and chemically.
_____unreactive). It experiences a lilttle change during high temperature heat treatment.

« +Feldspar when-mixed with clay forms a glass that has a relatively low melting-point.
- They are-group of aluminum silicate materials that contain k*, Na* and Ca2* ions. A
_Typical poreceline might contain 50% clays, 25% quartz and 25% feldspar.

12.8 REINFORCED CEMENT CONCRETE (RCC)

« Concrete has high compressive strength but poor tensile strength. it is prone to crack
when open- for tension fo provide sufficient tensile strength, reinforcements in the
form of steel bars are provided. The combination of concrete and steel reinforcement
results in a material known as Reinforced Cement Concrete {RCC).

e |t contains favourable properties of both the concrete and the steel. Steel is used as

reinforcing material due to its high tensile strength and-elasticity, and its thermal
coefﬁcnent is nearly same as that of concrete.

" 12.8.1 Ingredients of RCC

1. Cement 2. Fine aggregate {or coarese sand)

31,_ Coarse aggregate 4. Water

57 Reinforcement

1G & flus .




¥ 260 Chapter-12

Cement used should be as per the specifications of BIS (Bureau of Indian Standard).
Senerally sand is used as find aggregate. Sand should be coarse with finess modulus
2.90 to 3.20. Coarse aggregate may stone grit, gravel or some other/inert material. It
should be hard, durable and free from other injurious materials such as saltpeter, salts
etc. Generally crushed stone grit, granite tips, stone ballast is used for this purpose. For
RCC work, the size of coarse aggregate varies from 2cm to 3cm. Potable water which
is free from impurities like sulphates, chlorides etc. is better use for RCCe

12.8. 2 Grades and Strength of RCC

Concrete mix in RCC works is classrﬂed into the followmg categories.

M10 - ... 1:3:6 mix

M15 ... " 1:2 4 mix

M20 ... 1:1.5:3 mix .

M25 ... 1:1:2 mix : ,

M30 ... 1:4:8mix;1:5:10 mix, 1:6 : 12 mix ‘
FAGE Cochtonoened prestrozsed ooncree

M40 Pre- tt‘nsuo..vd preetreeseMoncre te v

The mix-1-: 3 : 6 indicates proportrons of- cement aggregate and sanc rc\,wcuvely

“M10 and M20 grade of concrete is used in mass concrete work. M15 is generally used
for all purpose of general nature such as RCC slabs, and flooring. M20 and M25 is used
for thin RCC members such as precast members, shed roofs, thin shell etc. M35 and
M40 are used in prestressed concrete structures i.e. for post -tensioned and pre-tensioned
concrete members respectively. Strength of cemenutepends on the water cement ratio.

Mild steel bars (Plain bars)
High yield strength deformed (HYSD) bare.

Twisted bars : — )

ol

Steel wires {or Tendons) ‘ E -

e Mild steel bars (P|a|n bars) : The main drawback of these bars is their poor bond
stress. : ’

+ Deformed bars (HYSD bars) : These bars: are more suitable in comparison fo plain
bars. o

e Twisted bars : Cold worked twisted bars are used to improve the bond between
concrete aad reinforcing materials. These bars increase the yield stress by about
50% and thus save reinforcing material by 33%. These bars have greater bond

,
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« This phase may be glass or crystalline.
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strength and hence are very useful for water retaining structures such as retaining
walls, dams etc. The size of bars varies from 5 mm to 50 mm.

+ Steel wires : Steel wires with high elasticity are used in prestressed concrete members.
They have a diameter of about 6mm and are known as tendons They are also used
in the form of wire mats.

e RCC has many advantages. It can be moulded into any desired shape due to its
plastic properties. it is fire resistant, damp proof, rigid, durable and impermeable to
moisture. lts structures can bear the shocks of earthquake effectively. Maintenance
of RCC work is less while its appearance is good.

12.9 REFRACTORIES

ry

. T-hese material have capacity of withstand high temperature’ without| melting or
decomposition, and the capacity to remain unreactive and inert when Jexposed to
severe environments. This are good heat insulators, low electrical conductivity. —

« General applications are furnance linings, insulation coating, glass manufacturing
5 3
metallurgical heat treatment and power generation.

M Flasl Tiemo ge o N ar be Feummnatiney AT
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e Porosity has detrimental effect on brick properties strength Ioad beanng capac:ty

and resistance to attack by corroswe material. S o

,':' All of the above increase with porosity reduction aﬂhe same. tlme thermal lnsulatlon
and resistance to thermal shock are diminished.

« - Refractoriness : Ii is the ability of a material to sustain the action of heat without
appreciable deformation or softening. Refractoriness of material is measured by its
melting point. e.qg. Alumine-silica composition Refractories are expected to resist
mechanicai abrasion, influsion of molten metals, slag or metallic vapours and also

12.91 CI_a_nssiﬁcation

(i) Fireclay Refractories
Composition (in percentage) (MgO is in max)

AL,O, Sio, MgO  Fe0, CaO TiOo, Porosity

- 25-45% 70-50% 0-1 0-1 0-1 1-2 20%
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e s melting point is 1587°C.

e Below this temperature equilibrium phases present are muliite and silica
(cristobalite).Upgrading the alumina (Al,O,) content increases the maximum service
temperature.

« Fireclay bricks are used primarily furnace construction to confine hot atmospheres
and to thermally insulate structural members from excessive temperature.

« Strength is not an important creteria but dimensional accuracy and-stabilffy-areto be -

maintained.

lii} Silica Refractories [(Acidic Refractories)

Composition {in percentage} _ : ,
ALLO, Sio, MgO CaO  Porosity
0.2 7 96.3 0.62 22 25%

«- |t is also termed as acid refractories have a maqor constituent as Silica.

ol haarina cang
(SRS HE IS 12

f):o
h.

-

ars Commonts

« Presence of even small guaniities of composite on (7.7 wi'ii A!_On) is very mean to
silica extremlty of phase diagram. - .
. Even ‘small additions of Al,O, lower the liquidified temperature S|gnmcantly, which

means that substantlal amounl of hqund may be present at temperature around
1600°C

o These matenals;are resistant to acidic slags bui are readily attacked by basic slags.

[k} Basic Refractones

COmposmonjln percentage) . _

ALO, Sio, MgO  Cr,0, FeQ, CaO Porosity
1 3 % 03 3 25 22

¢ TResistant to basic slags'/ containing high quantities of CaO and MgO.

+ These find extensive use’ in steel making opea hearth furnaces. —

(iv) Special Refractories Zirconia (Zr0,) -

« It is white in colour has good resistance to thermal shock, wear and corossion.

. Pamally and stabilized Zirconia (PSZ) has high sirength and toughness and better
reliability thad Zirconia.
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e It is obtained by doping Zirconia with oxides of calcium, yttrivemm & mvaggesiv:.
1d silica e This process form fine particals of teragonal zirconia in a cubsic Hitice.
n service e Typical applications are dies for hot extrusion grindi’ng beads, for guicmmdve D . <rs
and topcoats. Partially Stablized Zirconia is very suitable for heat engims®ea:. ...l
ospheres such as cylinder liners and valve bushings. '
(v} Neutral Refractories -
are to be ,
These neither acidic non basic with increasing alumina content, silica-aismEmmefrz - ries
may gradually change from an acidic to a neutral type. e.g. Sic, elwormE=& ca:i ..
Note : Quart ;s:&@!e—o?c?y;amn;_f;‘r? cIn—d_sl IT;G—QEES of mmer merysx sial.n
form Quartz exhibits Piezcelectric effects. !
12.10 RECERT ADVANCES iNC ICS
* Chemically Bonded ceramics (CBC) are invented recently and Emhg@formar o
ommonly low cest. CBC materigls are generally silicates, aluminates M
P { eI (H‘\ peraiure for i
‘meanto [
: - . ...s CBC have 10 to 20 times th«i2 tensile strength of conerete abcwiB2% _che: -
tly, which RN than Al, 20 times, steel and 4 to 6 times less expensive than. galastice.
e arcund — . CBC armor- brake%ﬁmngk — -
' 4 . CBC roofing, CBG fiooring, CBC eleotncaTﬂxture )
sic slags. . CBC wall pannel - .
Future application : Aircraft & rocket parts, cryogenic contarmers saizays etc.
mimin, — - : e
sity i N
, -
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{ auestions }

Which one of the following refractory
materials is recommended for steel

furnaces containing CaO slag?

(a) Alumina (b) Silica
(c) Magnesia (d) Fireclay

Match List-l (Material) with List-ll

{Applications) and select the correct
answer using the :codes given below
the Lists:

List-

A. Tungsten carbide
R Siticon nitride
C. Aluminium oxide
. Silicon carbirdﬂe

List-l ""'
1. Abrasive wheels |
2 WHeating eiements
3. Pipes for conveying liquid metals
4

Drawing dies

Codes: _

A B G D
@ 3 4 1 2
® 4 3 2 1
© 3 4 2 1
@ 4 3 1 2

Match List-l (Material) with List-li
(Application) and select the correct
answer using the codes given below
the lists: ¢

List-l
A. Ceramics

—B. —Refractories

C. Stones
D. High silica -glasé

List-l )
1. Construction of chemical plants
2. Columns and pillars -
3. Lining of furnaces
4. Tiles

(44}
e

w T

4 1 =
V) 2 3 4

Which one of thé;fouowir(g; . not a—
ceramic? -

* (@) Alumina (b) Porcelain

(c) Whiskerr ~ __{d) Pyrosil

Which one of the following is correct?
When “devitrification” of inorganic
glasses done

{(a) glass transforms from crystalline
to non-crystailine

(b) glass transforms into a fully
transparent material

{c) glass transforms’ from mono-
crystalline state to poly-crystalline
state

_[d) glass is reiieved,ofz internal
stresses

10.

11.

(d
A\
ol

(L
(c
(c
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The type of bonding in ceramic is
(a) Purely covalent

(b) Predominantly covalent with small
ionic character

(c) Predominantly ionic with small
covalent character

(d) Purely ionic

Among the following ceramics which
one has the highest hardness?

(a) Aluminum-oxide
(b) Quartz

{c) éoron carbide
(d) Sificon carbide

A refractory material must

(b) Be resistant to action of molten
metal and_siag

(c) Not-crunible-or cracks easily

'*(d) All of the ‘above

The nature oLmagnesnte as refrac&ory
materials is—-

(a) Acidic -
(b) Basic -
(c) Neutral -

(d) None of-the above

- The ch_emical formula of silimanite is

(a) ALO, (b) SiO,

(c) ALO,, Si0, (d) ALO,, 2Si0,
Reinforced cement concrete is
- generated by casting

12.

13.

14.

15.

16.

17.

(a). ln moulds

(b) In blocks

(c). Over steel rods

(d) All of the above

What is silica?

(a) Itis gn organic polymer

(b) ltisa cerarhiipﬂmel -

(c) ltis a composite material
(d) None of the above

An example of crystalline ceramic
material is. ’

(a) Window glass (b) MgO |
(c) Fixedclay . (d) Cement

~The main function of refractories is

(a) Themmal radiation
(b) Reﬂectton of heat
{c} Ther Mg oLl
(d) Absorptior of lhaat

Which one is an example of basi;.
refractory?

(a) Lime (b) Ganister

(c) Dolomite (d) Silica brick
FRP is a

(a) Compeosite material

(b) Highly conducting materila

(c) High strength material then steel
(d) Highly ductile material than copper

For communication applications we
require

(a) Glass rods
“(b) Thicker glass fibres

(c). Thin giass fibres

(d) Thin glass fibres with a coating of
cladding material
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Fill in the Blanks :

{8. Addition of germania in SiO, will
(a) Increase its refractive index 20. Ceramics normally exhibit ...........
(b) Decrease its refractive index fracture -
(c) Not change its refractive index 21. Cera_\mics exhibit .......... strength in
@Noneof these |y ot

19. _Fibreglass-is-a-composite of (a) Glass (b) Ba‘l;elite
(a) Glass fibres in a polymermatrix (c) Clay d) Aluminium oxide
(b) Polymer fibres in a glassy. matrix 23. e is not the nentral refactory
(c) Glass fibres in metal matrix | Zn?teGri_a |Sh't by K

a) Graphi i
(d) All of these ©) Cherafe Ed; Dilyc?r:ete
ooo- '

(d) 7.d | 12y
(a) 8. (d) | 13,
(d) 9. —(b) - 14;
(c) 10. (c) L s

e | 2w
- w@ | moo
19. (a)
20 Brittle
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13.1 INTRODUCTION

Introduction .
Partical Reinforced Compasites—

Influence of Fibre Orientzfion and
Concentration '

Fibre Phase
Polymer Matrix Composites

Glass Flwe Reinforced Plastic (GFRP)
Composites

MNarbam £
LaMGH

(CERF)
Aramid-Fére Reinforced Pofymsr
Compostes

- Melaf Matix Composfics
Ceramic Matrix_Composites (CMC)
Céarbon(:arbon Composites {CCC)
—Hybrd Camposites
Structure Composites
Various Matrix Materials
Mylar - A Form of Flake
Wood-Plastic Composite
Naturai Fibres

High Performance Fibres
Aspect Ratio and Fibres

Glass Fares

Stress-S¥rain Behaviour of Fires,
Matrix and Composites

Manufacluring Processes for Thenmoset

Composies
Manufachixing Processes for
The astic Composites

_ Bulk Mokdin Compounds BMCs

A composite is a multiphase material that exhibits

a significant proportion of properties of both

constituent phases. It is based on the principle of

combined action, better property combination are .
acheived through liquidious combination of two or

more distinct material_s.

One phase is termed as matrix which is continous

aNd SWIToUnds e wiilue Doois ulaed Loiied

dispersed phase.

Properties of composites depends upon.
concentration, size, shape, distribution and _

oreintation of the dispersed phase. - —

Ceramics (refractories) are high temperature
resisting brittle material and metat are ductile and
melting point varying_from low to high.

Cemposites posses the nature of orthotropy and
anisotropy. They can be homogeneous or
hetrogeneous.

A composition of ceramics and metal in different
proportion gives desired thermal and mechanical
properties in cermets. '
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Crack runs when o e Thel
tensile load is applied ~ are 1
. ' : : impr

Tensile Load +—— L _ /f\' : g —Tensile Load . / fro?‘n
Initial crack i ! e Rela
(Britle material : concrete, ceramics strong in compression but weak in tension) exce

Laménate with good _ ’

tensile properties - : o _ (iii) Concret

Ceramic material | . (|t is

Before load .

(a) Composite strong intension: : exan

" Crack stops at the interface ' : e The
1 ' 14 aggr(
reduc
ceme

b
®) e Dens
Surface crack - " partic
i Ceramic matrix betw
[ _\ 4 — . . etwi
Extemal Tensi|e<—<\l —p - 4— Y—rExtemnal Tensile e Aggr
—> R\ <« ) g

A Reinforcing rads (fibres : e
(c)  hold ceramic matrix in compression) : Yt
FIGURE : Principles of reinforced composite materials: (a) crack propagation i ; .ot Surfe

__ a non-reinforced ceramic material, {b) behavior of a laminated . SO _

4comp051tewvheﬁ in tension; (c) fibre reinforcement ) at ro
B} -e |t als
137 PARTICAL REINFGRCED COMPOSITES 10to.
. expe
ti} Large partical composites : fluct
s Inad
~ Particals should be eqmaxed For effective reinforcement, the parhcals should be in co

small and evenly distributed throughout the matrix.

e Further, the mechanical properties are enhanced with increasing volume fraction livi Reinforc

of particals. Elastic modulus. depends upon volume fraction of both phases. e The:

Hence particle since jum. - wires

’ " e Thus

{ii} Cermets {Cer + met Ceramlcs + Metal) - and s
¢ Most common eg of partlcal reinforced composites. Most common cermets is is mz
cemented carbide, which is composed of extremely hard particals of carbide s Steel
ceramic such as tunguston carbide or titanium carbide embedded in a matrix of expat

a metal such as cobalt and Nickel. ' in cel

steel

e These” composute are extensively utlhzed as cuttlng tool for hardened steels.
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e The hard carbide particals provide the cuttiing surface but, being extremely brittle,
are not themselves capable of withstanding the cutting stresses. Toughness is
improved by their inclusion in metal matrix, which isolates the carbide particles

“from one another and prevents partical to partical crack propogation.

e Relatively large volume fraction of the particulate phase may be utilized after
exceeding 90% of volume, thus abrasive action of the composite is maximized.

(iii) Concrete ' -

e (Itis a ceremic-ceramic composite). Portlant cement concerete is the most common
example.

e The ingredients of portland cement are, a fine aggregate. (sand), a coarse

: aggregate (gravel) and water. Aggregate particals acts as a filler material to

reduce the overall cost of the concrete products because they are c"neap and
‘cement is expensive.

» Dense packing of aggregates and good interfacial contact are achieved by having
particlas of two different sizes i.e the fine sand particais should fill the void spaces
between gravel particals.

o Aggregates account for 60-70% of the total volume.

®

« Surface of the aggregates shouid be free from clay & and siil in oider W have a .
sound bond wuth cement. This.concrete is a major structural matrerial, gel hardness
at room temperature and-even when-submerged in water.

: o |t also has some disadvantage ast is extremiy bnttle and-its-tensile strength is
‘10 to 15 times smaller than its-compressive strengih. Also large concreté structures
experience considerable therme! expansion and contraction with temperature

fluctuations. o , : .

—— « In addition water penetrates into external pores, which may cause severe cracking
in cold weather. -

(ivl Reinforced Concrete -

+ The strength of portland concrete may be increased reinforcement by steel rods,
wires, bars or mesh which are embedded into fresh and uncured concrete.

« Thus reinforced structure is capable of supporting greater tensiles, compressive
- . and shear stresses. Even if cracks develop in concrete, considerable reinforcement
is maintained.

e Steel serves-as a suitable reinforcement material because its coefficient of thermel
expansion is nearly same as that of concrete. Also, steel is not-rapidly-corroded

in cement environment and a relatively strong adhesive bond is formed between

; steel and concrete.
T T S

e
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« Another reinforcement technigue for strengthening concrete is to introduce residual ! s Proper
compressive_stress into the structral member, the resulting material is _called 1 strengf
prestressed concrete. : | .

. .- which

s n this process, hlgh strength steel wires are positioned inside the empty molds . low.
and allowed to harden, the tension is then released. Now the wires contract, and :
they put structure in a state of compression. Exam

s Another technique of inducing compressive stress is “tensioning”. | -' T

= ateri

s Sheet metal or rubber tubes are situated in concrete structure and is allowed to : _—
harden. The holes created are fed with steel wires. ; Glass-

« Tension is applied to steel wires through Jacks, attached and abutted to the faces i Carbor
of structure..Again a compressive stress is imposed on concrete structure by the o —_—
jacks. d ; Keviar

13 3 INFLUENCE OF FIBRE ORIENTATION AND CONCENTRATION ’ i) Discol
. Their 1
(i) Continuous and Aligned Fibre Composﬂes strengt
« Stress strain Behaviour wher tensils stress is aopheo in the direction of alignment | contin
fnr the comrosite in straz 1 holh fibre and miniriy hehave elnsiinallv, :
« Typically matrix deformed plastically whiie filxre continues to strech eiastically. Tensiic

strength cf {ibre is much higher than matrix irom stage 1 o stage 2 the proportion -

of applied load that is borne by the fibre increases.“The cnset of composite failure - o _

begins as fibre starts to fracture at strain ;. Composite failure is_not sudden as'ali~ | Aiii} Discot

-————fibres do not fracture at the same time and even if ali fibres fail, the matnx remains {— T )
intact as long as e, > E. . : - — oo hesg f'br‘
¢« In the elastic reglon condlton of equal strain exists in fibre and matrix (Isostraln ©Ap
condition). ; ore
A : . Longitudinal R © P
o Stage 1 Sta eC 2 . {\@e\ dlre%:’uon i e Int
omposite eke T [ i
: \o AR rett

|I|,'l"ll'l|'l| [ : :
Stress M ::,::,"::,' :l ) . - Fa
] 3 .
M g Transverse fibi
::II:I :‘. ':II'I': direction
] i
.'E:':l.':',;l;:.' | 13.4 FIE
; - (TN E—
— ) Em Continous and : N —
Strain(1) Ec Strain(T) alinged fibre i e  Fibre.:
-When-tensile strength is applied in Transverse Direction 4 fi} Whisk
e Tensile stress in {ongitudinal direction corresponds to fibre fracture stress and marks e These
onset of compasite failure. Generally E; > E_, so when fibers get fractured the entire 1 As are
load is taken by the matrix. _ o are virt.
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e residual * Properties of continuos and alignied fibrous composited are highly argsotmEpic (it ina
_is called ; strength). Under actual circumstances some transverse loading mayasc .. . .are
; which may lead to premature failure of composiie as ifs transverse ssagih < very
oty molds low. : :
tract, and :
Example of Continuous fibre composite with their strength
Material Longitudinal stength (MPa) Tfansverse Stremth (1P
dto - - i -
—illowed fo Glass-polyester 700 20
the faces Carbon epoxy o 1600 ' _ 3B
re by the Keviar epoxy : 1200 _ , 20
ATION (i} Discontinousaad Atinged Fiber Composites )
Their reinforecement efficiency isdower then continous fibre compoesi#es and ho- .
strength and moduli of eiasticity that approach 50% and 90% respesfrely of ti:i.
Iignmént continous fibre counterparts. : ; .
a -
. )
Dro.
g zi:(‘t ‘ {iii} Bisco miuieasaﬁd Ra’nﬁ’a’ﬁi‘f"t}fieﬁted fibre Compaosites
X Tens These _fibre-are used i in:
] _ — « “Applicationsir mvolvmg mutii directional stresses use discontimous f&ees randor: .
(isostrain oreinted in matrix._
R - Production rates of short nbre composutes are rapid.
- - « Intricate shapes can be formed that are not possible with -ntinous i
reinforcement. _
- Fabrication costs are consiaerably lower compared to coniin 2nd aligr.
fibre composites.
» Transverse .
direction o
13.4 FIBRE PHASE
o Fibre a,re classified accdrding to there diameter and characte:
(i) Whiskers
and marks « These are very thin single crystals that have extremly large fength = neter ratios.
the entire ' , Asa result of their small size they ‘have a higher degree of crystalii:  -:rfection and
are virtually flaw free. :
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. This accounts for their exceptionally high strengths, they are strongest materials. 138
« Whiskers are not extensively used as reinforcement medium because they are
extremely expensive. Moreover, it is very difficult to incorporate whiskers into a ; .
matrix. :

Examples are : SiC, Al,O,, graphite, Silicon nitride.

(ii] Fibers _ A o
' . i M

« These are not single crystals but polycrystalline amorphous and have small diameters. .
These are either polymer or ceramics. :

e.g. are ALL,O,, Aramide, Carbon, Boron, SiC.

(#ii) Wires ' : ' '
« Relatively large diameters. Typical materials are gteel, Mo, W. They find application .
in radial steel reinforcement in automobile tyres, filament -winding of rocket motors,

wire windings of higher pressure hoses.

" Discontinuous & Random

B — Qﬁenlation - -
Matrix Phase - 7 .
- |
« It may be metal, polymer or-a-ceramic: Generallv metals-are preferred because of 134
there higher ductility and strength. It performs the following—functions : Car
ar

'(i) It binds the fiber together and act as a medium-by which externally.applied stress ,
is transmitted and distributed to fibers, only a very small-portion of applied stress .. .
is carried by a matrix phase. Elastic modulus_of fiber material should be much '
higher than matrix material. S

(ii) It protects individual fibers from surface damage as a result of chemical reactions i
with environment and mechanical abrasion. Such interactions may introduce °
surface flaws on composites surface and may lead to crack inifiation. N

(iii) It seperétes individual fibers and prevents the propogation of crack between
fibers, which could result in_sudden failure.

13.5 POLYMER MATRIX COMPGSITES

Polymer is used;as a matrix with fibers as the reinforcement medium. These materials
are used in largest quantities and varieties due to their low cost and ease of fabrication.
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<

aterials. 13.5.1 Glass Fiber Reinforced Plastic {GFRP} Compasites
they are ‘
rs into a : * It consist of glass fibers in a polymer matrix. Itis produced in largest quantities. Glass
is drawn into fibers of diameter range between 3-20 mm. Glass is popular as
reinforcement material as :
(i) It is easily drawn into fibers from the molten state.
(i) Readily available and economical to fabricate ¢
liameters. {iil) Wide vanety of composite manufacturing technique can be used.
{iv) It produces composates of very high specmc strength
. {v) When combined with polymer matrix it possesses a chemical inertness that renders
i _ the composite useful in variety of cofrosive environments.
pplication ' . Newely drawn fibres of glass are coated during drawing with a ‘size’ a thin layer] of
st motors, substance that protects the fiber surface from damage and undesirable enviornmetjtal
C interactions. '
» This size is removed prior to composite fabrication and replaced with a “coupling
. < agent” that promotes bond between the fiber and matrix.
[548] ations {e.q, sttucture of seropizne ai‘IG_Dqu{:’S). \:»(;-i\/.-\':-'a.f RIS T e
limited to 200°C as at high temperature polvmer begins to fiow.
I ' :7771 - Applications ; Automotlve and marine bodies, plastic pipes, storage conta(ner mdustna!—r
e T "77__>_;_W_ﬂoonngs transportation mdustnes etc. . -
S 13.5.2 Carbon Fiber Reinforced Polymer (CFRP] Composites
ecause of
1 Carhonasa ﬁher phase has followmg advantages
lied stress ) ]
lied stress 47 -+ Carbon fibers have highest specific strength and specific modulus among al
I be much ; reinforceing fiber materials.  * -
. ¢ Retain their strength and modulus at elevated temperature.
| reactions i '
introduce : + At room temperaiure carbon fibers are not affected by moisture, bases, acids etc.
i L . . . .
; e Composite properties can be engineered according to-applications.
k between

* Manfacturing processes are relatively inexpensive and cost effective.

i

; * Here, carbon fibers are represented by both graphite and non crystalline regions.
i. —-Polymer matrix materials are rayon, poly acrylonitrile (PAN) and pitch.
!

l

!

- Carbon fibers are normally coated with a protective epoxy size that also lmproves

> materials ‘adhesion with the polymer matrix.

Y
‘abrication.
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Application : Extensively used in sports and recreational equipment (fishing rods, 13.5.5 Cer
golf clubs), filament wound rocket motor, cars (pressure vessels and air craft structural e Here oz
components) both military and commercial, helicopters (wing, body etc). ' inet’r?ep;
13.5.3 Aramid-Fiber Reinforced Polymer Composites | : * This im
: ¢ This im
< They are desirable for their outstanding strength to weight ratio. v : N advanc
« Chemically, this group of materials is known as poly paraphernylene terephthatamide— — .
« Two most common aramid materials are Keviar & Nomex.
e The rigid molecule are arranged in the direction of fibre axis. _
‘e These fibers have high longitudinal tensile. strength & moduli. ' ,' i
* However, these are relatively weak in compression. In addition, aramide_"have high
resistance to creep and fatigue failure.
e They are stable at higher temperatures (-200°C to 200°C).

e - Chemically they are susceptible to degradation by strong acid and bases. ' e One su
< Typical apollcatlons are Bullet proof vests, sporting goods, ropes, messile cases. e Smallp
Gunoioiive Frolie and oilich !.ﬂ'uh ‘L;L @ie st . N

%£3.5.4 Metal Matrix Cor pé’sfiaes
- - . _ . e The i
« ltis a matrix of ductile metal. ' - : : * pattical -
- -Further, the reinforciEMent~ ent may improve stiffness specific strength, resistance to : *  Accom;
abrasion, creep resistance ce and dimensional stability. : ; resylt i
¢ Advantage of MMC over PMC include higher operating temperature non-flammabifity , . crack it
" and resistance to degrafaé"tlon by organic fluids. e Cerami—
e Alloy of Al, Cu Ni, Titanium are employed as matrix matenals Reinforcement may be ' () Def
in the form of particulates, continuous or discontinous fibers and whiskers. .
* Congcentration normally. range between 10 to 50%7. (ti) For
e Cermets fall under the MMC category. ) _ (iif) Abe
* Some MMC are reactive at elevated temperature, which may cause degradation at ; (iv) Cat
high.temperature processing. This problem is resolved by a protective coating to the f e CMC'si
reinforcement. by hot
*  Processing of MMC’s invdlve synthesis followed by shaping operations. Discontinuous e Used a
fiber MMC's can be shaped by standard metal-forming operations (forging, extrusion, j " cem en£
Rolling).
Application : Engine component, extruded stabilizers, forged suspension and -13.5.6 Car
transmission component, space shuttle sjnjcture etc. Super alloy (Ni & Co) based e Jtis a
alloys matriX are used to counter high temperature creep in gas turbine engine sic. ‘ strengtt
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13.5.5 Ceramics Matrix Compesite

¢ Here particulates, fibers or whiskers of internal toughness of ceramic are embedded
in. the matrix of other ceramic..

 This improves the internal toughness of ceramic.

¢ This improvement in fracture toughness properties results from mterachon between
advancing cracks and dispersed phase particals.

o o O o ° ,’Strgss field
regi
oo-.o oo Oo Crack ﬁé | cr:?;kon .
o0 'OQp ’ gﬁikw A B O el
°0 o 0 | 51°c0p O
Tetragonal ZrO, ! |
panicular -

One such technigue is “transformation touqhnmq

Small particals of partically staballzed zirconia are dlspersad within the matrlx material

“"aso at ambient condition allow retention of the mefnginhin i

armbient conditions rather than siab

"

The stress field in front of the propogating crack causes th se metasiable tetragon
particals to undergo transformation {o stabie monochmc r\ha%

(i tete oN

* Accompanying this transformation-in.a slight part:cal volume increase and the net
‘ result is that compressive -stresses are established on the crack surface near the
crack tip that tends to pinch the_crack shut, thoreby arresting its growth -

s Ceramic whiskers also inhibit crack propogation by - -
(i} Deflecting crack tips. 7
(i) Forming bridges across crack forces.
(i) Absorbihg energy during pullout-as whiskers debond from the matrix.
{iv) Causing redistribution of stresses in the region adjacent-to crack tips.

e CMC'’s have high creep resistance and thermal shock resistance. CMC’s.are fabricated
by hot pressing, hot isotatic pressing and liquid phase sintering techniques.

e Used as cutting tool inserts for machining hard metal alloys with tool life greater than
cemented carbides.

. 13.5.6 Carbon-Carbon Composites (CCC}

e It is a carbon fiber reinforced carbon matrix composite. These have high tensile
« strength and modulli, that are retained at temperature above than 2000°C.
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R

High resistances to creep, and relatively large fracture toughness. |
These are highly resistant to thermal shocks.

Their major draw back apart from being expensive is that they are suseptible to
oxidation at high temperature.

Application : CCC find application in rocket motors, friction materials in aircraft and
high performance automobiles, -hot pressing molds, components of turbme engines
and as ablative shields for reantry vehicals. . :

These are expensive because o_f complex processing techniques. Carbon fibers
formed are impregnated with a tiquid polymer resin. The workpiecs is then formed
into final shape and the resin is allowed to cure.

Now, the part is heated in an inert atmosphere where molecular components consisting

of oxygen, hydrogen and nitrogen are driven off, leaving behind large carbon chain —
molecule. Subsequent heat treatments at higher temperature will cause the carbon
matrix to density and increases in strength:

Fibers in resin — forming — pyroluses — Heat treatment — Matrix become
- - dense and strenghthened.

i

Glass fibers + Carbon fibers. First carbon fibers will fail and then load & @l
gless fibers and matrix. l_y}_nCaI application are sports goods and O"U:GFVO“?

compenents. -

Types of Hybrid composite : | o

(i) Interply hyBcid (alternate lamina of some matrix different fibers)

" (i) " Intraply hybrid (contains each lamina having two or more kinds of fibres system) -

13.

(i) Interply - Intraply - combination of both
(iv) Super hybrid : : .

Applicatons :

(i) Antena dishes of CFRP and aluminium honéycomb.

(i} CFRP & GRP used in leaf & springs and device shaft of automobile.
(i) Helicopter rotors afid thin-walled tube of CFRP & GRP.

(iv) Adtificial limb and external brearing made of CFRP. S.Squash and galf club
- raequets with shafts made of CFRP/GRPMood hybrid.

5.8 Structure Composites

Sandwich Panels

[ X o Ve
These consists of two strong outer sheets, or faces seperated by a less dense’
material, or core which has lower siiffness and fower strength.

erac e st kv b
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* The faces bear most of the in plane loading and also any transverse bending stresses.
Typical face materials include aluminium alloys, fiber reinforced plastics, steel and
plywood. o

e The core serves two function first is seperates

) layers
the two faces and resists the deformation
perpendicular to the face plane.
, * Secondly, it brovides a certain degree of shear k %) ==
L rigidity along planes that are perpendicular, - e -

synthetic structures are sandwiched between face
panels.

s These found W|de vanety of application one such as roofs ﬂoors walis of buildings,
aircraft wings. - : ’

+ Sandwhich composite is constructed by sandwhich foam between two skins of FRP
laminates.

¢ The thickness of skin is kept upto 3 mm and thickness of core is kept deecper.

* The core is either foamed or made of honeycomb material:

¢« In this core of seif supporting skin sandwhiched between layers of carbon fiber tape"'

~_ impregnated-with-an epoxy resin, had honey combed paper like matesial threaded
. __ . i withfibres. - -

. its comp?éi_te air craft except engine —

-—Laminated Composite __ - S o

i These are mode of maﬁy laminae. Lamina alsg known as ply or a layer is verythin, about
0.1mm to 1mm thick. These are glued or joined togather to form a laminate of desired
thickness. Number of lamina in a laminate can be few to many tens. -

Examples :

. Playwood

. Metal to metal laminate (cladded metal)
'+ Sheet moulding compounds

ﬁ - BMC

+ Linoleum

-« Tufnol
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13.6 VARIOUS MATRIX MATERIALS : : * Flax_
: : substi

, fibre i

13.6.1 Mylar : A form of flake / _ .
e Jutei

s Mylar, (polyester) is used as thin flake (sheet of 25 to 150 um thickness) in magnets agath:
and as an insulating material. . * Hemg

o Aluminium diboride is-a_new material for planer reinforcement in flaked Tomposites. * Palm

Planer-stiffness of its flake measures 265 GPa which is four times higher than the

cross-plied planer reinforced graphite fibres. . | M

« The flakes have excellent damage tolerance and are easy to process, and holes can o e Highq
be-drilied into them for attachments. However, they suffer from limited stretchability -, | Fibres -
under application qf pressure. . ’ : : specti
13.6.2 Wood-Plastic Composite ' . _ * Glass
: calciu

e  Wood-plastics composite is made by impregenating natural wood with liquid monomers

such as methyl methacrylate, acrylonitrile, or styrene. , : Types of

= Fibres are transformed to other forms for reinforcement. Varlous forms obtamed from P e A-g
cortinuous flamaonis, Usually the tonsforod forms ore o Tolioving. j G
ands, s : -

. Strands, and 2. Yarns . D¢

e Strands: in order to minimise self-abrasion and meohamcal damage to the ﬂbres e E_aqg
they are collected and size (starch) is applied. Then sized fibres are binded together ] - =

to form a strand. Thus a strand is combination of largenumber of fibres which tan ¢ S-g¢

be termed as unified multi-fibres. _ : : .

§ Beoron Fi

e Yarn: Yarn is produced from-sized cake by first twisting-the strand then followed by :
-~ playing a number of twisted strands together to-form a doubled balanced yam. Itis P - * . Boror

j

designated by its ‘Count’ which is expressed in the unit of Tex’. One Tex is a measure b or ca
‘of linear density and is defined as weight'in gms per km. Yarns are used for 31 (CVD
manufacturing woven fabncs i e Thefi
‘ - i 0.15 |
13.7 NATURAL FIBRES _ ) GPa.
. i e ltisr
e Ramie is one of the strongest natural fibres. It posses greater strength when wet. It ! fibres

is not as durable, is usually used as a blend with other fibres such as cotton-or wool.
e It is stiff and brittle, and breaks if folded repeatedly in the same place. Low resilient ; Carbon :
and is low in elasticity and elongation potential. 7 e Carbe
- — e Sisal fibre is fairly coarse and inflexible. It is used for its strength, durability, ability betwe
to stretch, affnity for certain dyestuffs, and resistance to deterioration_in_saltwater. carbc
* Coir fibres are gained from coconut husks. Coir fi bres are light in weight, strong-and e Anott
elastic. . temp:
is the
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e Flax is obtained from flax fibre plant. it 'gen'erz_aliy known as ‘patsan.’ which is a
substitute of jute’. The flax fibre is strong and wiry, longer and finer in naturc. Flax
fibre is used for its strength, luster, durability and moisture absorbency.

 Jute is a bast and one of the cheapest natural fibres. It possesses a poor resistance
against moisture, brittles under influence of light, absorbs paint easily.

e Hemp fibre is a bast fibre, and is yellow-brown in colour.
» Palmyra fibre is obtaired from palm (toddy) plants. dt is a bast fibre.

13.8 HIGH PERFORMANCE FIBRES

* High-performance fibres are fibres based on polyester, nylon, armid and polyfoam.
+ Fibres such as aramid (keviar and nomex), polybenzimidazole (PBI), sulfar and
spectra have increased the range of choice for materials. t

e Glass developed for use as cotinuous fibres. It is mmposed of 55% silica, 20%
calcium oxide, 15% aluminum oxide, and 10% boron oxide.

Types of Glass Fibres

e A- gias fibre for acid resistance.

~ B . o . .
= i — (i '\‘ "\ Ty s iy = H H
z (N (i fib LU HNPTOvea oo vasisans

'C!_'v
(n

C\.»

e — glass fibre for eiecironic appiications.
TS e E — glass fibre for etectrical insulation. .
- {—— S - glass fibre for high strength. (65%, SiO,, 25%, ALO,, 10%, Mgo)

i —»—Boron fibres are composites of the substrates tungsten, silica coated with graphite-
i or carbon filaments upon which boron is deposited.by a vaper—deposmon process
I (CVD).

¢ The final boron fibre has a specific gravuty of about 2.6, a diameter | between 0 01 and
0.15 mm,; a tensile strength of about 3.5 GPa, and a tensile modulus of around 415
GPa.

) ¢ It is more expesnive than graphite and requires expensive equipment to place the

ﬁbre_s in a resin matrix with a high degree of precision.

Carbon and Graphite Fibres , -

+ Carbon_fibre usually has a modulus of less than 345 GPa and a carbon content
between 80% and 95%. Graphite fibres have a modulus of over 345 GPaand a
carbon content of 99% or greater.

* Another distinguishing feature is the pyrolyzing temperature. For carbon, this
{ temperature is around 1315°C, and for graphite it is around 190° to 280°C. Pyrolysas
is the thermal decomposition of a polymer
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Kevlar Fibre

s« Kevlar, is an organic fibre termed as an aramid or aromatic polyam|de fibre. This
organic fibre is melt-spun from a liquid polymer solution.

e The aromatic ring structure results in high thermal stability. The rod-like nature of the
molecules classifies Kevlar as a liquid-crystalline polymer characterized by its ability
to from ordered domains in which the stiff, rodlike molecules line up in parz‘a‘IIeI arrays.

Grades of Kevlar Fibres

(i) Kevlar 29 (ii) Kevlar 49, and (iii)_KevIar 149 (ultra high tensile strength) .
Synthetic fibres produced in industries these_are cheaper and more uniform in cross-
section than the natural fibres. Their diameters very between 10pm to 100um . Example.

- Glass . B_oton ' - Carbon

« Graphite - Kevlar

Orgahic ﬁbres carbon and graphite fibres are light in weight, flexible, elastic and heat-
sencmve Cor me scal carbon fibres are ave'lable by the trade names suct se

';i...;r‘r . . Eortafil
M H T H 5]

U

’"‘Thome. LT T PAN etc

-

Inorgamc;fnbresJaave high strength Iow fatlgue resistar

Their examplesﬁ[e T N

< Glass . X - Tungsten - Ceramic

rNo're Advanced fibres and composntes Composites usmg kevlar, graphite and boron

flbres_ are termed as advanced composites.

~ 13.9 ASPECT RATIC AND FIBRES

Composites may be termed as pa;ticulate composite, continuous fibre composite, or
short fibre composite depending on the aspect ratio (//d) as mentioned here width:

{
q 7 1 ) for particulate composite -
,,,,,, I _ _

9" 10 to 1000 for short fibre composite

l . .
q.F® for continuous fibre compaosite
a
£

where, [ = length, d = die or shorten dimonsion in e non-circullar section fibre.

|

13.

-
b

S

———— 75327 S
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13.18 GLASS FIBRES

ibre. This
e ¢ Glass fibres manufactured by molten ‘glass drop’ through minute orifices and then
lengtherning them by air jet.
ure of the
its abilit * The standard glass fibre used in glass-reinforced composite matenals is E—glass a
Its ability borosilicate type of glass.
lel arrays.
« The glass fibres produced, with diameters from 5 to %5 um ; are formed into strands
: having a tensile strength of 5 GPa. Chopped glass used as a filler material in
E polymeric resms for mouidmg consists of glass fibres chopped into very short
lengths.
in cross- ;
Example | 13.11 ST RESS STRAIN BEHAVIOUR OF FIBRES MATRIX AND
| { COMPOSITES
S (Fiber
and heat‘ ’ 3 % /B-e/pCr—ep %[ OO/\mMatnx
1S ; _ - o : &%
! 5l /, ey
: Vs o |
OL——-y - —h - S _' .
Strain Limcar malnx

= - b (c)
asistance. (®) )

——_— 1

ind boron

o .

2 ramn o :
T ! linear matrix SES‘“'

.: ROR T

: FIGURE : Stressstrain curves of (a) various fibres (b) U/D-composiie (c) linear
posite, or ‘ _ ‘ matrix composite (d) nonlinear matrix composite, and {e} laminate.
width:

13.11.1 Manufacturing Processes for Thermoset Composites

: 1. .Hand lay-up (or wet lay-up) process -

' 2. Spray-up process’

" 3. Filament winding process

4. Pdlrausion process
e .
; 5. Resim transfer moulding process P

e. _ —
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6. Structural reaction injection moulding (SRIM) process
7. Compression moulding process

"8. Roll wrapping process
9

injection moulding process

—l'

13.11.2 Manufacturing Processes for Thermoplastic Composites .
1. Thermoplastic tape winding process 7 B
2. Thermoplastic pultrusion process :
3 Compressibn moulding of glasé mat thermoplastic (GMT) 7 : : . ‘ 2.
‘4. Hot press technique : !
5. Autoclave procésing :
6. Diaphragm forming process ', B
7. Injection moulding process. _
13.12 BULK MOLDING COMPOUNDS (BMCS)
s - These are premixed maierial of short fibre (Chopped giass stands) pre-impreansated -
©- with resin and variou additives. N
7 , 07“'7[5’51'19?1 moulding compound (DMC) is on altérnative of BMC. BMC mode are limited B :ié e
e - ——10-400 mm-in their longest dimension due to_problems with seperatlon of the P
o components of mouldlng compound during molding. ;
. . .Sheet mouldmg compounds (SMC). These are non-metallic plastic rein-forced- -
composite laminate mode-up by pressing togather many unidirectional {(U/D) laminc.
e One over the other. Desired mechanical propgrﬁes achieved by playing U/D laminac ' L "4'-’f

in different orientation.

aaa - - T
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{ auestions }

,\.;l < GG o

Which one of the following refractory
materials is recommended for steel

_fumaces containing CaO slag?

(@) Alumina (b) Silica
{c) Magnesia (d) Fireclay
Which of the following fibre materials

are used for reinforcement in composite
materials:

1. Glass
2. Boron carbide
3. Graphite

Select the correct answer using the
codes given below:
(a) 1and 2 (b) 1 and 3

b o P e
\u} |, £ Gl &

Woed is a natural composite censisiing
- of which of the following?

(a) Lignin fibres in coilagen matrix
(b) Lignin fibres-in—apatite’ mainx

(©) _Cellulose fibres in-apatite matrix

(d) Cellulose fibres in lignin matrx

Nano composite materials are highly
preferable in design consideration for
their

(a) high resistance to crack- -
propagation —-

(b) vibration resistance

(c) impact resistance

(d) high resilience

Which one of the following materials

is not @ composite?

(@) Wood (b) Concrete

(c) Plywood (d) Sialon

Which of the following composites are

‘dispersion-strengthened composites’?

(a) Particulate gomposites

(b) Laminar composites

(c) Fiber reinforced composites

(d) Short-fiber discontinuous
composites

Consider the following statements

reqarqu composite materials:

i. fv‘-ateﬂul is {ermed as advan Ulu
compasiie, if fibres are directionally
criented and continuous. ‘

2. Reinforced fibre giass products are
strong and light weight.

3. Concrete is reinforced with steel

rebar, the rebar becomes matrix.

4. .Pearlitic_steels are composite
materials.

Which of these statements are coirect?
(@) 1,2 and 3 only

(b) 2, 3 and 4 only

(c) 1,2 and 4 only

(d) 1,2, 3 and 4

Qoo

 ANSWERS .




Corrosion

14.1 INTRODUCTION

lptroduction

Porous Non-Porous Corrosion

Wet Corrosion (Occurs in Presence
of a Liquid or Water)

Galvanic_Cell

Water Line Corrosion

Stress Corrosion

Frung

Inter-Granular Corrosion

Dry Corresicn _or Agueous Corrosion

Laws of Corrosion -—

Corrosion of Ceramics

Degradation of. Polymers

Oxidation
Rate of Oxidation

Methods of Reduce Oxidation

Various Method to avoid Corrosion

Passivity

Use of Protective Coatings

Deaeration of Water

Protective Coalings
Metallic Coatings
Non-Metallic Coatings

Anodized Coatings

Surface Conversion (or Chemlcal Dip.}
Coating

i

Depletion of metals by chemical or electro
chemical reactions with the environment is called
as corrosion. Freedom off valence electrons and
their -conduction is respdnsible for corrosion in
metals.

Gold and'platinum, are most inactive. .

Products of corrosion are either porous or non-
These producis i intlericie i ihe process
of corresion and therefore lﬂfn ence the rate of

Porous.

. corrgsion.

-

Rate of corrosion depends-on theTelative activity
or-the passivity-of metals in dlfferent enwronmental
condltlons -

Passivity is used to prevent corrosion. -
Corrosion can occur at all temperatures.

A metal liquid and a metal-gas system corrod when
a galvanlc cell is formed.

humld condition while in dry state it is very
less (0.001 mm/year)

14.2 POROUS NON-POROUS CORROSION

1.

Porous : If the corrosion products are not dense,
and is occuring (because the electrolyte is able
to penetrate through the powder) ther it is known
as porous corrosion.

2. Non-p
allow ¢

14.3 WE
Wi

It occurs d

* Phase
s Concet
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¢ Galvan
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2. Non-porous. When the corrosion products (powder form) are very dense and do not
allow corrosion to proceed further, then it is termed as non-porous corrosion.

14.3 WET CORROSION (OCCURS IN PRESENCE OF ALIQUID OR
WATER] _ ‘

It occurs due to following :

L4
* Phase cell or galvanic couple.
e Concentration cell, and '
s Stress cell. )
14.3.1 Galvanic Cell ' : '

Galvanic cell forms in the- presence of two dissimilar electrodes (metals) and an
electrolyte.

Out of the two electrodes, one becomes anode which is the positive end, and the
other cathode, which is the negative end. The criteria of -being znode or cathode

7 depends on the relative position of a metal in electromotive force (e.m.f.) series
T~ s

{Calvanic series).
» Also called Galvanic series.

=) red PSP ¥ P ey P = rs £ wory
Relative Position of Mets!ls in Electtomotive Force Series

. |__Anodic (active end) < Li K, Ca Na, Mg, Be, U A, Ti |-
- Zr, Mn, Zn, Cr, Ga 1
Li = most anodic/ieast noble Co, Ni, Mo, Sn, Pb, H, Bi Cu, Hg,
‘Au = most cathodic /noble.  Ag, Pd, Pt Au — I
Cathodic (inactive end)

—Examples:

« Corrosion of steel propeller shafts of ships running on bronze bearings is an—
example of comrosion under salty (sea) environment due to galvanic cell formation.

- The galvanized iron pipe (G.l. pipe) used in drinking water supply have zinc
coating on iron pipe. Zinc provides mechanical protestion and prevents electrolyte -
from reaching iron. A galvanic cell forms when the zinc coating gets scratches,
cuts or other failure exposing iron to the electrolyte in the process. Then zinc
becomes anodic to iron, and corrodes.

~+ n érlij}ﬁinium—oopper (Al-Cu) system, aluminium corrodes. Here Al is anode & Cu
" is cathode..
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A galvanic cell may also formed due to some other‘reasc'ms su_ch as 14
« two different phases in the same metal. ‘
. fine and coarse grains in the same metal.
- difference in metal ion-concentration

- difference in oxygen concentration

_. different residual stresses in the same metal. -

Type of Galvanic Cell Corrosions . \ ;

Single Metal Corrosion 14.:

‘ - !
‘e These reasons have their,effects on corrosion and will be discussed in detail now.
Corrosion in a single mefhl can eccur due fo presence of

- different phases, or S

- different grain size.

e Pearlite, a mlcroconst‘tuent has a mlxtur of two phases viz fernte and cementlte of

Un’a in ‘Ff\r\’hf)(‘v ; -

e

oy i e,
corrosion..

o

-« Presence of more finer_grains resuffs in the formafion of more galvanic cel s, hence 5
the.rate of-corrosion is fast. %
i

e Tempering ofstieel.dun'ﬁg heat treatment produces finer ferrite and cementite below
400°C ‘and coarser cementite above 500°C. Therefore number of galvanic cells )
formed below 400°C are more.Hence rate of cormrosion is faster below 400°C and ' e
slower above 500°C. L : : -

o Concentration cofrosion : Suchcomasmn may occurdue to differencein concentratlons

of metal-ion. _
o ' i 14..
Crevice Corrosion , o — - _‘ .
e Galvanic cell is also formed due to-concentration of oxygen in the path of electrolyte :
flow. L ‘ .
« Oxygen plays an .important role and corrosion depends on the rate at whiich oxygen
diffuses to cathode. : ] .
e The oxygen rich region becomes cathodic with respect to oxygen fean region, thus _ 14
resulting in crevice corrosion. f This
« Corrosion at the corners, holes and discontinuities such as in coupled pipe ]omts and i are
bou

thereaded connections are the example.
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14.3.2 Water Line Corrosion

Corrosion occurs in a water storage tank just below the water Ene. The same is
applicable for an object which is partly dipped in water and partly is above the water.

It also corrodes below the water line. This is known as water line « :frosion.

The concentration of oxygen is higher just above the water line as ¢ mpared to the
submerged portion near the water line. The latter zon¢’acts as anods and therefore
corrodes. Water line cotrosion is a type of crevice corrosion.

14.3.3 Stress Corrosion

3

Difference in stresses at various regions of a metal is responsilf;%aa for creating a
stress galvanic cell in the metal. This cell is also known as stress cell.

The stress varation may be due to the presence of regidual stresses produced
during cold working or hardening of metals.

The grain boundaries in a polycrystalline metal also corrodes being alodrc to tha
crystals. . .

A plastically deformed metal piece corredes more readily than the o'mq‘f":am
‘_‘.

metal pie

A folded metal sheet is likely to corrode mare at the folds due & g

 deformation. , -

A bent wire corrodes more at its bends—as- reglons of bends are. @ve:m‘i\

! rest of the wire. -

A nail corrodes more at its head and tip than the shank as head amd tipa:; ™
heavily stressed than rest of the body._Stress cerrosion in {a) gra:mrbam;g.,
folded metal sheet, (c) bent wire, and (d) nail. T

14.3.4 Pitting

14.3.5 Inter-Granular Corrosion

This occurs again due to concentration difference, but now along graim bowsdarics, wi'ch
are usually of different chemical composition compared with rest of the gra = Thus grain

bouhdaries are highly suceptible to corrosion.

It is another form of localized corrosion. As a consequence of thas, s pits, ¢
holes form, hence the name. -

This oecurs in normal direction to the surface exposed. It is eximemelr dangerc. s -
f_orm of co:roston as material loss is often undetectable till the epmposent fails.
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14.4 DRY CORROSIOR . « Degrad

! absorpt
« Corrosion of a metals by a gas is termed as dry corrosion. The molecules of gas are ' radiatio

adsorbed on the surface of metal during the reaction.

e Degdra

+ This reaction gives corrosion products (or powder) in the form of oxides or salts, oxygen
examples 4Fe +30, — 2Fe, 04 ' ' e Swellir
and 2Na+Cl, — 2NaCl —_— o l a resul.t

: of chair

« Few combinations of metals and gases are more active at room temperature while and mc
others are active at elevated temperatures only. , _ Swellin

e A clean surface of aluminium door handle reacts quickly with air but iron in dry air , physioc

" requires high temperature to produce a significant reaction. _, , 7 - Bondr

. Polyme
14.5 LAWS OF CORROSION y
— — At eley
» Based on the nature of corrosion A Linear : deterior
films produced in mefals, -the ﬁ (as Steel, Mg, Ba) : ; . Some ¢
following laws of corrosion are % Prrutis . _ o 2 result
envisazed. _é ’ e
¢ Linear-law (in porous film) % At
-—e-  Parabolic law (m non-porous film) S _ % 11
,,,,,,,, S . L
. Loganthmlc law (in non-porous film) © . >t - . Det
7 ' - T . Dec
14. 6_CORROS|0N OF CERAMICS , : — B
- - < ec
. GeneraHy, it is said that one of the biggest advantage: which ceramics have-over o - Solutio
—other—engineering matierials is their corrosion resnstance that is, their chemical. ) ~harace
inertness in corrosive_environments. - : wdert
« _Ceramics corrode by simple chemical dissolution, in opposite to the electrochemical Jen.
processes involved with corrosion of metals. ~sults
« Ceramics are indeed much more environmentally stable, as compared to any other ' 4.8 OXI|
: EEia J
group of engineering_ materials e. g metals or plastics.
«  Oxidatic
14.7 DEGRADATION 0F POLYMERS ~
— — _ «  An adhe
e Plastic are organic and can are prone to physiochemical attacks. and aful
« Degradation of plastic is not termed as corrosion as it is of physi: . 1 Rat
in opposite to electrochemical corrosion of metals ‘
Polymeric mateyials degrade by non-corrosive processes. too cate of
: in tin, silver
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e Degradation of polymers, thus involves a wide variety of reactions and resulis like
absorption and swelling, dissolution, bond rupture due to heat, chemical effects, or
radiation; weathering, etc. S

e Degdration of polymers may be do to exposure to hght (specially UV), humidity '
oxygen bacteria, heat and external {oads.

e Swelling and dissolution : Polymers, when exposed to liquids, they get swelling-as
a result of solute diffusion and absorption of solute. Beuse of swelling i.e. separation

of chains, secondary bonds become wsaker. bt results in the material becomes softer— -
and more ductile.

e Swelling and dissolution effects are infleenced by temeprature because of their
physiochemical nature. ’

, ; .
e Beond rupture : Bond rupture in polymers due to degradiation is known as scission
Polymers bond may get E’upture due to radiation, heat energy, or chemical reactions.

e At elevated temperatufes bonds in polymers may get weakened, leading to
deterioration of polymers.

Some chemical elements like oxygen, ozone may alter the chain scission rate as
a result of chemical reactions. This is especially acoelerate in vulcanized rubbers.

Exzmmples : 7

« Deterioration of_acrylic pgibtingfand piegces of ait

. Decompesition of photographicfilms

« Decolorizationof plastics pj;ées pressfved-in museums

 Solutions to polymer degradation : Taflor made scavengers such as activated
characoal or Ageless help to create a low oxygen environment. Ageless is a reactive
powdered iron and is normally used to-prolong the shelf-life of dry foods by absorbing
oxygen. Epoxidised soya bean oil (ESBO}, has also been tested with encouraging
results as an acid absorbing coating on degrading on cellulose nitrate.

14.8 OXIDATION o

« Oxidation is a high temperature environmental effect on materials.

« An adhérent oxide layer have good oxidation resistance. Addition of nickel, chromium
and aluminium in steel improves its oxidafion resistance.

14.8.1 Rate of Oxidation

_The rate of oxidation may be very fast as in tungsten and molybdenum or very slow as

in tin, silver and gold.
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14.8.2 Methods to Reduce Oxidation 4.9
« QOxidation of materials follows linear and parabolic laws. o . O
» Their rates can be expressed by an Arrhenius type equation. )
e Oxidation rates can be decreased by addition of some oxidation-resistant elements.
Rate of oxidation in steel decreases by about : e EI
(i) 30 times on—adding5%-Al;-20 -times on adding 5% Si, and ¢ s Pl
(ii) 100 times on adding 18% Cr at 900°C. ' e Irc
14.9 VARIOUS METHOD TO AVOID CORROSION s lrc
: : ‘ ; e Zi
14.9.1 Passivity
Use of
« Condition of a metal or an alloy that allow them hxgher corrosion reSIstance than its
position on the galvanic series is termed as passivity or passivation. Inhibit
_s. Chromium, aluminium, stainless steels shown passivity as a thin, invisible, nonporous metal.
and insoluble film forms on their surface. , ‘
o . (a) At
e vhen ie
E ' Wy G
* lron when exposed to concentrated nitric ‘acid gels oxidized and becomies passive () W
: nd s further not attacked by its strong solution-- o
. OppOSIte of this, iron is not oxidized by dilute solution of mtnc acid and hence is fﬁot—é
atfacked by its, weak solution. — - S
e The patential of metal electrodes can be increased electncally
e During passwatlon the current density -attains a peak-value and then falls abruptiy. T
* The occurrence is associated with the formatien of thin oxide layer on the metal. 14.9
e Zinc chromates and nitrates are used as pas: swators in paints. .« C
a
or
« T
Chromium steel Crupto 10% . Oil refinery
Chromel - 1Cr10%and Ni Thermocouples 14.9.
Stainlesssteel - [Cr12to17% Gas and steam turbine blades, ovens and
furnances, exhaust valves of1.C. engines Protes
. nconel Cr16%, Ni76% - ' appez
18-8 Stainless steel| Cr 18%, Ni 8% Utencils, pressure vessels, heat
| exchangers - - *
Nichrome . |Cr20%, Ni80% Straingauges .
Kanthal & _ Cr24%,A16%, Co 2% ' | Windings of ovens and fumaces
Alumel Al2%, Mn 2%, Si 1%, Ni| Heat resistant wires *
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14.9.2 Use of Protective Coatings -

e QOrganic coatings such as paints, grease etc. .

. inorganic coatings such as enamels etc.

3 1S, » Electroplating by tin and noble metals.

« Plastic coatings and adhesives. ¢

e [ron by zinc coating as in galvanized iron (G.fl.i)ﬂbipes”
« Iron by aluminium and cadmium etc.

» Zinc chromate is applied as pigment is the paints.
Use of Inhibitors

Inhibitors are the chemicals added to the electrolyte to form an insoluble layer on the
rous : metal. By doing so, they make the system passive. Different kinds of inhibitors are

(@) Anodic inhibitors such as chromates and nitrites. ’

ve ’ {c)-Vapour phase inhibitors such ‘as bicarbonate.

|- TR T T ST —ﬁ———»———————————~——-———————————————\

is _Note: Anodic inhibitors form as thin passivating oxide fiim while cathedic inhibitors

, —, —_promote a thick film on the metallic surface. The vapour phase inhibitor -7~
v —  compounds are placed in the vicinity of metals fo be protected.
14.9.3 Deaeration of Water .

» Corrosion of iron and steel by water may be controlled by removing dissolved oxygen, -
-a cathodic reactant, from water. Dissolved oxygen is removed by either deaeration -
~ or by chemical reagents such as sulphites.

«—This method -is used in boilers where feed water is recirculated.

14.9.4 Protective Coatings

Protective boatings on metals are used to prevent corrosion and to enhance the outer
appearance. The coatings may be broadly classified as follows.

« Metallic coating

. Non-metallic coating, and

i . Chemical protective ceating . L
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Metallic Coatings

L J

Electroplating : Electroplating is an electro-deposition process of metals. The coating
material is deposited on the base metal by passing direct current throug'h an electrolytic
soulution.

Dipping : Here the material to be coated is cleaned and dipped in a bath of molten
metal. The coating metal has melting point lower than the base metal. Galvanlsmg

__and_tinning are the applications of this method. -

Galvanising : In this process, coating of zinc is done on iron. Galvanised iron in
used for making buckets, roofing:articles and G.I. pipes etc.

Tinning : In this process a coating of . tin is obtained on iron. Tinning process is

carried out in the same way as galvanismg ,

Spraying A metallic coating is obtained on the base metal surface by spraying
heated metal on it.

The molten metal particles interlock the’ irregularities of the base metal surface.

Cladding : It is a method of putting a thick lining of one metal on the surface of

- another metal. ;

- Nicke! cladad steel. copper and aluminium alloys are the examples of cladding.

I\/C T.nn#qv'nn o lr\ ‘I'\ [ ‘ho bn:n:-o mo*:; |q pa;r.’.‘.r‘l iy |“’1 Ar,of‘wcr “‘".L‘Igered f’ﬂﬂrﬂl nf{uc o

of powdered metal takes place on the hot base metal surface. Examples of cementation
are (i) sheavadizing (ii} Calorizing, and (iii) Cnrommng

~ Sheavadizing : Here cleaned-iron or steel is packed in zinc dust. When it is heated

for an hour or so upto a temperature of about 350° to 450°C, it becomes coated with
a continuous film of zinc._- R

Caiorizing : In this process, ~aluminium is Lised to coat the steel surface.

'Chromizmg By this process, steel is coated with a thin |ayer of chromium.

Non-Metallic COatmgs

-Enamels are non-metallic materials. Porcelain enamel is essentially a vitreous coating
containing an oxide coloured pigment. Vitreous enamel coat consists of a thin adherent
layer composed of borosilicates.

The chemical resistance of vitreous enamels increases with silica content.

High silica compositions‘given very hard enamels of high fusion, low tensite strength,
low thermal coefficient of expansion and poor adhession to the base metal. Low
silicon compositions give enamel a low chemical resistance.

Anodized Coatings

Anodized coatings are done by electrolyte procesees on zinc, aluminium, magnesium
-and their alloys. Aluminium .coatings are formed in an acid elecirolyte at moderate
temperature and current densities.

Surf
LI
o &
e 1

I
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The base metal is made anodic. The nature and thickness of the coating depends

‘ on the type of electrolyte, temperature, current dénsity and duration of application.
2 coating !

ectrolytic : Surface Conversion [or Chemical Rip.) Ceating -
‘ e These coatings are done by immersion or spraying. The base metal is covered with
 molten -| a chemical solution.
Ivanising ’ e Solution reacts with the metal surface to produce anadherent coating.
1 e The obtained coating surface are insoluble in the environment.
i in ; .
d ron i | Examples: _
. is | + ‘Chromate conversion coating’ used for the protection of zinc and cadmium plated
ocess | ' . pal‘tS._ - . o
raying : » Phosphate coatings are applied to iron, steel, Zinc,,aluminium, cadmium and tin
spray ‘ by chemical reaction of aqueous solution of phosphate and phosphoric acid.
wface + The chemical reaction between the phosphatic solution and the base metal provide
- face of the formation of a film which consists of crystalline zinc-iron or maganese-iron
urface o

phosphates firmly embedded into the crystal lattice of the metal .surface.

QU—

' is heated

ated with - 7 ’ o I

15 coating
S adherent

t

. strength, .‘ _ : -
ietal. Low . ; -

agnesium : o
moderate -
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<o

{ quesTions }-

4

Following is not the main form of
polymers deterioration

(a) Corrosion
(b) Swelling and Dissolution

(c) Weathering
(d) Scission

The following influences deten'oraﬁon_
of polymers

(a) Weather

(c) Temperature

(b) Radiation
(d) All

" Which of the following can be used for

cathodic protection
) Cd
{d) Either

Passivity is-hecause of

(2 i

(c) Cu

©_—{a)-Higher EMF  (b) Lower EMF

-5 Passivity is not reason for inertness of

the following—
(a) Au .-
(c). Ti

(b) Al
(d) Ni

6. —Difficult to monitor and very dangerous

7.

form of corrosion
(a) Galvanic (b) Pitting
(d) Stress

This form of corrosion otcurs due to
concentation difference in a component

(c) Crevice

h
fee

11.

12.

(c) Dissolution .

(@) Uniform (b} Galvanic
(d) Stress
Main from of ceramic degridation
(b) Weathering

(d) Sweliing

(c) Inter-granular

(a) Corrosion

The following factors play vital role in ,

corrosion process

(@) Temperature
~(b) Solute concentration
{c) Both

" (a) Physical reactions

(b) Chemical reactions
(c) Both
(d) None

When Pt and co are electrically

connected, which one gets corroded

(a) Pt
(c) None

(b} Co
(d) Canm't decide

Following equation is releated to
corrosion rate

(a) Nernst equation
(b) Faraday’s equation
(c) Either -

-(d) Neither
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Advances in

jaterial Science

15.1 SMART MATERIALS (OR INTELLIGENT MATERIALS)

Smart Materials (or Intelligent

Materials)
Shape Memory Alloys

Different Type of Smart Materials

Nanotechnology

Functionally Graded Materials

These are magical materials which are suitable
to our neads. These materials can sense, proce'ss,
stimulate and actuate a response.

Their functioning is some what sim}iar to human
brain, slow and fast muscles action. The intelligent
material have three basic components which are
given as follows: i :

(i) Sensors: Piezoelectric polymers (polyvinyldene),

ouhical fibres, )

{ii) Processors: Conductive electroactive
polymers, microchips, and

- (i) Actuators: Shape memory-alloys {Ni Ti-i.e.

nitinol), chemically responding-polymers

(polypyrrole). - o —
Piezoelectric ceramics: Linear and-shear
deformations occur along fongitudinal, transverse
and thickness directions. B
e.g. Quartz, Pb Zr titanate _
Application : Aircraft airfoils, identifying Braille
alphabet (an aid for blinds)._ __
Viscoelastic (VE): These relax any-stress
produced in it by external strain. B
Application: Damping in space-crafts, earthquake
prong structures, aircrafts. -
E!ectrorhgoldgical (ER) fluids: These are like
suspended fine polarizabie particles cohesive, and
tend too coalesce. They form new chains even
when old chains are broken.

e.g. zeolite in silicone ail, starch in com oil.
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Application : In filling of graphite-epoxy beams ta provide variable stiffness in them.

. Shape memory alloys (SMA): Below a crmcal transition temperature, they can
deform plastically.

e.g. Ni Ti (nitinol) ,
Application : Fire alarm due to change of shape at transition temperature.

15.2 SHAPE MEMORY ALLOYS

[ 4

o Shape memory alloys (SMASs) are metals that posses two very unique properties (1)
pseudoelasticity (2) ‘shape memory effect’. The most effective and widely used shape -
memory alloys include NiTi {Nickel-Titanium), CuZnAl, and CqulNi. )

| » The two unique properties desctibed above are possible through a solid state phase-
change i.e. a molecular. rearrangement, which occurs in shape memory alloy.

Applications : 1
' '._ + Coffepots +  Themmostat + Hydraulic fittings for aeroplanes
« _ Space shuttle Vascular stert: o '

: -« Dumb materials : These mate: .
‘ ~ only alimited set of response: = - il

| » , :
| — s Such responses are usually non-zumal for any single set of condmons but ‘optimised—
4 i to best{fulfill the-range of scenarisos to which a material or structure may” be exposed.

B example: the wings of an aircraft should be optimised for take-off and landing, fast_ .

——- and slow cruise etc.

« Biomimetics : These materials are similar {0 animals and plants exibits the clear
ability to adapt to their environment in real time. The field of biomimetics, which looks
at the extraction of engineering design concepts from biological materials and
structures, are helpful to human being on the design of future manmade materials.

» The process of balance is a truly ‘smart’ or intelligent response, allowing in engineering

; terms a flexible structure to adapt #s form in real time to minimise the effects of an

' external force, thus avoiding catastrophic collapse.

. EIectfo-rheé’st:ttic and Magneto+theostatic : These materials are fluids, which can
“experience a dramatic change in their viscosity.

4’ e These fluids can change from a fhick fluid (similar to motor oil) to nearly a solid

i substance within millisecond when & bring in maagnetic or electric field: the effect can
be completely reversed just as quickly when the field is off,

7 ;* " MR fluids experience -a viscosity change when exposed to a magnetic field, while ER
[ fluids similar changes in an eleciic field.
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. 7rne most common form of MR fluid consists of tiny iron particles suspended in oil, .! Smart
ER fluids can be as simple as milk chocolate or cornstarch and oil. . ‘ _
. - . . . : Fas
Photochromic materials : These materials change reversibly colour’with change in : 3
temperature. They can be manufactured as semi-conductor compounds, from liquid + Hig
crystals or using metal compounds. - ‘ e Spc
+ The change in colour found at a determined temperature, which can be varied by | s Viby
doping the material. - . - . Adt
» Used in production of paints, inks or are mixed to mouldmg or casting materials for : e Dar
different applications. : _ _ . 3 oy
« Electroluminescent materials : These materials produce a brillant light of different :

colours when stimulated electronically (e.g.-by AC current). During emitting light no _
heat is produced. Like a capacitor, the material is made from an insulating substance '1 15.4 |
with electrodes on each side. . ) ! -

e One of the electrodes is transparent and allows the light to pass. The lnsulatmg : o Nat
substance that emits can be made of zinc sulphlde : 100
o - They can be used for making light stripes for decoratmg buildings, or for industrial- - ' e Tec
=nd public vehicles safety “precautions. . ' of
At materials © These malerials giv; visibic or invisible light as a-resuli of b
Jaht of & shorter wavelength (i.e. X-rays-UV-rays, etc.) _ ' aar
. _ct_disapear as soon as the scurce of excitment is removed. Fiuorascent ¢y
~ents in daylight have-a white_or- iight_colour, whereas under excitation by UV , £
.uOIatIOl'l they irradiate_an intensive fluorescent colour. ) . " e Fol
« They can be used for -paints, inks or mixed-to mouldmg or casting materials for : mo
different applications. . L ' Re
- Other smart materials : — the
. Phosphorescent matereials . Conducting polymers Uses ¢
. Dielectric elastomers "~ . Polymer gels o
Magnetostrictive alloys . Electrostrictive materials - - o
. Piezoelectric materials -« Sensual-materials : (@)
o Thermoelectric materials : Special types-of semiconductors that, when coupled,
behave as a “heat pump”. By applying a low voitage DC power source, heat is (i)
moved in the direction of the current positive to negative. -
e Generally, used in thermoelectric modules where a single couple or many couples B
to obtain larger cooling capacity are combined. One face of the module cools down
while the other remains in heating state, and the effect is reversible. - Medic
« Thermoelectric cooling allows for small size and light devices, high reliability and () Ca
precise temperature control, and quiet operation. the

Disadvantages: High prices and high operating costs, due to low energy efficiency. ' po
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Smart Materials Application

ad in_oil, ‘

» Fast response valves

?r?.nl?ﬁu:g l e High-power-density hydraulic pumps o

| e Sports equipment
aried by | e Vibration and acoustic sensors

e Active bearmgs for reduction of machmery noise *.

srials for e Dampers ) )

’ e Footwear '
different { e Precision machining, etc.
light no . ; .
ibstance | 15.4 NANOTECHNGLOGY L
1sulating ]' e Nano is the prefix of a unit. One nano is equal to 10-°, and 1 n%no meter meéns

10° m (i.e. 1nm = 10°.m),

ndustrial . e Technology involving processes, operations, applications and development of devices
of such small dimension is referred to as nanotechnoldgy.

result of : ~ » In nanotechnology, the size of material is reduced to the size of nano-domain (ona
h sl uUHlf'lH) gcnclauy iefers W 1 to 1606 lml)

orescent | _« By this the changes in different properties of matena! eq. mechanical, thermal,

n by UV ‘ - -electrical,- optical etc. ogcur at each level. : o

! . . - .
' i e For so small sized material the surface to voIUme ratios playsan-importantrole and
|

“nials for i most of the molecules make the material hyperactive by coming on-the -surface.
— L e Result of this effect is to change the ‘chemical activeness’ of material due-to which
E the probability exists for origination of newer alloys, composites, sensons and catalysts.
’ Uses of Nanotechnology ) o
: . Computer Field
: () In supercomputer : Now a days ‘nanowire’ is used.instead of avcomputer
‘connector’. Which leads to the memory and speed of computer increases many
coupled, times. Increase in memory_may be as high as 1 million.
. heat s (i) In chips and ICs : Computer chips, circuits, transistors and registers etc. can
- ) " be made more useful and of much improved gality as compared to eXIstmg
couples : ' chips. -
ols down
Medical Sciences
»ility and-- N

_ G)‘ Cancer treatment : Bacteria tumor cells of gold particle are developed for changing
i~ - - ;- the structure of cancer. It destroy the dangerous element of tumor to the extent
fficiency. s possible.
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(i) Disease detecting devices : Nanotechnology based devices such as ‘wrist watch’
is developed, already, which can to predict the probable diseaseslillnesses of the
body. Since the disease will be detected at its original stage, an appropnate treatment
can be started without delay.

Industries

« Nanotechnology based paints : Here titanium dioxide (TiO,) as nanomaterial) is
mixed with the paint; the hardness, shining and life of the paint thus obtained can
be many times more than the conventional paint. Carbon & boron nitride nanotubes
are promising materials for hydrogen storage

.« Nanotechnology based clothes : Such type of clothes are being manufactured be

' textile industry, which absorb human sweat easily. These clothes are more durable
also fas compared to conventional dlothes.

Other Uses —

e Water purification : Nano-mineral, nano—q_ld and nano-silver nitrate are useful to
elimenate the harmful element arsenic (As) from water.

the Qvu!-w of brightnass and contrast of

Euture Prospects : )
Nanc » -veral in dn‘ferent forms such as given below.

- Cuantum -dot < Nano-particles

- Nasnocluster — « Nano wells and wires

» Bulk nanostructured matenals » Magnetic clusters

. Carbon nanostructures + Superfluid clusters

- Nanostructured ferromagneﬁsm, elc.
Nano-Devices :

- Atom switches ' + Drug deiivery systems

. Nano—e|ectromechn|cal systems {NEMSs) efc.

. Molecular machine - Nano robots -

« Single electron transistors + Nano btometrics -

Nano Electre~Mechanical Systems {KEMs)

. Developmem of ultra~miniature systems eg. nano-electromechanical systems (NEMs)
will ease thé maintenance, safety and updating of computers and other hardware. -
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t watch’ + Systems will provide almost troublefree servcies. Installanons/equnpmetns into a smaller
; of the chamber is possible.
zatment i

. Many electronic systems may be mounted-on or housed-in the watches, shirt pockets,
pens, other body parts and their belongings. '

The future expectations of nanotechnology can be viewed in the light of the

2 crial) s following development: *
2 e
?wedcan =
i hotubes Note : Nanoparhcles of cadmium selenide (cdSe) are quantum dots, which glow
‘ when exposed to u__l_‘rmvuole‘r light.
ured be LT T -
durable ', » Gold nanoshells are new composite nanoparticles. They consist of a dielectric core

(either gold sulphide or silica), withla metal (gold) outer shell. The shell has the same

surface properties as colloidal golgd and can bind to a variety of biomolecules. By

, varying the relative thickness of the core and-the shell, the opfical resonance of gold

iseful to ; nanoshell can be shifted from the visible range to the infrared range, which is the
o range of the highest physiological transmissivity. '

trast of :

Hhi i oo A i L NAY mbtsriae bayc S
° The lithium-lon seconda: v \( nargeable) halieries have & volimgs of ~3°

onal Ni-Metal hydride batieries. Here lithium Coba!a
(LiCcO,) form the cathooe and C or LiCy forms the anode. The electrolyie-is an .
; “organic liquid with a dissolved fithium salt. During charging, the Li* ions migrate :
: _.towards the anode. During discharge, they migrate in the reverse direction fowards '
i the cathode. - o

three {imes that of the conven

e Alternate electrode materials like LiFePO ;- could benefit from nanotechnotogy.

15.5 FUNCTIONALLY GRABED MATERIALS (FGMS)

+ An FGM is an mhomogeneous material in which the physical, chemical and mechanical
properties change continuausly fifom point to point. No any discontinuities inside.

+ Due to gradual change of material properties with position, hence, termed as ‘gradient

matenals The property gradlent is found due to position dependent parameters as
written below

¢ Micro structure « Atomic order + Chemical composition

o The property variation can ‘extend over-a large part of matenal on to the surface of
the material, or may be limited to a smaller interfacial region only.

(NEMs) _ e The FGM are useful in the sense that the microstructural gradients produce optimum
1:dware.' +  functional performance with minimum material use.
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Example : Ehergy (
« A natural example of FGM is the culm of bamboo in which the hlgh strength ! Thermos
natural fibres are embedded in a matrix of ordinary celis. In that the fibre content ! emitter -
is not homogeneous aover the entire cross-section of the culm, rather decreases !’; wer =
from outside to inside. : ,-i Electron
« A synthetic example of FGM is case-hardened steel in which the material has a i -
gradation i.e. the surface_is_hard but_the interior is tough. v } Graded «
:'l
Types of FGMs Acoustic

e Based on shape and S|ze of gradlent dlfferent types of funct|onally graded materials _ ACQUSﬁC
- are found : E | ) | 1 ‘I Optics
(a) fraction gradient fype, ' ]

(b) shape gradient type, .
(c) orientation gradient type and . ' 15.6 Bl

- (d) size ~gradient*—type ' ‘ ' '

X-ray mi

o
<)
3

Exzin

Thermat Protection Syslems ' o l resigt
» Space re—entry;)ehi.cles: A nose cone with a graded SiC protection interlayer on G/~ | o (i)
"C* composite exposed to high temperature supersonic gas ﬂowiprovide;improved — - -+ produ
thermal protection. _ T 2. Bioce

e Gas turbine blades made of superalloy and coated with a bond coat of NiCrAlY and relatr
heat-insulating layer of ZrO, considerably improves-the resistance of the coating. ' . Exam:

e Thermal barrier coating (TBC): By using a 2mm thick graded TBC on piston crowns 0 Applicat

and cylinder heads of diesel engines, about 5% reduction in fuel consumption can P
be achieved. o ' - :

. ) Pacemake
Wear Protection o o e Sheai
‘Wear resistance of tools increases by hard surface layer in a compressive stress state as e
e.g. a WC/Co (stellited) FGM with a gradual -variation in Co develops a compressive ; * Metal
stress state at the surface. - ': elecir
Medical Implants - Dental #:

e g . N .. . s Tooth

‘Cementiess artificial joints: A coating of glass on a Ti-6Al-4 V (titanium-aluminium-vanadium) (or de
substrate possessing hydroxyapatite and pores close to its outer surface is an excellent

material for making cementless artificial joints and dental implants. The above-mentioned ¢ TO] px

© o calciu

matedal is a graded composite material.
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Energy Conservation

Thermoelectric converter: Bi,Te,/PbTe/SiGe for improved conversion efﬁmency Radiation
emitter : A/N/W for lmproved emlsswlty

Electronics

Graded capacitor: BaTiO,/SrTiO, for zero temperaturer coefficient of capacitance.

Acoustics _

Acoustic coupler: CuMn/WC fdr acoustic imypedance m_achine.
Optics

X-riy mirror: Si/Ge for graded lattice constant

15.6 BIOMEDICAL MATERIALS

1. Biometals : High strength good toughaess, and biocompatible, Generatlon of fine
wear particles leading to implant loosening and inflammation.

i_ncellent wear e .
sful Co, Ni,

Farepamioa o St A TR A o D
LnGaiaEd@ @ i) LOLhiG L oYy,

resistance,-but-release

S Cosi@dn cOHrosion

Cripns inle & - iy

- (i) Ti alloys, Allows bor.
. _produce_wear debris

«1r at the interfaee, unsatisfactory v/cur resistance, may

2. Bioceramics-: Stiff, ha:
 relativelydifficult to prc..

vhemlcally stable, and very good wear resistant, Brittle and

Example : (i) Alumina, Excellent bio-compaibility and ineriness in body.

Application of Biomaterials : '

Pacemakers- 7
+ Sheathed wires acting as sensing and stimedating electrodes made by Polyurethane
as insulaiton on these wires, silicone.

+ Metal casing to hous a battery (i.e. pacemaker housing) made by Ti, Pt and Pt-ir
electrodes for providing resistance to galvanic corrosion.

i

~ Dental Materials - - —

+ Tooth replacement consisting of an implamt that is fixed into the bone and ‘a crown
(or denture superstructure) made of Alumina, Pure Ti, single crystal sapphire.

«. To promote bone growth into implant interface is made by Glass ceramic coatmgs
calcium phosphate ceramics. : 7
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Miscellz
s Tooth crown is made of dental porcelains: Example borosilicate, fieldspar giass.
o Crown fusing metals are : Au, Au-Pd, Ag-Pd, Cu-Pd, Ni-Cr ' + Bioc
- ‘ »_ Soft
Ophthalmology Materials
. , s Wot
« Hydrogel soft contact lenses made of Poly HEMA (hydroxyethylmethacrylate). T
« Ten
* Rubbery soft lenses made of .Si-rubbers, flouropolymers. v : 5
' . o . g
« Rigid contact lenses made of PMMA (Polymethylmethacrylate). i )
Orthopaedics _ | ' Note
¢ Hip and knee implants is done by 1"1—6A|;4V|, stainless steel. .
: ' : : ?
+ Screws, fittings and wires made of Ti-GAl-4V, stainiess steels. _ ’ E
* Hip replacement is done by Alumina (polycrystalline). ' —_
+ Bone repaire such as maxillofacial and periodontal defects are cured by Tri-calcium + Chi
phosphate Ca,(PO,), ceramic. : ;?t"
° I M ls
« Bone plates are made of Polyorthoesters. ’. sem

“oys, Pure Ti, Ti-GA-4V, Alumina, Zircenia PMIAA, UHMEWPE (un

.iht poiyethyiene).

highmoicouiai-

Cardisvascular Dewces

() r - dialysis maghines
" .~d fedding catheters are made of Polyurethane, silicone.
. Nhiembrane inside the dialyzer are made of Cellulosic.

(i) Vascular grafts is made -of -woven fabrics of expaned PTEE, Polyesters and PET
(polyester terphthalate). .

(iii) Membrane in oxygenator are made of Perfluorobutyrgl ethyl cellulose.
(iv) Cardiac valves :
. Metal valves made by Ti-alloy, CoCrMo.
. Non-metal valves rhade by Silicone elastomer.
(v) Adificial heart . i
. "Héart valves made by Polydimethyl siloxane, polyurethane.
. Pump bladders made by Polyurethanes with layers of butyl rubbers inside.
. Blood contagting inlet and outlet connecters made by PET.

. Hous"ilng;for devices is made by Epoxy, kevlar, polyurathane, polycarbonates, Ti.




Advances in Material Science 305

Miscellaneous

+ Blood bags, tubings made by PVC, polyurethanes, silicones.
« Soft tissue reconstructien made by Silicones.
e Wound closure made by Cyanoacrylates.

e Tendon repair made by Polylactic acid.

« Drug delivery system made by Ferrofluids. ¢

Note : Bucky Ball : (buck minster fullerene) A large carbon crystal mede-up of 60
| carbon atoms. Known as C60, having 20 hexagonal and 12 pentagonal planes.
'  The C60 crystal of 0.7mm diameter is completely a bad conductor. This is
used in making- super conductors. lubricants, cetalys in chemeccl reactions
etc. This is in 'rhe shape of football.

alcium « Chirality : Variation of the orientation of the rolling axis relative to »' - hiexezonal
4 A network of the graphene sheet can produced different types of singl . :led & -es
this property is known as chirality. Depending on chnrabrty a nonotue. - can @

semlconductor or a metafllic condensor.
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{

1. The nanosize range is
(a) 1-100 nm {b) 10—1000 nm
(c) 0.001-0.1 ym (d) 16-1000 A
2. Nanorobots
(a) do not exist yet

(b) exist in laboratory expérimenté o

(c) are used in nanomedicine to
remove plaque from the walls of
arteries

(d) will be used by NASA in the next

unmanned mission to Mars
3. A quantum dot is
{a) the sharpest possible tip of the

H RA: ~-m
mie Force Microscope

nanoparticle with cioccirons
ad in all directions

y term used in science fiction
-1explained spot of less than 1

seen in electron microscope
1iages

The name buckminsterfullerene is
(a)' another name for football

(b) polystyrene fille# with carbon
(c) Cg rho!ecule

{d) a carbon nanotube

Graphene is y
(a) new material made from cgrbon
nanotubes

{b) one-atom thick sheet of graphite

(c) a thin film made from fulierene

(d) a graphical representation of C,, -

molecule
The onergy in a fuel cell s produced
i ough

(a) oxidation of Pt

- (b) reducing of Pi- —

(c) an electrochemical reaction

(d) burning of a fuel

1 1 S —

I

'
i






