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UNIT -1

PROPERTIES OF MATTER

Introduction
Elasticity
Elaticity 1s a branch of physics which deals with the elastic property of materials. When an
external force is applied to a body, there will be some change in its length, shape and volume.

Perfectly elastic body
When the external force is removed, if the body regain its original shape and size.

Perfectly plastic body
If the body does not regains its original shape or size, after the removal of the applied force.

Stress and Strain
Stress 1s defined as the restoring force per unit area which bring back the body to its original
state from the deformed state.

Type of Stress
Normal Stress
When the force is applied perpendicular to the surface of the body.

Tangentile Stess or shearing stress
When the force is applied along the surface of the body.

Strain
The change in dimension produced by the external force on the body.

Strain = Change in dimension/Original dimension

Types of Strain

i) Longitudinal or Tensile Strain

Ratio between the change in length to the original length, without any change in it shape, after
the removal of the external forces.

Longitudinal strain = I/L

ii)Shearing strain
The angular deformation produced on the body due to the application of external tangential

forces on it.

iii) Volume strain
The ratio between the change in volume to the original volume, without any change in its shape.
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Hooke’s Law
Stressis directly proportional to the strain produced, within the elastic limit.

E = Stress/Strain Nm2
Clasdgfication of elastic modulus
There are 3 types of elastic modulusbased onthe 3 types of strain
i) Young’'s modulus(Y)
ii)Bulk modulus(K)
iii)Rigidity modulus(n)

Y oungs modulus

Theratio beween thelongitudinal stressto thelongitudinal strain, within the élastic limits.

Y oung's modulus(Y)=Longitudinal stresgLongitudinal strain Nm?

Bulk modulus(K)
Theratio beween thevolume stress to the volume strain within the eastic limits

Bulk modulus(K)= Bulk stresd Bulk strain Nm
RIGIDIT Y MODULUS (n)

Definition: It is defined theratio beween thetangential stressto thesharing strain with in the
elastic limits.

(i.€) Rigidity modulus (n)= Tangential stress/ Shearing strain Nm? @
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Explanation: Let us conside a sdid cube ABCDEFGH. Whase lower face CDHG s fixed as
shown in fig 2.4. A tangential force ‘F’ is applied over the upper face ABEF. The result is that
the cube gets deformed in to a rhombus shape A’B’CDE’F’GH.(i.e) The lines joining the two
face are shifted to an angle ¢. If ‘L’ is the original length and ‘I’ is the relative displacement of
theupper face of the cube with respect to thelower fixed face, then

We can write tangential stress= F/A
The shearing strain () can be defined as the ratio of the relative displacement between thetwo
layersin thedirection of stress to the distance measured perpendicular to thelayers.
We know, Rigidity modulus(n)= Tangential stresd Shearing strain

n=F/A®

Rigidity Modulus(n) = F/A® Nm-2
POISSON’S RATIO(o)
DEFINIT ION: It is defined as the ratio between the lateral strain per unit stress () to the
longitudinal strain per unit stress () , within the elastic limits.
(i.e) Poisson’s ratio(c) = lateral strain/longtudinal strain

(or) o =p/a

Explanation: Let usconside awire, fixed at oneend andis stretched alongtheothe endas
shownin fig 2.5.

|' . I R T
| 4 (J=Applica
l‘\ /} R ‘ -‘/') E
— LT
Fig. 2.5

Due to the force applied the wire becomes longer but it also becomes thinnea (i.€) although
theaeis an increasein its length, there is a decreasein its diameter as shown in fig. 2.5. therefore
the wire elongates fredy in the direction of tensile force and contracts laterally in the direction
perpendicular to the force. Let ‘L’ be the original length and ‘D’ be the original diameter of the
diameter decreases fromD to d, then

Longitudinal strain =I/L
and Lateral strain = (D-d)/D
o =-(D-d)y/D/I/L

(-Vesignindicates thedecreasein length)
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(or) o =-L (D-d)/ID
The negative signindicates longitudinal strain and lateral strain are opposite to each other.
RELATIONSHIP BETWEEN THREE MODULII OF ELASTICIT Y

There are many relations connecting the lateral strain(f) , strain (a), Poisson’s ratio(c) and the
three elastic moduli. Some of therelations are given below.

i. Relationbetween a and young’s modulus is a=1\Y

ii.  Relation between a and  with the bulk modulus is (a-2B)=1\3K
iii.  Relation between a and  with the Rigidity modulus is (a+f)=1\2n
iv. Relationbetween Y, n, and K is Y=9Kn\3K+n

V.  Relation between n, K and o is o =3K-2n6K+2n
vi. Rédationbetween Y, nand ¢ is 6 =Y\2n-1

ELASTIC LIMIT

When forces are applied to bodies, each and every body has a tendency to oppcse the forces
and try to regain its original position after the removal of the force. When the applied force is
increasad beyond the maximum value, the body does not regain its original position conmpletely,
even after the removal of the external forces. Hence the maximum stress up to which a body can
recove its original shape and size, after removing the external forces is called asdastic limit.

STRESSAND STRAIN DIAGRAM

Let us conside a bady which is subgcted to an uniformly increasing stress Due to application of
the stress, the changein dimenson of the body takes place(i.e) the strain is developed . If we
plot a graph between stressand strain we get a curve as shown in fig.2.7. and is called as STRESS-
STRAIN Diagram.

i.  From the fig.2.7, it is found that the body obeys Hooke’s law up to the as region OA
called as elastic range

ii.  Assoonas the maximum elastic limit (i.e) yield point ‘B’ is crossed, the strain increases
rapidly than thestress

D

B ;
A ¢ Breaking stress

\ Plastic Range

Elastic Limit

Stress =

~=1— Elastic Range

G

-

Stroin  ——-

Fig. 2.7
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iii.  Now, evenf asmall external forceis applied, the bodywill take a new path CD and
remains as plastic called as plagtic range where D is called as ultimate strength.

iv.  After this, the body will nat come to its original state and the body acquires a pemanent
residud strain and it breaks down at a paint as breaking stress indicated by datted line
EF.

FACTORSAFFECTING ELASTICTIY

It is found that sorre bodies lose ther dastic that even within the elastic limit, due to elastic
fatigue. Therefore the manufacture should chocse the material in such a way it shauld regain its
elastic property even when it is subjected to largenumber of cycles of stresses.

For example subsance like Quartz, phosphor, bronze etc., may beemployed in the
manufacturing of galvanometers, electrometers etc., after knowing thdr eastic properties.

Apart from dastic fatigue sorme materials will have changein ther elastic property becauseof
thefollowingfactors.

Effect of stress

Effect of annealing

Change intemperature
Presence of impurities
Dueto thenature of crystals.

aprwbdE

Effect of stress
We knowthat when a material is subjected to largenumber of cycles of stresses. It losesits
elasticity property even within theelastic limit.

Effect of annealing:
Annealing is a process by which the material is heated to a very high temperature and then itis
slowly cooled.

Effect of temperature:
The elastic property of the materials changes with thetemperature. Normally the elasticity
increases with the decreasein temperature and vice versa

Effect of impurities:
The addition of impurities produces variation in the dastic property of the materials. The
increaseand decrease of easticity dgpends onthetype of impurity added to it.

Effect of nature of crystals:
The easticity alsodegoends onthetype of thecrystals, whethe it isa single crystal or pdy
crystals. For a single crystal the elasticity is more and for a pdy-crystal the elasticity is less
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TWISTING COUPLE ON A WIRE

Conside acylindrical wireof length | and radiusr fixed at oneend. (fig. 1.11a). It is twisted
through anangle 6 by applying couple to its lower end. Now, the wire is sad to be unde torsion.

;
i

i
-

(®)

Dueto dastic property of the wire, an internal restoring couple is set up inside the wire. It
is equd and opposite to the external twisting couple (applied). The cylinde is imagined to consist
of alarge number of thin hollow coaxial cylindes.

Consider onesud cylinde of radiusx and thicknessdx (fig. 1.11b)

AB isalineparale to PQ on thesurface of this cylinde. Asthecylinde istwisted, theline AB
is shifted to AC through an angle BAC = @

Shearing strain or Angle of shear = ®
Angle of twist at the free end =0
Fromthefigure (1.11 (b))

BC =x0 =1
x0
1

Shearing stress

Rigidity nodulusn =

Shearing strain

~ Shearing stress = n X Shearing strain = n

Shearing force

Shearing stress =
Area over which the force acts
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Area over which the force acts = n(x + dx)? — nx?

= n(x? + 2xdx + dx?) — nx?
= nx? + 2nxdx + ndx? — nx?

(dx? term is neglected since it is very snall)

= 2nxdx

_ nxo
Hence, Sheraing force F= ____

1

27no
1

x2dx

-~ Moment of this force about the axis PQ of the cylinder.
= Force X perpendicular distance

2mné

== x2dx X X
2mné

== x3dx

The moment of the force acting on the entire cylinder of radiusr is obtained by integrating the
expression (3) between the limits x =0 and x =r.

Hence, twisting couple
r

C= jw X°dx

-

r 471"
27z|n9 Py Zﬁne{x?}

0 0

Applying the limits, we
have

0=
I 4

~ Zme{r“ } 2mé r*
4

_mor?
2

C

In the above eqn if 6 = 1 radian, then we get.

mr?

2

Twisting couple per unit twistC =
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This twisting couple required to produce a twist of unit radian in thecylinde is called torsional
rigidity for material of thecylinde.

Hollow cylinder

For a hollow cylinde of thesame length | and of inne radiusr, and outer radiusr,

Twisting couple of thecylindeg C = jw X

n I

= mz—le[rz“ - r14]

2dx

Twisting couple per unit twist of thecylinde

C= %[r; - r14]

TORSIONAL STRESS AND DEFORMATIONS

The shear stresssd upinthe shaft when equd and oppasite torques (twisting moments) are
applied to theends of a sheft about its axis, is called torsional stress

O = shear strain
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Note that sher strain does nat only changewith theamount of twist, butalsovaries alongtheradial
direction sud that it is zero at the center and increases linearly towards the outer peipheay.

TORSION PENDULUM - THEORY AND EXPERIM ENT

A circular metallic disc supended using a tin wire that executes torsional osdllationis called
torsional pendulum.

It executes torsional osdllation whereas a simple pendulum executes linear osdllations.

’___I FixedEnd

Torsionally flexible elastic wire

Disc

T

Desaiption

A torsional pendulum conrsists of a metal wire sugpended vertically with theupper end
fixed. The lower end of thewire is connected to thecentre of a heavy circular disc

When the disc is rotated by applying a twist, the wire is twisted through an angle 0. Then,
therestoring couple set upinthe wire

=c6 @ ————— (D
Where C — couple per unit twist

If thediscis released, it osdllates with angular velodity do/dt intheharizontal planeabout the
axis of thewire. These oscillations are known as torsional osdllations.

If d°0/dt* is theangular acceleration produced in thedisc and | its moment of inetia of the
discabout theaxis of thewire then,

d?e

Applied couple =1 = 0 (2)

In equilibrium, applied couple = restoring couple
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d?0 C
w1 T )

This equétion represents simple harmonic motion which shows that angular acceleration

2
(d_ez_) is proportional to angular displacement 0 and is always directed towards the mean position.
dt

Hence, the mation of thedisc beng simple harmonic motion, thetime period of the
osdllationis given by

T_2r Dlsplamnt
Accderati on
=2r o
—x0
T=2x L 4)
C

Deter mination of Rigidity Modulus of the wire

Therigidity modulus of thewireis daermined by thefollowing egn

T= Zﬂ\[j _____ (1)
C

Experiment

A circular discid sugpendel by a thin wire, whaose rigidity modulusis to be deerrmined.
Thetop end of thewireis fixed firmly in a vertical suppat.

Thedisc is then rotated about its centre through a simall angle and set it free. It executes
torsional osdllations.

Thetime taken for 20 cormplete osdllations is nated. The experiment is repeated and the
mean time period (T) of osdllationis deermined.

Thelength | of thewireis measured. This length is then changed by about 10 cm and then
experiment is repeated. The readings for five or six different lengths of wire are measured.
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Thedisc is removed and its massand diameter are measured.

Thetime period of osdllationis

|
T=2r,|— -2
7\ (2)

Squaring on bath sides, we have

2
2 _»n2_2 I_ ______
T —272'( Cj 3)

_47z2|

C

T2

- L re .
Substituting couple per unit twist C = Ll in egn(4)
2 2
T2 g A7
mr mr
2

Rearranging theegn (5)

Therigidity modulus of the material of thewire

2 2
T2 47 1 _o Al j
nr 7nr
2

8zl ( |
"=l

| — moment of inertia of circular disc= MR?/2
M — Massof the circular disc

R — Radius of thedisc

RIGIDIT Y MODULUSBY TORSION PENDULUM (DYNAMIC TORSION METHOD)

Thetorsion pendulum corsists of a stedl or brass wire with oneendfixed in an adjustble
chuck andthe other endto thecentre of a circular discas shown in fig.

The experiment consists of three parts.
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.

Firstthe discis sd into torsional osdllations withaut any cylindrical masses onthedisc.
The mean period of oscillation Ty is found out.

T,=2x Lo
C

Werelo — moment of inetia of thedisc

B P S ———— (1)

T2
0 C

Two equd cylindrical masses are placed symmetrically along a diameter of thedisc at
equd distance d; onthetwo sides of thecentre of the disc

Mean time period of osdllation T, isfound

I1

Then, T, =2r./=
C

2
:47r I,

C

T’

Then, by theparallel axis theorem, the moment of inetia of thewhde system is given by,

L-lo +2i+2md3 —————— (3)
Subs1; ion egn (2)
2
Tf:%(lo +2i+2md12) —————— (4)

Now, two cylindrical masses are placed symmetrically at equd distances d, fromtheaxis of the
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Now,
l,—1, =1, +2i+2md,” -1, -2i—2md,” =2m(d,” —=d,*)
Subtracting (4) from (5)
2 2
T22—T12:4g (1, +2i+2md22—lo—2i—2md12):%Zm(dzz—df)
47?
T22_T12: C (,-)————— (6)

Dividingegn (1) by (6) 2

T, |
= — & —— ()

TZ _Tl I 2 Il

Substituting the value of (|, —1,) in this equations (7) we have
T, I

T22 _T12 ) 2m (d22 _d12)

A 2m (d22 — dlZ)TOZ
T, -T

IO

Thus moment of inertia of thedisc about the axis of rotationis calculated subgituting the values
of To, T T2 d; and d; in theaboveformula

Calculation of rigidity modulus of thewire

We knowthat restoring couple per unit twist

mr?

2

C:

Subsvalueof Cinegn(6)
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T T = om(d-a))
7znr
2
T22—T12 47Z' X2I2 (d )
mr?
—_— 167rlm(d d.?)
nr

_lézlm(d,"-d,")
(T, =T

Using theabove relationtherigidity modulus of wireis determined.

or Nm™

STRESSDUE TO BENDING IN BEAMS

Fig shows a beam unde the action of a bending moment M. In a particular segment of the beam,
bending occurs with center of curvature at O, radius of curvature R, included angle 6 and neutral
surface MN.

If the longitudinal stress at a filament AB at distance x from the neutral surface MN’ is o,
thenthestrainin AB is given as

_ changein length  FBQ —PQ

Sran e
original length PQ
Sran e= (R+x)0—R#
R6
_RO+x0-RO _x0 X
RO R R
But Ezg: stress
Y Young'smodulus
Thus Z= 2
Y R

Here x/R is constant for a particular cross section of the beam. Thus, the bending stress (o) ata
particular crosssection is propartional to thedistance fromtheneutral aaxis (x).

For filaments above neutral axis (i.e). negative values of x), bending stress is compressive (i.e., ¢ is
negative). For filaments below neutral axis (for positive values of x) bending stress is tensile (i.e., ¢ is
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positive)

DEPRESION OF A CANTIL EVER LOADED AT ITSEND

Theory: let | be the length of the cantilever OA fixed at O. let w be the weight supende at the
free end of the cantilever. Due to the load applied the cantilever moves to a new position OA as
showninfig. 2.16.

SRARERRS
J
Y

Fig. 2. 10

Let usconside an element PQ of thebeam of length dx, at a distance OP= x fromthe
fixed end. Let C bethecentre of curvature of theelement PQ and It R betheradius of curvature.

Dueto theapplied at the free end of thecantilever, an external coupleis created between
theload W at A and theforce of reaction at Q. here, thearm of the couple is (I-x).

The external bending moment = W.(I-x)............ D
Weknowthe
Internal bending moment = YI/R ............. (2)
Weknowunde equilibrium condition
External bending moment = internal bending moment
Therefore we can write equ (1) = equ (2)
(i.e) W(-x) = YI/IR
R=YI/W (I-X) ...evveeen 3)

Two tangents are drawn at points P and Q, which meet the vertical line AA’ at T and S
respectively.

Let the smallest dgoresson produce from T to S = dy
And let the angle between the two tangents = df
Then we can write

Theangle between CP and CQ is also d6 (i.e) PCQ = d6
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Therefore we can write the arc of the length PQ =R df = dx
Or dO=adX/R .. 4

Sub,equ (3) inequ (4)

do = dx/[YI/W (I-x)]
or dO = WIYT(I-X) weveeeiiiiiiiiiiiiiiieiiiie (5)
From the QA’S we can write sin d6 = dy/(1-X)
If dO is vey small then we can write,

Ay=(I-X)d0 ... (6)
sub,equ (5) in equ(6), we have

Ay SWIYT1-X)2d0 e, (7)

Therefore thedepresson at the free end of the cantilever can bederived by integrating the
equ (7) within the limits 0 to ‘I’

Thereforey= W/Y1 (I-x)? dx
= W/YI (I%+x%- 2Ix) dx
= WIYI (1453 2Ix%2 + x3/3)

=WIYI (1% 1P +1%3)

y=WI/YI( I*3)
therefore the cantilever at freeend

YEW ITBY L e ®)
Special cases

0) Rectangular crosssection
If ‘b’ be the breadth and “d’ is the thickness of the beam then we know

| = bd’/12
Sub, the value of 19in equ (8), we can write
The depresson produced at free end for arectangular crosssection

Y = WI¥3Y (bd¥/12)

Y = 4W¥Ybd®
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(i) Circular crosssection

If ‘r’ is the radius of the circular cross section, then
We know, =4

Sub, the value of 14 in equ (8), we can write
The depresson produced y = WI¥3Y (nr?/4) or

y = 4WI%3xr?Y)

EXPRIM ENTAL DETERMINATION OF YOUNGS MODULUS BY CANTILEVER
DPRESSION

Desaiption: it consists a beam clamped rigidly at oneend on the table by the use of a G-clamp.
The weight hange (H) is sugpendd at the othe end of the beam, through a small groove on the
beam as shownin fig. 2.17. A pin is fixed at the free end of the beam by means of a wax. A
microsaope (M) is placed in front of this arrangement for measuring the variation of heght of the

pin.

Procedure: The weight hange is kept hanged in a dead load position (W) (i.e) without any
slotted weights. The microscope is adjusted and the tip of the pin is made to coincde with the
harizontal crosswire. Thereading in thevertical scale of the microsoope is noted.

s.no. Load(W) Microscope reading Depresson | Mly
Increasing | Decreasing | mean )
load load

Unit Kg 10°m 10°m 10°m Meter Kgm*

1 W

2. W + 50

3. W + 100

4 W + 150

5 W + 200

6 W + 250

Then the weights m, 2m, 3m €tc. are increased in steps to the weight hange. Each time the
microsoope is adjusted to coincidethetip of the pin to the horizontal crosswire and the readings
are noted fromthevertical scale of the microscope.
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The experiment isrepeated by decreasing theloads and therespective readings are nated fromthe
vertical scale of the microscope and are tabulated in the tabular column as shown The mean
depression ‘y’ for a load M kg is found.

Theoretically, we knowthe dgpresson produced for aload of M kg is

Y= WIBY L oo (&)

Where ‘I’ is the length of the beam (i.€) the distance between the clamped end and the
loaded end.

If ‘b’ be the breadth of the beam and ‘d’ is the thickness of the beam then
The geometrical moment of inertiafor arectangular crosssectional bar
I=bd/12............. (2)
Alsotheweight W=Mg.........uoiiiiiiiiiiiiiiiiiee e, 3)
Sub, equ (2) and (3) in equ (1), we have
Y = 4Mg|3/de3 ........................................ (4)
Rearranging equ(4) we gd
Young’s modulus
Y = 4Mgl¥bdy
Or Y = 4g3/bd3(|v|/y) N 2eeereeereeesseesneennens (5)

UNIFORM BENDING - ELEVATION AT THE CENTR OF THE BEAM LOADED AT
BOTH ENDS

Theory:

Let usconsider a beam of negligible mass suppeoted symmetrically onthe two knife edges
A and B as shown in fig.2.19. let the length between A and B be ‘I’ . let equal weights W,  be
added to eithe end of thebeam C and D.

Let thedistanceCA =BD =a

Due to the load applied the beam bends from position F to E into an arc of a circle and
produces as elevation ‘x’ from the position F to E. let ‘W’ be the reaction produced at the points A
and B which acts vertically upwards as stownin fig. 2.19.
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Fig. 2.19

Consider a point ‘P’ on the cross section of the beam. Then theforces acting on the part PC of
thebeam are

) Forces W at ‘C* and

(i) ReactionW at A asshowninfig. 2.20
Let the distance PC = a; and PA = &, then
The external bending moment about ‘P’ is
Mp=W xa;-W xa
Here, the clockwise moment is taken as negative and anticlockwise moment is taken
aspositive.

External bendng moment about P can bewritten as

Fig. 2.20

Unde theequilibrium condition
External bendng moment = internal bending moment
We can write equ(1) = equ (2)

WA= YR cooeeeeeeeeeeeeeeeeeeeeeees e, (3)
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Since for agivenload (W) Y, |4, aand R are constant. The bendingis called as uniform
bending.

Here it is found that the elevation ‘x’ forms an
of the circle of radius ‘R’ as shown in fig. 2.21

From the A AFO we can write

OA? = AF? + FO?

Since OF = FE,
Therefore we can write
OA®= AF? + FE” or AF? = OA*- FF°

Rearranging we can write
AF? = FE [OA? JFE -FE]...cooovovieeeeeeeeeeae (4)
Here, AF=1/2; FE=x=R/2; OA=R
Therefore equ (4) can be written as

(I72)* = x [R? | (R/2)-X]

(1%4) = X [2R-X]

(1%4) = 2Rx —x*

If the elevation ‘x” is very small, then the term x? can be neglected.
Therefore we can write1%/4 = 2xR
Oor x = 18R

Radiusof curvature R = 12/8X........covvveveeeennnn.. (5)
Sub, the value of ‘R’ value in equ (3) we have

Or W.a= Y1/(1%8x)
Or W.a= 8YIx/I?

Rearranging the equétion (6),
The elevation of point ‘E’ above ‘A’ is
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EXPERIM ENTAL
BENDING
Statistical method
Desaiption:

It consists of a beam, synmmetrically supported on the two knife edges A and B. Two
weight hange's are supendead on eithe side of the beam at the position C and D. the distance
beween AC and BD are adjusied to be equd. A pin is fixed vertically at the centre of the beam.
A travelling microsoope is placed in front of the whole sd up for finding the position of the pin.

DETRMINATION OF YOUNGS MODULUS BY UNIFORM

Procedure:

Taking the weight hange as the dead load (W), the microsoope is adjusid and the tip of
the pin is made to coincide with the vertical cross wire. The reading is nated from the vertical
sale of the microscope.

Now the load on each hange is increased in equd steps of m, 2m, 3m etc, kilogram and
the corresponding readings are noted from the vertical scle of the microscope. The same
procedure is repeated during unloading. The readings are nated from the vertical scale of the
microsaope. Thereadings are tabulated in thetabular column as shown.

The mean elevation ‘x’ of the centre for M kg is found. The distance between the two knife
edges is measured as ‘I’ and the distance from the point of suspension of the load to the knife
edgeis measured as ‘a’

S.No.

Load(W)

Microscope reading

Increasing
load

Decreasing
load

Mean

Elevation

)

M/x

nit

Kg

x10°m

x10°m

x10°m

Meter

Kgm

w

W + 50

W + 100

W + 150

W + 200

W + 250

W + 300

O N0~ W EIC

W + 350

NON- UNIFORM BENDING

If thebeam isloaded at its mid-point, thedepresson produced does nat form an arc of acircle,
This type of bendingis called non-uniform bending.

Conside a uniform crosssectional beam (rod or bar) AB of length | arranged

harizontally ontwo knife edges K; and K, near the endsA and B.

W
2

1B

ey "
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A weight W is applied at the midpoint ‘O’ of the beam. The reaction force at each knife
edgeis equd to W/2 in theupward direction. y is the dgpresson at the midpoint O.

The bent beam is considered to be equivalent to two inverted cantilevers, fixed at O each
length (1/2) and each loaded at K; and K, with aweight W/2.

In the case of a cantilever of length (1/2) and load (W/2), depresson= WI*/3ly

Hence, for cantilever of length (1/2) and load (W/2), depressonis

1y s
y= 2\2) \2)2° 2«8
3lY 3lY 3lY

RVIE

Y=81y

C WP
481y

If M isthe mass the correspondngweight W is W = Mg

If thebeam is arectangular, | = bd¥12, where b is thebreadth and d is thethicknessof the beam.
Hence,
Mgl3

Mgl3

— -2
Y = 4bd%y Nm

Thevalue of Y can be deermined by theaboveeguaion.

Experiment

The given beam AB of rectangular crosssectionis arranged horizontally ontwo knife edges
K, and K5 near the ends A and B.
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Pin
Beam

ec

Load

FIG 2.1 Young’s Modulus - Non Uniform Bending

A weight hange is sugpended and a pinis fixed vertically at mid-point O. A microsoope is
focused onthetip of the pin.

The initial reading on the vertical scale of the microscope is taken. A suitable massM is
added to the hange. The beam is depressed. The cross wire is adjusted to coincide with thetip of
thepin. Thereading of themicroscopeis noted.

The depresgon correspondngto themassM is found

The experiment is repeated by increasing and decreasing the mass step by step. The
correspondng readings are tabulated. The average value of depresson y is found from the
observation.

S. No. Load(W) Microscope reading Mean depresson
Increasing | Decreasing Mean (y) for aload of
load load M
Kg.cm
Unit Kg x10°m x10°m x10°m Meter
1. w
2. W + 50
3. W + 100
4. W + 150
5 W + 200
6. W + 250

The breadth b, thicknessd and length | of thebeam are measured. Thevalue of Young’s
modulus of thebeam is found by therelation.

Mgl3

— -2
Y = 2bd3y Nm
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| SHAPE GIRDERS

Definition: Thegirders with upper and lower section broadened and the midde section tapered,
sothat it can withstand heavy loads ove its called as | shape girde's. Since the girde's look like
letter | as showninfig 2.24 they are named as | shepe girder

/

==

Fig. 2.24

EXPLANATION: In genea any girde suppated at its two ends as on the oppacsite walls of a
room, bends unde its own weight and a small depression is produced at the midde portion. This
may alsobe causad when |oads are applied to the beams.

Dueto depresson produced, the upper parts of the girde abovethe neutral axis contracts,
while, the lower parts bdow the neutral axis expands. i.e the stresses have a maximum value at
thetop and battom. Thestresses progressvely decreases as it approaches towards the neutral

axis. Therefore the upper and lower surfaces of the girder must be stronge than the intervening
pat. Thusthegirders are madeof | shape girde's. We know the depresson produced in the case of
arectangular section.

Y= 4WI¥Ybd®

Thereforefor stability, theupper pat and thelower part is madebroade than the centre pat and
hence forming an | shapecalled as | shape girde's. The degpresson can also be reduced by properly
choasing the materials of highyoung modulus.

APPLICATIONS

e They areusel in theconstruction of bridges over the rivers.

e They arevery much usdul in the production of ironrails which are employed in railway
tracks.

e They are usel as suppating beams for theceilings in the construction of buildings.

e They areusel in the construction of iron beams to suppat the bridges for theheavy vehicles
and alsoin theconstruction of dams.

ADVANTAGES
e More stability
e More stronge
e Highdurability
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UNIT —2
WAV ES AND OPTICS

Intr oduction:;

Theoscillatorymotion:

FIXEC POINT

The simple pendulum

The osdllatory motion is the motion of the osdllating body around itsrest point, wherethe
motion is repeated through the equal intervals of the time.

Examples of the osdllatory motion:

e Theclock, Thetuningfork, Thespling, The stretched string, The mation of theswing,
Therotary bee.

e The movement of the Earth’s crust during the earthquakes.

« The movement of theatoms in the molecules.

Some concepts related to the osdllatory motion:

The amplitude: You should know that the amplitude is the maximum displacement done by the
osdllating body away from its original pasition. The measuring unit of the amplitude is meter or
centimeter.
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displacement
4 period

F
amplitude /\ /\ /-\

v -
VARVAE

The periodic time istaken by an osdllating body to make one complete osdllation.

The complete osdllation: It is very important to know that the complete osdllation is the motion
of an osdllating body when it passes by a fixed point onits path two sucessve times in the same
direction.

The periodic time : You shauld know that the periodic time is the time taken by an osdllating
bodyto make onecomplete osdllation, The measuling unit of the periodic time is the second.

The frequency: It is very important to know that the frequency is the number of the complete
osdllations made by an osdllating bodyin onesecond. The relation between the periodc time and
thefrequency is aninverse relation.

Equation of Damped harmonic oscillation:

Damped harmonic osdllators are vibrating systems for which the amplitude of vibration
decreases ove time. Since nearly all physical systems invdve considerations sud as air resistance,
friction, and intermolecular forces wheae energy in the system is lost to heat or saund, accounting
for dampingisimportant in realistic osdllatory systems. Examples of damped harmonic oscillators
include any real osdllatory system like clock pendulum, or guitar string: after starting the clock,
or guitar string vibrating, the vibration slows down and stops over time, corresponding to the decay
of saund volume or amplitudein geneal.

Mathematically, damped systems are typically modeled by simple harmonic osdllators with
visoous damping forces, which are proportional to the velocity of the system and permit easy
sdution of Newtor's second law in closed form. These are second-orde ordinary differential
equations which include a term proportional to the first derivative of the amplitude As desaibed
bdow, the magnitude of the proportionality desaibes how quickly the vibrations of the damped
osdllator damp down to nathing.

Damping forces are often due to motion of an osdllatory system through a fluid like air or water,
where interactions between the molecules of the fluid (e.g. air resistance) become important. At
low velodties in nonturbulent fluid, the damping of a harmonic osdllator is well-modded by a
visoous damping force Fgq= —bx’ . Adding this term to the simple harmonic osdllator equation
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given by Hookes law gives the equation of motionfor a viscously damped simple harmonic
osdllator.

ax2 +bx +¢c=0 (1)
where is a constant sometimes called the damping constant.
Solutions shaild be osdllations within some form of damping enved ope:

X(t) = Ae 8t = Aet@8) = Ae' (2

where A is sone constant and r = ai-g will be found. Pluggng thisinto the equation of motion
yields:

(nr? +br + k)Ae'™ =0 3)

r’+

ol o

r+Lx=0 4
which is a quadratic equaionin r with solutions:
r==+iJ () — (b?/4n?) (5)
2n n

Note that there are two roots r to the quadratic as longas the imaginary part is nonzero,
correspondngto thetwo general solutions:

T (5-2/an2)t =be —iJ ()-(b2/4n?)t

> t
x(0) = Ae T2t e + Bez2ne (6)

These solutionsin general describe o<cillation at frequency m = J (1-2 — (b2/2n?) withina
decay envel ope of time-dependent amplitudee _(Eth.

Depending on the values of m, k, y and the solution exhibits different types of behavior

(i) b? < 4kn: under damping

Unde damped solutions oscillate rapidly with thefrequency and decay envdope desaibed above
For objects with very small damping constant (sud as a well-madetuning fork), thefrequency of

oscill ationis very close to the undamped natural frequency m = J i
n
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Underdamped oscillationswithinanexponential decay envelope

(ii)b? = 4kn: Critical damping

This case carrespondsto the varishing of thefrequercy J (k) — (b2/4n?) described previoudy.

At this leve of damping, the solution x(t) most rapidly approaches the steady-state amplitude of
zero. Large amounts of damping (see overdamping) causethe solutionto more slowly approach
zero as it moves slowly through the damping fluid, whereas smeller amounts of damping cause
thesolutionto osdllate more rapidly aroundzero. Notably, sdutions at critical damping do nat
osdllate.

If thefrequercyJ (k) — (b2/4n?) vanishes, thetwo linearly indgoendent solutionscanbe

n

written;

x(t) = Ae(_gbl?t + Bte _(;_tn) @)

Time evolution of theamplitude of a critically damped harmonic oscillator

(iii)b? £ 4kn: Over damping
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In the overdamped case, thefrequency J (k) — (b?/4n?) becomesimaginary. As aresult, the

n
oscillatory terms e™tand e ™t become growing and decaying exponentials and e/™/tand el-™!t,
Overdamped solutions do not oscillate and instead slowly decay towards equilibrium.

An overdamped harmonic osdllator approaching equilibrium slowly

Diff erential equation of Forced Har monic Oscillation:

Consider a particle of massm connected to a spling. The particleis driven by a peiodic force.

S

k

2 T

ﬁ m F.sin pt —
—F-

4 r |

Mechanical forced oscillator with force F sin pf

The osdllations are started and theforces acting onthe particles are,

0) arestoring force proportional to the displacement acting in the opposite
direction. It is given by —ky where k is known asthe restoring force constant.

(i) a frictional force proportional to velodity but acting on the opposite direction.
Itis given —rdAtr wherer isthefrictiona force constant.

(iii)  The external peiodic force, F sin Pt where F is the maximum value of the

forceand P isitsangular frequency. This force opposes the restoring force as
well as thefrictional force and hdpsin motion.

Therefore, net force F’ acting on the particle

F=—ky— rdjL+ FsinPt (D
t
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By Newton’s second law of motion, the resultant force acting on theparticle

F = mass X accelaration = ma

%y
—mad
F=m s 2
Fromtheequ. 1 & 2 we have,
d?y dy _
m == —ky — M + FsinPt

2
Or md”+ rdy + ky = Fsinpt  (3)
dt? dt
d’y r ky F
F-FE-FE:aSlnpt

dzy .
+ 2b &% + w?y = fsinpt 4)

dt? dt
Where r/m = 2b, k/m= o and F/m=f
The equ (4) is differential equation of motion of theforced osdllation of theparticle
The solution of differential equation (4)
y=A sin (Pt-0) 5)
Where A isthesteady amplitude of vibration
differentiating equ (5)

by _ A t—©
3¢~ Apcos(pt —6)
2
and ¥ = —Ap?sin(pt — 0)
dt?
_ d d%y .
substitutig y, iand Ln equ(4), we hawe
dt dt?

-Ap? sin (pt-0) +2bA p cos (pt-0) +o’ A sin (pt-0)
=fsinpt=fsin{(pt-0) +0} (6)
Or

A(w?-p?) sin (pt-0) + 2bA p cos(pt- 0)
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=f sin(pt- 0) cos 0+ f cos (pt- O)sin O (7)

Thisrelationholdswell for all valuesof t. the coefficientsof sin (pt-0) and cos (pt-
0) terms on both sides of this equation must be equal.

A(w?p?) =f cosH (8)
2bAp=fsin6 9
Squarirg theequ.(8) and(9) andthenadding we hawe
A?(m? — p?)? + 4b2A%p? = f?cos?8 + f*sin’8
A2[(m? — p®)? + 4b?A%p?] = f2

f2
2

= [(m2 — p2)2 + 4b2AZp2]
Taking squareoot, andondividing equ(9) by (8),

2bAp  __ 2bp

tan = ) )
A(m2—p?) (M7 =P
2bp

(m2 -p2)

0 = tan™!

(10)

Theequation(9) givesthe anplitude of forcedvibration andequ.(10) givesthe
phase.

Wave Equation for a Plane ProgressiveWave:

The simplest type of wave is theonein which the particles of the medium are set into simple
harmonic vibrations as the wave passs throughit. Thewave is then called a simple harmonic
wave.

Consider a particle O in the medium. Thedisplacement at any instant of time is given by

Where A istheamplitude w istheangular frequency of thewave. Consider aparticle P at a
distance x fromtheparticle O onitsright. Let thewave travel with a velocity v from I €ft to right.
Since it takes sonetime for thedisturbance to reach P, its dispacement can bewritten as
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¥ =Asin(ot - ¢ —— ——— (1.4

Where f isthephase difference between the particles O and P.

We know that a path difference of | corresponds to a phase difference of 27 radians. Hence a path

21
— X
difference of x corresponds to a phasedifference of A
2
=" - 1.5
b= — (1.5)

Subsituting equation (1.5) in equation (1.4)

Wegs,
W o= Asin[mt - EMJ
A
But m = ﬁ
= Min[znt h EEXJ
T A
ory=;ﬂxsin2n[£—5} ————— (1.6)
T &
But w = A or T = A
T W
= Asinzn[”_t - EJ
A A
e
or y = Asin = (vt = x)-----(1.7)
Differential equation for wave motion:
Differentiating equetion (1.7) with respect to X,
Wegd,
dy 2 2T
LA o (vt x) - - — - 1.8
dx A ( ) (1.8)
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The veocity of the particle whose displacement y is represented by equation (1.7), is obtained by
differentiating it with respect to t, since velocity is therate of change of displacement with
respect to time.

Sy 2wy
dt

cosz—;:(ut—x) ————— (1.9

Comparing equations (1.8) and (1.9) we gd,

- Particlevelodty = wave length x slope of thedisplacement curve or strain

Differentiating equation (1.8),

Z 2
d_y=_A4m: sinﬁ(ut—xj ————— (1.11)
dx® 2 A
Differentiating equation (1.9)
2 2
7y _ —&4“: e sinﬁ(vt—x) ————— (112)
dt? i A

Comparing equation (1.11) and (1.12) we g4,

2 2
dy=u2dy ————— (1.13)
dre dx?

Thisisthedifferential equaion of wave mation.



Intr oduction:

The light emitted from an ordinary light saurce is incoheent, becausethe radiation emitted from
different atoms has no definite phase relationship with each othe. For interference of light,
cohaent sources are esential. Two indgendent sources cannot act as coheent sources. For
experimental purpaoses, from a single source, two coheaent saurces are obtained. In recent years,
sone sources have been developed, which are highy cohegent known as LASER. The word

‘Lase’ is an acronym for Light Amplification by Stimulated Emisson of

PH8151/ENGINEERING PHYSICS

Radiation.

difference between ordinary light and lase beam is pictorially depicted in Fig .

NN, photon

N,

(@)

Nomal population
Fig

E

N_'

fal
Fig

Fig 6.26 Population

EZ

(b)

Stimulated or induced absorption

E Q.

2

photon

ey
hv

E:

ib)

Spontaneous emission

nversion Stimulating photon (hv)

E, E,
—— . [y
~——~—> hv

(a)
Fig

Characteristics of laser:

Thelaser beam (i) is monochromatic. (ii) is coheent, with

oneancahe, (iii) does nat divergeat all and (iv) is extremel
Popuation of Energy levels:

Spontaneous and stimulated emisson:

(b)

Stimulated emission

the waves, all exactly in phase with

y intense

An atom may undego transition beween two enegy states E; and E,, if it emits or absabsa

phaon of theappropriate enegy E, - E; = hv.
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In a system of themal equilibrium, the number of atoms in the ground state (N) is greater than
the number of atoms in the excited state (N,). This is called normal population (Fig). Consider a
sample of free atoms, sone of which are in the ground state with energy E; and sone in the
excited energy state with energy E,. If photons of energy hv = E,-E; are inddent on the sample,
the phatons can interact with the atonms in the ground state and are taken to excited state. This is
called stimulated or induced absaption (Fig.) The process by which the atoms in the ground state
is taken to the excited state is known as punping.

E, N

N >N,
E, N,
Fig Normal population

If the atoms are taken to the highe energy levels with the hdp of light, it is called optical
punping. If the atoms in the ground state are pumped to the excited state by means of external
agency, the number of atoms in the excited state (N,) becomes greater than the number of atons

in thegroundstate (N1). Thisis E2 called population inversion (Fig ).

E. E, 2
h
.
photon
a E, E,
(a) (b)
Fig Stimulated or induced absorption

Fig Population
inversion

The life time of atoms in the excited E; state is normally 10® second Some of the excited energy
levels have greater life times for atoms (10°s). Such enegy levels are called as the metastable
states. If the excited enegy level is an ordinary level, the excited atoms return to the lower (or)
ground enegy state immediately without the hdp of any external agency. During this transition

(Fig), aphoton of eneagy Ex-E; = hv is emitted. This is called spontaneous emission.
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= El E)
photon
———
E E hv
1 i
(@) (b)
Fig Spontaneous emission
2 E, E,

Stimulating photon (hv) ey 1y
ey | e~~~ hy
E. Ll
(a) (b)

Fig Stimulated emission

If the excited state is a metastable state, the atoms stay for somne time in these levels. The
atoms in suc metastable state can be brought to the lower energy levels with the hdp of phatons
of energy hv = E, - E;. During this process a phaon of enagy E; - E; = hv is emitted. This is
known as stimulated emisson (or) induced emisson (Fig.). A phaton produced by stimulated
emisgon is called secondary phaton (or) simulated phaon The secondary photon is always in
phase with the stimulating phaton. These phatons in turn stimulate the emisson furthe and the
process cortinues to give a chain - reaction. This is called laser action and by this action all the
emitted phaons having same energy and same frequency are in phase with each other. Hence, a

highly monachrometic, pefectly coheent, intense radiationis obtainedin lase.
Conditions to achieve lase action:

() Theremustbean inverted populationi.e. more atomsin the excited state than in theground
state.

(ii) The excited state must be a metastable state.

The emitted phaons muststimulate furthe emisgon. Thisis achieved by the use of the

reflecting mirrors at the ends of the system.
Resonant cavity & Optical amplification:

An optical cavity, resonating cavity or optical resonator is an arrangement of mirrors that forms a
standing wave cavity resonator for light waves. Optical cavities are a major component of lases,
surounding the gain medium and providing feedback of the laser light. They are also used in

optical parametric oscillators and sonre interferometers. Light confined in the cavity reflects
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multiple times producing standing waves for certain resorance frequencies. The standing wave
patterns produced are called modes; longtudinal modes differ only in frequency while transvese
modes differ for different frequendes and have different intensity paterns across the cross

section of thebeam

Einstein’s A and B Coefficient derivation and discussion:

Einstein showed the interaction of radiation with matter with the hdp of three processes called
stimulated absaption, sportaneous emisson and stimulated emisson. He showed in 1917 that
for proper description of radiation with matter,the process of stimulated emisson is essential.L et
usfirstderivetheEinstein codficient relation onthebasis of above theory:

Let N; be the number of atoms per unit volume in the ground state E; and these atons existin the
radiationfield of phaons of enagy E,-E; =h v sud that energy density of thefieldisE.

Let R; betherate of absaption of light by E; -> E, transitions by the processcalled stimulated
absaption

This rate of absaption R; is proportional to the number of atoms N; per unit volume in the
ground state and proportional to theenergy density E of radiations.

That iS Rloo Nl E

Rl = Blle E (1)
Whee By, is known as the Einstein’s coefficient of stimulated absorption and it represents the
probability of absaption of radiation. Eneagy density e is defined as the incident energy on an

atomas pe unit volumein a state.

Now atoms in the highe enagy level E, can fall to the groundstate E; autormatically after 10°
se by the processcalled sportaneous emisson.

The rate R, of sporianeous emisgon E; -> E; is indgpendait of energy density E of the radiation
field.

R, is proportional to number of atoms N, in the excited state E, thus
RZOO N2
R>=As1 N, (2)

Where A;; is known as Einstein’s coefficient for spontaneous emission and it represents the
probability of sporianeous emisdon.

Atoms can also fall back to the ground state E; unde the influence of dectromagndic field of
incident phdon of enegy Ex-E; =hv by theprocesscalled stimulated emisson
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Rate R; for stimulated emisson E,-> E; is proportional to energy density E of theradiation field
and proportional to thenumber of atoms N, in the excited state, thus

R3(l N2 E
Or Rs=B2:1N; E 3)

Whee B, is known as the Einstein coefficient for simulated emisson and it represents the
probability of stimulated emisson.

In steady state (at thermal equilibrium), thetwo emisdonrates (spattaneous and stimulated) must
bdancetherate of absaption

Thus R1=R2+R3
Using equations (1,2, and 3) ,we get

N1B12E=NA1+NBxE Or
N1B1oE —N2B2iE=NA 2,

Or (N1B12N2B2y) E =NLA»,
Or E=NA2/N1B1-NyB2y
= N2A21/N2B21[N1B12/N,B2; -1]
[by taking out common N,B,; fromthe denoninator]
Or E=A,1/B21 {1/N1/Ny(B12/B2;:-1) 4

Einstein proved thermodyramically,that the probability of stimulated absaptionis equd to the
probability of stimulated emisson.thus

B12=B21
Then equation(4) becomes
E=A,1/B21(1/N1/N,-1) (5)

From Boltzman’s distribution law, the ratio of populations of two levels at temperature T is
expressed as

N]_/széEz—Ef/KT
N1/N2:é1V/KT
Where K is the Boltzman’s constant and h is the Planck’s constant.

Substtuting value of N4/N, in equation (5) we g&
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E= A,i/Byy(1/€VT-1) (6)

Now according to Planck’s radiation law, the energy density of the black body radiation of
frequency v at temperature T is given as

E= 8ahv¥/c(L/ev ) @
By comparing equations (6 and 7), we gd
A2i/Bo=8mhv/c?
This is the relation between Einstein’s coefficients in laser.

Significance of Einstein coefficient relation: This shows that the ratio of Einstein’s coefficient
of spontaneous emission to the Einstein’s coefficient of stimulated absaption is proportiona to
cube of frequency v. It means that at themal equilibrium, the probability of spontaneous
emisgonincreases rapidly with the energy difference between two states.

Semiconductor Laser:
Homojunction semiconductor lase':
Specifications
X Type: Homojunction semiconductor
Active medium: p-n junction diode
Active centre: recombination of electronsand holes
Optical resonator: junction of diodes polished
Nature of output: pulsed or continuous
Power output:1mw
Wavelength of output:8400 — 8600 A
Band gap: 1.44 ev

X X X X X X X

Principle

X The dectronsin the conduction band (CB) combines with a hole in the valence band
(VB)

X Recombination of hole and el ectron produces energy in the form of light

X This photon induces another electron in CB to VB stimulating another photon

Construction:

X The active medium is made of pn junction diode made of GaAs

X The Pregion is doped with Germanium

The N region is doped with tellurium

Thickness of the light is very narrow so that emitted laser has large divergence

Therefractiveindex ( 1) of GaAsis high, soit acts as optical resonator(no need of
mirrors)

The upper and lower e ectrodes fixed onp and nregion helpsfor the flow of current while
biasing

X Experimental set up of homojunction semiconductor laser :

X X X

X
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'}
N
p-Type Gahs _ )
H'*\‘ l/’ Mirrors

. iCleaved
Active Region —* Surfaces)

1

n-Type Gafs ~

Working:

X Populationinversion is achieved by heavily doping p and n materials. Fermi level lies
within CB of N typeand VB of Ptype

X Junction is forward biased with an applied voltage nearly equal to band gap voltage direct
conduction takes place

X Activeregion is generated near the depletion layer

X Radiation with frequency v is incident on the pn junction

X Emitted photonsincrease the rate of recombination of electronsand holes

X Frequency of the incident radiation should be in the range
(Ec/h)y<v<(Ex—Ex)/h
X Emitted photons are in the same phase as that of the incident photon
X Energy level diagram of homo. Jn. Laser :

SEMICONDUCTOR LASER

q—— Conduction Band

Junction P region
FEgian

Calculation of wavelength

X Bandgap of gaas = 1.44 eV

X Eg=hc/L=1.44

X Sub. The values of ¢ & hin above equation
X The wavelength can be obtained

X A= 8626A
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X Wavelength isin IR region
Heterojunction semiconductor laser

Specifications:
Type Heterojunction semiconductor lase
Active medium: p-n junction
Active center: recombination of electrons and holes
Pumping: direct pumping
Optical resonator: polished jundions of diode
Power output 10mw
Nature of output cortinuouswave form
Wavelength of output: 8000 A
Band gap: 1.55¢/
Principle:
X Same as tha of homojunction semiconductor laser
X Electronsin the conduction band (CB) combines with a hole in the valence band(VB)
X Recombination of hole and electron produces energy in the form of light
X This photon induces another electron in CB to VB stimulating another photon
Construction:
X There arefive layersin thistype. They are:
1) firstlayer : acontact layer of GaAs (p type)
2) Secondlayer : GaAlAs (p type) with wider band gap
3) Third layer : alayer of GaAlAs (n type) with narrow band gap
4) Fourth layer: GaAs (n type) with wider band gap
5) Fifthlayer: GaAlAs (n type)
6) Sixthlayer: GaAs (n type)
X Thefirst and fifth layers are polished well and they act as optical resonator
X Upper and lower electrodes are connected to top and bottom. They help in forward
biasing

melal
SN
~-p-GaAs

p-GaAlas

In aum»a(—_f
P layer .

n-GaAlAs
n~GaAs
n-GaAlas

by

n-GaAs
pn junction

—

melal

Working:
X Similar to homojunction semiconductor laser
X Diodeis forward biased with the help of upper and lower e ectrodes
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Charge carriers are produced in wider band gap layers(2 & 4)

These charge carriers are injected to active region(3)

population inversion is achieved

Some of the injected carriers recombine and produce spontaneously photons
These photons stimulate more gjections

Photons are reflected back and forth by the polished layers

Intense and coherent beam emerges from layer 3 and 4

X X X X X X X

Calculation of wavelength:
X Band gap of GaAlAs = 1.55eV
X Egj=hc/A=1.55eV
X Sub. The values of ¢ & h in above equation,
X The wavelength can be obtained
x A=8014 A
X Wavelength isin IR region

Advantages:
X Power output is high
X Produces continuous wave
X High directiondity and coherence
X Diodes are highly stable and has longer life time

Disadvantages:
X Cog is higher than the other type
X Practical difficulty in growing different layers of p— njunction
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FIBRE OPTICS

I ntroduction:

The development of lasea's and optical fiber has brought about a revolution in the field of
communication systems. Experiments on the propagation of information — carrying light waves
through an open atmosphee were conducted. The atmospheic conditions like rain, fog etc
affected the efficiency of communication through light waves. To have efficient communication
systems, the information carried by light waves should need a guiding medium through which it
can betransnitted sdely.

Optical fiber:
The optical fiber is awave guide It is madeup of transpaent dielectrics (SiO), (glassor
plastcs).

Fiber Construction:

It corsists of an inne cylinde made of glassor plastic called core. The core has high
refractive index nl. This core issuroundal by cylindrical shél of glass or plastic called
cladding. The cladding has low refractive index n. This cladding is covered by a jacket which is
made of polyurethane It protects the layer from moisture and abrasion. The light is transmitted
through this fiber by total internal reflection. The fiber guides light waves to travel over longe
distance without much loss of energy. Core diameters range from 5 to 600pum while cladding
diameters vary from 125 to 750um. Core transmits the light waves. The cladding keeps the light
waves within thecore by total internal reflection.

Oisck polyursthans suter jacket

|

BErEAQER s

|

Duffer Jeacket

Silicons coatin a
Ciadding {wilica)

Cors (milica) Optical fiber
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Numerical aperture Acceptance angle and fractional index change

Cladding n;

Core m

Where @ = Acceptance anghe of the core
8. = Critical Angle

Cladding n,

Acceptance angle:

Consider acylindrical fiber as shown

It consists of core and cladding

Let ny betherefractive index of the medium

It can benated fromthefigure bdow

Inddent ray travels through AO

Enters at an angle “i” to fiber axis

Ray is refracted along OB at an angle 0 in the core

Further it also falls at a critical angle ¢ ,thereflected ray graces the surface

For any ange of inadence more than critical angle, ray is total internally reflected (9> ¢
It is the acceptance ange

Those rays which passes within the acceptance angle will betotal internally reflected
Light inddent on core within this maximum external inddent ange i, can be propogated
through the fiber

Thisanglein, is called waveguide acceptance angle

e Mathematical relation

e By applying snell’s law to AG;

NpSiNi =Ny sin 0
Sini = (Ny/no) sin © = (ny / ng) 1 — cos? O (since sin® O +cos” H=1) (1)
Mathematical relation
e Applying the same to ‘OB’ interface
Ny sin @ = n, Sin 90°

Sin @ = (ny/ny) {since =90 -0 }

Sin(90- 0 ) = (ny/ny)
Cos 0 = (ny/ny) — (2)
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Sub the value of cos 0 from (2) in (1) the value of angle of incidence is given by,
Im=sin™ ( \/E;gdz )

Definition:

e Themaximum angle at which or bdow which thelight sufferstotal internal reflectionis
called acceptance angle
The conewhich contains this angleis called acceptance cone

Numerical aperture:

Sineof acceptance angleis called numerical aperture
Na = sinip,

=/ m*n *?

Fractional index change

It istheratio of refractive index differencein core and claddingto therefractive index of
thecore
A= (1’11' nz) / Ny

Na= \/ M2 - ny?

\/ (M- n2) (N1 1)
</ (N ) (Ny 8)

= Von
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Na=n; \/2 o

Typesof Optical fibers:

REFRACTIVE
INDEX

GLASS PLASTIC SINGLE MULTI STEP GRADED
INDEX
MODE MODE INDEX
SINGLE MULTI
MODE MODE

e Glass: madeof mixtures of metal oxides andsilica. eg: core: SiO,,

(] Claddlng P203 - S|Oz

e Plastics: made of plastics, can be handled tough due to its durability. Core: polystyrene
,cladding: methyl methacrylate

Clasdfication based on modes:

¢ Modedescribes the propagation of electromagndic wavesintheave guides.

e Single mode:
1. Core diameter is very small so that it allows only onemodeof propagation
2. Cladding diameter isvery large
3. Optical lossis reduced.
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Multimode fiber:

1. Core diameter is very large compared to single mode
2. Allows many modes to propagate.
3. Itismadeup of glassclad glass silica—clad silica

Clasdfication based on refractive index;

Furthe clasdfied into step index and graded index fiber
e Step index fiber: refractive index of air cladding and core varies step by step.
e Thisfiber issubclassfied into singe modeand multimode

2. graded index fiber:
o Refractive index of thecore varies radially fromtheaxis of the fiber
¢ Refractive index of thecore is maximum alongfiber axis and gradudly decreases
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Refractive index is minimum at interface.

Lossesn optical fiber:

e Attenuationis deined as the ratio of optical output power from fiber of length ‘1’ to input
power

e Attenuation o= -(10/ Dlog(pin / P out )

e Threetypes of losses.

e They are a) absaptionb)scattering and c)radiative losses

Absorption:

e Occurs dueto imperfections of atomic structures(eg : missng molecules)
o Therearethree bands of wavelength where absaptionincreases drasticaly is 950 nm,
1250nm, 1380nm

Scattering:

Lossis dgpendant on wavelength

Glassis usal in manufacture of optical fiber

Dueto disadered structure of glass thereis variationin refractive index
Some portion of light is scattered where as sone travel s throughthe fiber
Thisis called Rayleigh scattering

Rayleigh scattering o (1 /A %)

Radiative loss
e Dueto bending of finite radiusof curvaturein optical fiber
o Therearetwo types of radiative losses
e They are dueto macrosaopic bends and microsoopic bends in the fiber

Macr os@pic Bends:

e R core> R cladding
This may causelargecurvature at thepaositionwherefiber takes turn
At these cornaslight donat sdisfy total internal reflection conditions
Therefore escapes out of optical fiber
Thislossis called macrosaopic bending loss
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Macrosoopic

bends
/
/

/
v

Microsmpic bends:
e Causal dueto micro bends or non-uniformities insidethe fiber
e Micro bends are causeal due to nonuniform presaures created during manufacture
e Leadstoleakageof light through optical fiber
e Thislosscan beminimized by extrudng compressblejacket ove optical fiber.

Distortion:

e When an optical signal is sendinto optical fiber, the pulse spreads or broadens when it
passs throughoptical fiber. thisis called distortion
e Thisisclearly shownin thediagram bdow

Dispersion

e Threetypes of dispersion
1. Intermodal dispersion
2. Material or chromatic dispersion
3. Waveguide dispersion
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Intermodal dispersion:

e Occurs when more than onemodepropagates throughoptical fiber
Whenray islaunched in optical fiber, pulseis dispersed in all pahs
Each modeis of different wavelength
Hence light takes different time to propogate through the optical fiber
Resulsin longation of pulse
Called intermodal dispersion

Material dispersion:

Otherwise called as chromatic dispersion

Occurs dueto light waves travelling with different velodties
This can be minimized when light travels with A = 870 nm .
Thiswavelength is called zero dispersion wavelengths

Waveguide disper sion:
e Thislossoccurs dueto guiding property of optical fiber
e Lightisinddent at different anges at core —cladding interface
e Duetothislossoccurs.

DOWNLOADED FROM STUCOR APP
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e Ingenagad:
Intermodal > material > waveguide
Dispersion dispersion dispersion

Fiber optic sensors:

e Device which convets any form of signal into optical signal in measurable form
e Optical fiber are useal as guiding media and hence called as wave guides
e Optical saurceisLED / Lase

Types of sensors:

e Therearetwo typesof sensors. They are
1. Intrinsic or active sensors
2. Extrinsic or passive sensors

Active sensor:

e Thephysical parameter to  besensed directly acts on fiber itsdf to produce changein
transmisgon characteristics
e Eg:temperature/ pressure sensors

Pasdve sensors

e Inthistype of sensors, separate sensing elementis usel
e Optical fiber acts as guiding media
e EQ:displacement sensor



PH8151/ENGINEERING PHYSICS

Presaure sensor:
Principle:

Based oninterference between beams emerging fromreferencefiber an ~ thefiber keptin
measuling environment.

Desaiption:

corsists of lase saurceto emit light

Beam spilitter is madeof glassplateinclined at 45

There aretwo fibers : reference andtest fiber

Rf isisolated fromthe environment

Tf iskeptin the environment

Separate lens systems are provided to spilt and collect the beam

PHASE AND POLARIZATION FIBRE SENSOR (INTRINSIC)

Beam splitter Reference

a \ Fibre
N |
N L

- .
Measuring
ey
enviromment Ly
/ [ |

Test fiber

SS——1nterference pattern

Working:

Lase saurce emits laser

Beam spilitter isinclined at 45°

Beam splitter divides thebeam into main and spillted beam

Main beam pas<s through |, and focussed onto thereference fiber

Thebeam fromrf is passed onto |,

splitted beam passes throughl; and focussed onto test fiber

Splitted beam is madeto fallson|,

Both thebeam produces pah difference due to changein presaire

Causes interference pattern. Fromthis pattern, changein presaure can be measured
accuratdy

Displacement sensors:
Principle

Light is sent to the transmitting fiber and made to fall on the moving targe. The reflected
light from thetarget is sensed by the deector. With respet to intensity of thelight reflected
fromit the displacement of thetarge is measured.
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Construction:

e Bundle of transmitting fibers are coupled to lase saurce
e Bundle of recelvingfibers are connected to detector
e Axis of both fibers can be adjusted w.r.t to moving target to increase sensitivity of sensor

DISPLACEMENT SENSOR (EXTRINSIC)

ransmitting fibre

moving
X target

l“ =)
v -—d ~‘. al

Detector Recceiving fibre

-

Working

e Light fromsaurce transmitting fiber is madeto fall onthemoving targe.

e Thelight isreflected fromthetarget is madeto passthroughtherf and detected by the
detector.

e Basal onintensity of light received displacement of target is measured

e Eg:if intensity is moretarget is moving towards the sensor
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UNIT -3

Thermal Physics
Introduction:

Thermal Physicsis afield of sdencethat deals with heat and temperature. The study of
themal physicsisimportant becauseof its applications in variousfields of engineering. In
designs of internal and external combusion engines, refrigeration and air-condiioning plants,
heat-exchange's, coolers, condensers, furnaces, preheaters, coding system for motors,
transformers and genearators, Control of heat transfer in dams, structures, building and tunnds, in
theapplication of heat transfer isin freezing, bailing, evaporation and condensétion processss,
< (o

Thermal expansion of solids
It isa common observationthat nearly all subsances expand on heating and contract on cooling.
Types of expansion

A solid subgance can undego three types of expansion:

0] Expansion in length is known as linear expansion
(i) Expansion in area is known as supeficial expansion
(iii)  Expansion in volume is known as cubical expansion.

Coefficients of linear, superficial and cubical expansion of a solid:

(&) Thecodfficient of linear expansion of asdid istheincreasein length of unit length of the
sdid when its temperature is raised by 1K. it is denoted by theletter o.
Thusif arod havingalength L, at T; K is heated to atemperature T, K its length

increases to L.

L, — L1 Increase in length

a = =
L1(T2, — T1) Original length x Rise in tenperature

(b) The codficient of superficial expansion of asdid istheincreasein area produced per unit
area of the solid when thetemperatureis raised by 1 K. It is denated by the letter f.
Thusif asdid havingarea A; at T; K isheated to T, K, its area increases to A..

A, — A Increase in area

b:

A1(T,— Ty) - Original area x Rise in tenperature
(c) Codficient of cubical expansion of a sdid istheincreasein volume per unit volume of a

sdidfor 1 K riseof temperature. It is denated by theletter v.
Thusif asdid havingavolume V; at T1 K is heated to atemperature T, K, let V, beits

volumeat T, K. Then,
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V.—Vy Increase in volune

Y= Vi(T,— Ty) - Original volune x Rise in tenperature

Theunit for coefficients of linear expanson, superficial expand on and cubical expanson of
solids is per oC or per K.

Thermal Expansion of Liquids
Absolute and appaent expansion of aliquid:

A liquid has always been taken in a containg and sowhen heat is given to thevessd, bath
theliquid and thecontaing expandin volume.

The observed expansion of theliquid is only relative to thecontaine. If weignaethe
expansion of thecontaine what we obtain is only appaent expansion.

To findtheabsolte expansion of theliquid we should take into account the expansion of
thecontaine.

(a) Codficient of appaent expansion of a liquid:

It is the observed increase in volume of unit volume of theliquid per degree
Kelvin rise of temperature. It is denoted by y, Thusif V,;andV, be the observed volumes of a
liquid at temperature T, K and T, K respectively then

V,— V; Increase in volune of liquid

Ya = Vi(Tz— Ti) - Original volune x Rise in tenperature

(b) Codficient of real or absdute expansion of a liquid:

w

It isthereal increasein volume of unit volume of aliquid per degree Kelvin rise of
temperature. It is denoted by .

If V. and V;, bethereal volumes of aliquidat T; K and T, K, then

Vo,— Vi Real increase in volune of liquid

Yr = V2(T2— T1) - Original volune x Rise in tenperature

The units of coefficient of apparent and real expressions of the liquid is per o C or
pea K.

Applications of expansion of solids

Expansion of solids plays an important role in numerous enginesring applications.
Thermal expansion joints with gapsare provided in building concrete highways and bridges to
compensae for changein dimension with temperature variations.
Thelength of the electric wire between two dectric polesis kept slightly larger to compensae
for its contraction during winter days.
A gap isl€ft at thejoint of two rails.
Oneof themostimportant applications is expansionjoints and bimetallic strip.
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Expansion Joints

An expansionjoint or movement joint is an asembly designeal to saely absab the heat
induced expansion or contraction of a pipdine duct or vessl. It helpsto hold partstogeher.

Types of expansionjoints
The expansionjoints are classfied as follows.

Metallic expansion joint
Wall expansion joint
Slip type expansion joint
Fabric expansion joint
5. Rubbe expansionjoint

PwDNPE

Metal expansion joints

They are alsocalled compensdors. These expansionjoints are provided for thermal
expansion and relative movement in pipelines, containers and machines.

They consist of oneor more metal belows, connegtors at bath ends, and tie rods that
depend ontheapplication.

They are classfied according to thethree basic types of movement:

0] Axia

(i) Angular and

(iii)  Lateral expansionjoints.
Axial

In axial compensaion, thethemal expansion of a straight line section between tow fixed
points is absabed by an axial expansion joint.
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The distance between two fixed points defines the pipelinelength requiring
compensaion, and thus deermines theaxial movement that mustbe achieved by the expansion
joint.

Angular

Theangular compensaion of thermal expansion requires at least two, and for full
compensaion even three, angular expansion joints. Angular expansion joints offer awide variety
of combination optionsin socalled two hingeor three hinge systems.

Lateral

Lateral compensaionis likewise associated with a redirection of flow by 900 within
single plane or multi plane piping systems. Usudly lateral expansionjoints areinstalled in
existing right anderedirections in the system.

The movement of alateral expansionjoint always corsists of the desired lateral
movement and a slight unavoidable axial movement tha comes fromthe expansionjoint itsdf.

Lateral expansionjoints that are movablein all planes simultaneoudy absab expansion
fromtwo pipe sections in different directions.

Applications

1. Heating and air conditioning installation
2. Hot water and fire protection system
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3. Compressorsinlet and outlet
4. Pipewith axial displacement by temperature or presaure changes
5. Thermal motors refrigeration circuit

Wall expansion joints

These vertical joints are provided in large retaining walls to allow for the expansion of
conaete duet to temperature changes. They are usudly extended fromtop to battom of thewall.

These joints may befilled with flexible joint fillers. Horizontal reinforcing steel bars
running acrossthe stem are cortinuousthough al joints.

Back of wall

!

1 N\
Ex?apsiﬁn Face of
Jomt wall

e Inbuilding construdtion, an expansion joint is a mid-structure sgaration designed to
relieve stresson building materials caused by building movement induced by thermal
expansion and contraction caused by temperature changes, sway causel by wind, sésmic
events, etc.

e Bridges are made of steel, which expands and contracts with temperature. A span long
enough to need expansion joints may expand or contract several inches in thecourseof a
year.

e Withaut those joints eithe the bridgebutt joints would crushand budle in hat weather,
or thebridgewould pull apart in cold weather.

Bimetallic strip
Definition

A bimetallic strip means a strip made of two metals of different expansion codficients
joined togehe. It is like compound bar.

Principle

It operates on theprinciple that different metals have different coefficients of expansion.
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Brass
o I TTT I IIZIZTIITI77T) . Bivoetally,
L f stnp
Iron
(a) At room temperature
More expansion

Desaiption & working
Two stepsof brassand iron of equd lengths are joined togehea to form a bimetallic steps.
This bimetallic strip is straight at room temperature.

Now, it is heated by using a burner. On heating, the metallic strip bendsto form a curvein
sudt away that brass remains onthe outside of thecurve.

This means that brassstrip has become longe than theiron strip after heating, that is, brass
expands more than ironfor thesamerise in temperature.

It is obviousthat a bimetallic strip bends dueto theunegud expansion rate of thetwo
metals.

In fact onheating, of thebimetallic strip bends towards iron side If, however, thebimetallic
strip shown in figure is cooled in freezing mixture, then it bends the other way showingthat
brasscontracts more than iron.

Applications of bimetallic strips

They are usal as thermo-switches in automatic electrical heating appliances like
themostats, dectric ovens, dectric irons, fire alarms, and bimetallic theemometers. A thamo
switch is a switch which works by the action of hest.

() Bimetallic themostat
Thisis a simple device to maintain thetemperature constnt. This consist of a bimetallic
strip AB, madeby weldingtogdahe brassand iron.
Thebimetallic strip iswoundinto a snmell splingandit is connected by a rod to the contact maker
M of thecircuit of an electric heater.
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il

When thetemperature inareases, the expansion of thebrassof the strip causes thespiing
to unwind thus breaking the e ectric circuit.

When thetemperature decreases the contraction of the brassstrip to bendin the oppcsite
direction making thespiing to wind and make the electric circuit again.

(if) Bimetallic Thermometer
It shows a bimetallic theemometer. It is arugged portable theemometer. It is madeusing a
bimetallic strip whichisin theform of a spling centered at paint ‘P’ and carries a pointer.

It uses theprinciple of differential expansion to activate the pointer. When the
temperatureis raised, thestrip bends and hence thepointer is moved over a graduated saalein
temperature.

Advantages of bimetallic theemometers

1. They are simple, robustand inexpensive.
2. Their accuracy is beween + or — 2%to 5% of the scle.
3. They can with stand 50% over rangein temperatures.
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Limitations of bimetallic theemometers

1. They arencot recommended for temperature above 400° C.
2. Whenregularly used, thebimetallic may pemanently deform, which inturn will
introduce errors.

(iif)Bimetallic automatic fire alarms
A bimetallic strip is alsousel for making autormetic fire alarms. When fire breaks out in a
building, heat is produced. This heat bends the bimetallic strip in sud away that on
bending, it completes thecircuit of an electric bdl. The bdl startsringng and gives the
warning of afire

(iv)Bimetallic Sensa's
A bi-metallic strip is usal to conveat atemperature changeinto mechanical displacement
and thus acts as atemperature sensor.

Transfer of heat energy

(i) CONDUCTION: In this process heat is transmitted from one point to the othe through the
subgance without the actud motion of the particles. When oneend of a brassrod is heated in
flame the other end gds heated in courseof time. In this casethe molecules at the hat end vibrate
with highe amplitude (K.E) and transmit the heat energy from oneparticle to the next and so on.
Heat is sdd to be conducted through the rod. However, paticles in the body remain in thdr
position and so nat move. Thus conduction is the transference of heat from the hatter pat of a
bodyto thecolde part without the motion of the particles inthe body.

Metals are good conductors of heat and wood, glass brick, cotton, wool, rubbe are bad
conductors of heat. For example thick brick walls are usal in the construction of a cold storage
Brick is a bad conductor of heat and does nat allow outside heat to flow inside the cold storage
Also a stedl blade appears colder than a woodean handle in winter. Stedl is a good conductor of
heat. As soon as a pasontouches the blade heat flows from the hand (highe temperature) to the
blade to low temperature. Therefore it appears colde. Since wood is a bad conductor of heet,
does nat allow hesat to flow to the handle.

(i) CONVECTION: It isthe processin which heat is transmitted from oneplace to anathe by
the actud movement of the heated particles. It is prominent in the case of liquids and gases. Land
and sea breezes and trade winds are formed due to convection. Suppce water in a containeg is
heated from below. The layer of water in the bottom ges heated, its density decreases and it
comes up transferring heat. In this case the transference of heat from the bottom of the vessd to
the top of the vessl is by convection. It is used in ventilation. Roons are provided with
ventilators near the ceiling. Air in the room gdas warmer due to respiration of persors in the
room Warm air containing more of CO2 (gas) and water vapour has less density and moves
upwards. Fresh air from outside enters the room throughthe doas and windows. The impure air
moves outsidethrough theventilators. This phenomenonis continuous.

(iii) RADIAT ION: It istheprocessin which hesat intransmitted from oneplaceto the other
directly without the necesdty of the intervening medium. We ge heat radiations directly
fromthe sun without affecting theintervening medium. Heat radiation can passthrough
vacuum. Also it forms a part of el ectromagneic spectrum
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Applications of heat radiations:

(1) White cloths are preferred in summer and dark colored clothesin winter.
Reason: When heat radiations fall on white clothes, they are reflected back. No hest is
absabad by the clothes and a persan does nat ge heat from outside in summer. Dark

clothes in winter will absab the heat radiations falling on them and keep the body
warm.

(2) Polished reflectors are usal in electric heaters to reflect maximum heat in the room

Co-efficient of thermal conductivity:

Fig. 2.1 %

A\

Suppcethereis aslab of material of area of crosssection A. Let theopposite faces

be maintained at temperatures T,°C and T,°C (T1>T2). Let x bethedistance between the faces.
It isfound that the quantity of Q of heat conducted in atimet is directly proportional, to A to (T 1-
T2) tot (time) andinversdy proportional to X.

Therefore,

AT, -T, )t

X

Qo

o HAT-T,):

-

WheeK is called theco- efficient of themal conductivity of the material of theslab.

Definition: (Thermal Conductivity)

It isdefined as the quantity of heat conducted in onesecondfrom oneface to the opposite
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face of aslab of area of crosssection 1sqgCm, when the distance between thefacesis equd to
1cm and thedifference in temperature between thefaces is equd to 1°C.

Temperature gradient:

The quantity (T,-T,)/X represents the rate of fall of temperature with respect to distance.
The quantity (dT/dx) represents the rate of change of temperature with respect to the distance. As
temperature decreases with inc rease in distance from the hat end, the quantity (dT/dx) is
negative and s called thetemperature gradient.

HEAT CONDUCTION THROUGH A COMPOUND MEDIA (SERIESAND PARALLEL)
Bodiesin seies:

Let us corsida a compound media of two different materials A and B with themal
condudivities K; and K, and thicknessx; and x; (Fig.).

The temperatures of the outer faces of A and B are 6; and 0,. The temperature of the
surfaces in contact is 6. When the steady state is reached, the amount of heat flowing per second
(Q) through every layer is same.

Heat flow Q
5 —
- > —
—

Amount of heat flowingthroughthe material (A) pa second

KiA(0:-9)
Q T T T T T T T T T (1)
X1
Amourt of heat flowingthroughthe material (B) per second
Ko A (0-0y)
Qo (2)
X2

Theamourt of heat flowing throughthe materials A and B is equd in steady state
condiions.

Hence, theegn (1) and (2) are equd
KiA (01 -0) K2 (0 —0,)

= (3)
X, X,
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Rearranging the eqn (3), we have

K_‘]_A (91 - G)Xz = K2A (9 — 92)X1

Kj_ej_ X2 - K19 Xo= K2 0 X1— K2 92 X1

Kj_ej_ X2+ K262 X1= K2 0 X1+ Kj_ 0 X2

Kj_ej_ X2+ K262 X1= 9 (K2 X1+ K1X2)

K101 X2 + K202 X1
0 mrm e 4)
Ky X1 + KXo

Thisistheexpressonfor interface temperature of two composite slabsin seies.
Sub, for 0 in equation (1), we get

Q=M% g (it )

s1 K2s1+Ki1s2

Ki& [K28lsl+K18152—Kl8lsz—1<28zsl]
s1 K2s1+Kis2

S1 K2s1+Kis2

— KiKo /& (81-82)
K2s1+Ki1s2

£(81-8

= (5)
K1 K2

‘Q’ is the amount of heat flowing through the compound wall of two materials. This

method can also be extended to compaosite slab with more than two slabs. In general for any

number of slabs,theamount of heat conducted per secis given by

£ (81-82)

sz

Bodiesin parallel

Consider a composite media of two different materials A and B with thermal
conductivities K; and K and thicknessx; and x,. They are arranged in paralld asshown in fig.

Thefaces of the material A and B are at temperature 6; and the othe end faces of A and B
are at temperature 0,. A; and A, arethearea of crosssection of the materials.

G)1 . : 92
\\ /
Heat flow
— —
— —

— —
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Amourt of heat flowing through thefirst material (A) in onesecond
K1 A1 (01— 0)

Similarly
Amourt of heat flowingthroughthesecond material (B) in onesecond

K2 A2 (61 - e2)

Thetotal heat flowing through these materials per secondis equd to the sum of Q, and
Q
Q=Q1+Q;

K1 A (0; — 0,) Ky A (01— 0,)

= — +
Xl X2

Amount of heat flowingthrough pe second

o k11
Q =(0-0) (= Kelizy

S1 S2

In genegal, the na amount of heat flowing per secondparalld to the composite slabsis
given by

¥ Q=(0:-0) N

Methods to deerminethermal condudtivity
Thethemal conductivity of a material is daermined by various methods.

Searle’s method — for good conductors like metallic rods.

Forbe’s method — for deermining theabsolte conductivity of metals.
Lee’s disc method — for bad conductors.

Radial flow method- for bad conductors.

pPwONPE

5.
FORBESMETHOD - THEORY AND EXPERIM ENT
Thisis oneof the earliest methodto find the absolite themal condudtivity of metals.
Theory of the experiment
Conside alongrod. Thisrod is heated at oneend and a steady stateis reached after sore
time.
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Amourt of heat flowing pe secondacrossthecrosssection A at the point B

=KA@) (1)
ds B
WheaeK - theemal conductivity
A - crosssectional area

(d—: . - temperature gradient at B.

This amount of heat flowing acrossthe section B is equal to thehesat lost by radiation by therod
beyondthesection B.
Consider an element of thicknessdx of therod.
Mass of the element = (A dx)q
Where p is density of the rod
Heat lost by the dement per second= Massx speific heat capacity x rate of fall of temp.

= (Adx)q X S x% ________ 2)

Where(% - rate of fall of temperature of the element
t

S - speific heat capacity of therod
Total heat lost by theportion of throd between section B andtheend C
=f (Adx)gxSxd (3)
B dt

Amount of heat flowing per secondacrossthe crosssection at the point B = Heat lost by
radiation by radiation by therod beyondthesection B.

C
ﬂ = T AOX IO X S X U0 eaeaeaeaa—-———
KA(dS)B f (Adx)q x S x da_ (4)
qsS fc a8 ds
K=" ()
(ax)p

Expeiment consists of two parts

. . - d8
. Static experiment to find (E)
B

. Dynamic experiment to find-d¢ and 1C ds dx
dt B dt

1. Static experiment

The specimen metal is taken in theform of alongrod. One end of this rod is heated by a steam
chamber. The rod has a seies of holes into which thermometers are fitted. These theemometers
record temperatures at different points alongtherod.
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When the steady state is reached, thetemperature shown by thethermometers of therod and
thdr respective distances fromthe hat end are nated.
A graphis drawn between thetemperature and distance fromthehat end.

o

¥

C X
X —

Distance of hot end

The value of (dT? is obtained by drawing a tangent to thecurve at a paint B.
SB

If this tangent makes an angle o with the x axis, then from the graph

ds, _AB_
Xe BC O

. Dynamic experiment

A piece of theoriginal rodis heated to the same temperature as that of the hat endin thestatic
experiment. The heated piece of therodis supended in air.

Now, it is allowed to coo. Its temperature is nated at regular intervals of time by a thermometer
placed in a hole at the centre.
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Forbe’s method — Dynamic experiment

A graphis drawn between temperature and time.

@ | d@
Temp

¥

Time (t) x

From this graph, thevalue of d%for various values of 0 are determined by drawing tangents at
t

various points of thecooling curve.
From the graph between temperature 6 and the distances of hot end x for various values of

temperature 0 are obtained. Now, third graph is drawn between ds_fnd the correspondig values
t

of x.

T —
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The curveis extended to meet the x axis correspondng to the point B, apaint is located onthe
curve. The area boundel by thecurve, x axis and thecoordinate passngthrough B is

C ds
— dx.
%
Thearea of theshaded portion.is determined.
Ccds
qSf ds
Weknowtha K = —q5—
G

Subsituting thevalues in theaboveequating, we have
K= q S X (Area of the shaded portion)
tan

Hence, K is determined.

Merits

It is one of the earliest methodto determine the absoute thermal condudtivity of the material.
2. This method is based on thefundamental relation which defines thermal condudivity.

=

Demerits

1. Itistedious methodand requires alot of timefor thecompletion of the experiment and drawing
thethree graphs.

2. Thespecific heat capacity of thematerial of therod does not remain constant at different
temperatures as assumed.

3. Thedistribution of heat is nat uniform alongthebar in thetwo experiments. Therefore, this
experiment is not accurate.

Deter mination of ther mal conductivity (K), of a bad conductor (card board) by Lee’s
disc method.

Desaiption: The given bad conductor (B) is shaped with the diameter as that of the circular
slab (or) disc ‘D’. The bad conductor is placed in-between the steam chamber (S) and the disc
(or) slab (D), provided the bad conductor, steam chamber and the slab shauld be of same
diameter. Holes are provided in the steam chamber (S) and the discs (or) slab (D) in which
themometer are inserted to measure the temperatures. The total arrangement is hanged over the
stand as shown in fig.
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@:{D} == (Tt =

M

— Steamnlet

1 I
Steam — T B :
Stand outlet ‘L ] l .
D — A o,

Fig

Working: Steam is passd through the steam chambe till the steady state is reached (i.€) the
themometer show constant temperature. Let the temperature of the steam chamber (hot end)
and the disc or slab (cold end) be 0, and 0, respectively.

Calculation:

Let ‘x’ be the thickness of the bad conductor (B), ‘m’ is the mass of the slab’s’ be the

specific heat capacity of the slab , ‘r’ is the radius of the slab and ‘h’ be the height of the slab,
then

_ KA(8 —8)

X
Amount of heat conducted by the bad conductor pa secord

Since the area of the cross section is = nr?

2
= k2" ®1752 A mount of heat conducted per second
X
()

Theamourt of heat lost by theslab per second

Unde steady state

Theamount of heat conducted by ~ Amourt of heat
thebad conductor (B) per sec nd = lost by theslab (D) pe second

Therefore, we can write eqn.(1) = egn.(2)
K nr?(81- 82)
X
= nsRc
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R
K= ——>< 3
nr2(81- 87) ©)

Tofind therate of coaling (R¢):

In Egn.(3) R represents the rate of coding of the slab along with the steam chamber. To
find the rate of coding for the slab alone the bad conductor is removed and the steam
chamber is directly placed ove the slab and heated. When the temperature of the slab
attains 5°C higher than 0,, the steam chamber is removed. The slab is allowed to cod, as
shownin fig.

A graph is plotted taking time along ‘x’ axis and temperature along ‘y’ axis, the rate of

cooling for theslab alone(i.e) (ﬂgtis found from graph, as shown in fig.

Therate of codingisdirectly proportional to the surface area exposed.

Case(i)

Steam chamber and bad conductor are placed over slab, in which radiation takes place
from the bottom surface of area (nr?) of the slab and the sides of the slab of area (2arh).

Rc = 2nr? + 2nrh
Re = nr(r + 2A) v 4
Case(ii)

The heat is radiated by theslab alone (i.€) fromthebottom of area (nr?), top surface of the
slab of area nr? and also through the sides of theslab of are 2nrh.
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( ) = nr? + nr? + 2nrh
dt’ g,

dt 8,
.................... (5)
From eqn.(4) and egn.(5)
Re  nr(r+2h)
d8  2nr(r+h)
(dt)g 2
= _ +2h (_) ...................... (6)

2(r+h) ~dtsg,

Substtuting egn.(6) in egn.(3) we have

ds
ncs () (r+2h)
dt 82

_ mK*
nr<(81-82) 2(r+h)

Hence, theemal conductivity of the given bad conductor can bedeermined fromtheabove
formula.

Ther mal insulation
Thermal insuation is to resist theflow of heat to and fromabody. It is a material that
reduces therate of heat flow.

Gengal prindples of theemal insuation

1. Thetheamal resistance of an insuating material is directly proportioral to its

thickness

The provisionof an air gap isa very important insulating agent.

3. Thethemal resistance of a building dgpends onits orientation also.

4. Heat isenagy that flows fromoneregionto anather becauseof a differencein
temperature between thetwo regions. The hest is transferred by conduction,
convection, radiation or any combination of them.

(i) Reducing hesat transfer by conduction

n
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e Inaflat wall madeof any solid material, if onefaceis at a highe temperature
than the other, heat will flow throughthewall by condudion

e Therateat which heat will flow throughthewall dgpends onthethermal
conductivity of thewall material.

e Thehighe thethemal condudtivity of a material, the poarer its seas thermal
insulation.

(i) Reducing heat by convection

The modeof carrying heat fromthewarm to thecold side of theair spaceis called
convection, and theair flows are called convection currents.

If theair space within thewalls of a houseisfilled with a porous material, the air
circulationwill beimpeded, and therate of heat transfer dueto convection will be gresatly
reduced.

(iif) Reducing hest transfer by radiation
e Thetransfer of heat by radiation does nat require the presence of any matter.
e Therateat which heat is transnitted by radiation depends on variousfactors,
including the temperatures of the surfaces and the kinds of surfaces invadved.

Thermal insuating materials

The materials which are usal to insuate themally are known as thermal
insulating materials.

Thermal insuating materials are classfied as
(@) Organic materials (b) Inorganic materials

(&) Organic materials

Cattle hair, Silk, Wool, Wood-pulp, Corkboard, Saw dust, Sugar-canefiber,
Cardbaoard, Paper, Leather.

(b) Inorganic insulating materials
Still air, Mineral wodl, Slag-wool, Glasswod, Charcoal, Gypsun powder, Slag,
Coke powder, Ashestos.

Types of Thermal insulation
There are three types of themal insulation. They are

1.Housetheamal insuation
2.Industia theamal insulation
3.Building theemal insuation

1. Housethemal insulation
¢ Inawarm house duringthewinter, insultionin thewalls, ceilings, and floars reduces
thelossof heat fromthewarm interior to thecolder outdoa air.
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e Inacod houseduringthesummer, theinsuation reduces theentry of heat fromthe
warmer out-doar air.
e Thermal insuation of house hdd items are very essential.

1. Indudrial thermal insulation
e Inindusty, themal insulationis used for enclosing heating equipment, pipes that carry
steam, and cold storage spaces.
e Theinsuation hepsto conservefue or power or to maintain a uniform temperaturein
anendosure.

2. Building thermal insulation

Thermal insuation of exposed doa's and windows

The doors and windows which are exposed to outside world transmit heat to a
considerable extent.

Following methods are used to ensure themal insulation of the exposed doa's and
windows.

e Theinsuating glassor double glasswith air space may be provided for glassed doas
and windows. This will reduce heat transmisgon through doa's and windows.

e Inorde toreduce incidence of solar heat, the protectionin theform of sunbreakers,
weathe sheds, projections curtains, may be provided onthe exposed doa's and
windows.

e Theflat roofs may bekept cool by water which may eithe bestored or sprayed at
regular intervals. The suiface temperature of therodf is reduced subgantially by this
method.

e Thethemal insulation of flat roof may be provided by putting a layer of about 25 mm
thicknessof coconut pith or cement conaete.

Thermal insulation of exposed walls

Thefollowing methods are adopted for thethermal insuation of exposed wall.

e Thesuiablethicknessof wall may be provided.

e Thehdlowwall or cavity wall construction may be adopted.
e For partitions, an air space may be created by fixing hardboards on batens, weathe shes,
projections, curtains etc may be provided onthe exposed doas and windows.
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j«— Battens

5
5

:

Thermal insulation of partition
Thermal insulation of exposed roofs

Thethemal insulation of exposed rodfs is achieved eithe by treating inside suiface or
outsidesurface.

Internal treatment:

e Thefalsecelingwith an air gap may beprovided. The ceilingis made of theemal insulating
materials.

e Thelight insulating materials may be pasted by suttable adhesives to theinside surfaces of
the exposed roof.

Baposed Roof

Ceiling Joint

\

False Ceiling

Internal Treatment for pitched roof
Heat Exchangers

Heat exchanges are devices used to transfer heat between two or more fluid
steams at different temperatures.

Heat exchanges find widespread use in power generation, chemical processng,
eectronics, coding, air-conditioning, refrigeration and automotive applications.

Examples for heat exchanges
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(i) Intercodersand prehesters

(if) Condensers and boilers in steam plat
(ill)Condensers and evaparators in refrigerationunits
(iv) Regeneators

(v) Automobileradiators

(vi) Oil coolersof heat engine

(vii)Milk chiller of a pasteurizing plant

Types of heat exchangers

In orde to meet thewiddy varying applications, several types of heat exchangers are
developed. They are classfied onthebasis of nature of heat exchange process reative
direction of fluid motion, design and constructional features, and physical state of fluids.

1.Nature of heat exchangeprocess

Heat exchangea's, on thebasis of nature of heat exchange process are classfied as
follows:

(i) Direct contact heat exchangess.
(i) Indirect contact heat exchange's
(2) Regengator
(b) Recuperators
2.Relative direction of fluid motion
According to therelative directons of fluid motions the heat exchange's are clasdfied
into thefollowing there categories:
(i) Paralle flow or unidirection flow
(ii) Counter-flow
(iii)Crossflow
3.Designand constructional features

Based on design and constructional features, heat exchange's are clasdfied as

(i) Concentric tubes

(i) Shdl andtube

(iii)Multiple shdl and tube passes

(iv) Compect heater exchange
4.Physical state of fluids

Based onthephysical state of fluids, heat exchange's are classfied as

() Condensers
(ii) Evaporators

Direct contact heat exchanger

Inadirect contact or open heat exchanger, the exchangeof heat takes place by direct
mixing of hat and cold fluids and transfer of heat and masstakes place simultaneously.
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Indirect contact heat exchanger

In this type of heat exchange, the heat transfer between two fluids could be carried out by
transmisgon through wall which separates the two fluids.

This typeincludes thefollowing:

(3) Regenegators
In aregenerator typeof heat exchange thehat and cold fluids passalternately
through a space containing solid particles, these particles providing alternately a sink
and a saurcefor heat flow.
Examples
(i) 1.C. engines and gas turbines
(if) Open hearth and glassmelting furnaces
(iii)Air heaters or blast furnaces
(b) Recuperators
Recuperator is the mostimportant typeof heat exchanger in which theflowing fluids
exchangng heat are on eithe side of dividingwall. Theseheat exchange's are usel
when two fluids canna be allowed to mix.
Examples
(i) Automobileradiators
(i) Oil coolers, inter coolers, air preneaters
(iii)Milk chiller of pasteurizing plant
(iv)Evaparator of anice plant.

Refrigeration
Definitions:

Refrigeration: It is the processof continuous coding or extraction of heat to bdow that of the
atmosphee froma subsance with a hdp of the external work.

Principle of refrigeration: It is based onthesecondlaw of theemodyramics that theheat can made
to flow from cold bodyto a hot bodywith the hdp of external source.

Refrigarant: It istheworking flud useal in therefrigerator. Eg. Ammonia, Methyl chloride
Ton of refrigeration:

It is the standard unit of therefrigerator. It if thefreezing capacity of theoneAmerican
shat ton of water fromQ°C in 24 hrs.

Onetonof therefrigeation= 3.5 kW = 3.5 kJ/s = 210kJ/min.

Codficient of paformance: It is the measure of theperformance of therefrigeration system. It is
theratio of therefrigerating effect to theinput work required to produce the effect.

The value of thecodficient of performance may be less than the unity or greater than unity.
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Relative Codficient of performance: It istheratio of theactud to thetheoretical coeficient of
peformance.

Refrigerator

It is amachinewhich produces cold. It is usel to remove heat fromtherefrigerated space
and rgject it to atmosphere. Hence, it maintains thetemperature bdow the surounding
atmosphee.

Principle

A refrigearator works by passng a cool refrigerant gas around food items, which absabs
heat fromthem and then loses that heat to therdatively coder suroundings onthe outside

Types of refrigeration systems
Mainly they are classfied unde two groups

1.Baseal onthetype of the external work
Using mechanical erergy:
(@) Cold air refrigeration
(b) Vapars compresson refrigeration

Using heat energy:

(@) Simple vapour absaption refrigeration

(b) Actud vapour absaption refrigeration
2.Based ontheusage

(@) Primary refrigeration

(b) Secondary refrigeration

Parts and working of vapour compresson refrigerator

A refrigerator consists of a few key components that play avital rolein therefrigeration
process

They are

1.Expansion valve
2.Compresor
3.Evaporator
4.Condenser
5.Refrigerant

Expansion valve

Also referred to as the flow control device, an expansion valve cortrols theflow of the
liquid refrigerant into the evaporator. It isactually avery small devicethat is sensitiveto
temperature changes of therefrigerant.

Compressor
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The compressor consists of a motor that suds in therefrigerant fromthe evaporator and
compresss it in acylinde to make a hat, high-presaure gas.

Evaporator

Thisisthepart that actually cools thestuff kept insidearefrigerator. It consists of finned
tubethat absabsheat blown througha coil by a fan. The evaporator absabs heat from the stuff
kept inside and aresul of this heat, the liquid refrigerant turns into vapor.

Condenser

The condenser corsists of a coiled set of tubes with external finsand islocated at the rear
of therefrigerator. It helpsin theliquefaction of the gaseousrefrigerant by absabingits heat and
subgquently expellingit to the suroundings.

Astheheat of therefrigerant is removed, its temperature dropsto condensaion
temperature, and it changes its state fromvapor to liquid.

Refrigerant

Also commonly referred to as the coolant, it’s the liquid that keeps the refrigeration cycle
going.

Its actually a spesially designed chamical that is capable of alternating between being a hot
gas and a cool liquid.

Therefrigerants sud as ammonia, R-290,R-600A are used.

@mﬁﬂlywwm
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Working

Therefrigerant, whichis nowin aliquid state, passes though the expansion valve and turns
into a cod gas dueto thesudde drop in presaure.

Asthecool refrigerant gas flows though thechiller cabing, it absabsthe heat fromthe
fooditems insidethefridgeand vaparizes.

The refrigerant, which is now a gas, flows into the compresor, which suds it insideand
compresses the molecules togehea to make it into a hot, high-presaure gas.

Now, this gas transpats to the condenser coils, where the coils hdp disspate its heat so
that it becomes cool enough to condense and convet back into its liquid phase

After the condenser, the liquid refrigerant travels back to the expansion valve, where it
experiences a presaure drop and once again becomes a cool gas. It then absabs heat from the
contents of thefridgeand thewhole cycle repests.

Oven

Anovenisathermally insulated chamber used for heating, baking or drying of a substance
and most commonly used for cooking

Kilns and furnaces are spesial pumpaoseovens, usal in pattery and metalworking
respectively.

Types of ovens

e Double oven

e Ceramic oven

e Gasoven

e Microwave oven
e Toaster oven

e Hot air oven

Hot Air Oven

The electrical device which is widdy used in medical producs industies, rubbe industies,
and for the processof sterilization using dry heat is known as hot air oven.

Theinstrument works on thebasis of dry heat to sterilize thespecimensand articles. The
instrument can be operated at a temperature of 50C to 250C.

It is alsoknown as thethemostat that controls thetemperature. The device is provided with
thedigital panel to control thetemperature digitally.
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Operating Principle

It works ontheprinciple of finegravity air corvectionin a highly heated electrical
chamber.

Description
It corsists of thefollowing parts:

e Aninsulated chamber suroundel by an outer casecontaining electric heaters.
e A fantocirculatetheair

e Shdves

e Thermocouples

e Temperature sensor

e Door locking cortrols

The appaatus consists of a large, rectangular, copper baseand covered with asbestos
shests. It is alsoprovided with a door and erected ona four-legged stand.

Therodf is provided with a hole through which a thermometer is fitted insidefor recording
of temperature.

Dry of theinstrument. Thereis aregulator of heater to cortrol theinsidetemperature.

I/ﬁ -_D.mu‘
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Hot air oven

Working

Before sterilization, the glassware are dried propely and wrapped ni brown pape and then
exposed to hat air insidethe oven.

After loading of glasswvare, theoven is switched on, thetemperature will increase slowly up
to thedesired point (160C) whereit will remain steady.
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Then at 160C, theoven iskept for an hour. Thisis the appropriate temperature for
sterilization of glassvare. Then, gradudly thetemperature is brought down and thereafter
sterilization is complete,

Hot air oven

Advantages

e Thistreatment kills thebacterial endaoxin, not all trestments can do this.
¢ Dry hesat sterilization by hat air oven does nat leave any chemical residue.
¢ Eliminates ‘wet pack’ problems in humid climates.

Disadvantages

¢ Plastic and rubbe items cannot be dry-heat sterilized becausetemperatures used
(160C - 170%C) aretoo highfor these materials.

¢ Dry heat pendrates materials slowly and unevenly.

e |t requires a continuous saurce of electricity.

Safety Guidelines

e Beforeplacingin Hat Air Oven
(i) Dry glasavares completely.
(il)Plug test tubes with cotton wodss.
(iii)Wrap glasswvares in kraft pape's. Do nat overload the oven. Overloading
alters heat convection and increases thetimerequired to sterilize
e Allow freecirculation of air between the materials
e The material used for wrapping instruments and othe items must be porous enough
to let steam through but tightly woven enough to protect against dust particles and
microorganisms.
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Applications

e Itiswiddy used to sterilize glasswvare in pharmaceutical industies sud as peri
dishes, pipdtes, battles, test tubes, flasks, pestie, ec.

Solar Power

The enegy abtained fromthesunis called solar energy. Sunisthesaurce of al energy.
Sunlight contains infrared radiations in large proportion, and these infrared rays heats all objects
onwhich they fall.

Eveay square metre of earth’s upper atmosphere receives 1.36 kJ of energy per second.
However, of this only 47%, i.e., 0.64 kJ of solar energy reaches every square metre of earth’s
surface pe second

Har nessng solar energy

The solar energy fallingontheearth is very much diffused, and scttered. In orde to use
sdar enegy for practical purposes, we haveto collect and concentrateit.

The solar energy is harnessed by using thefollowing two ways:

1. Direct harnessng
2. Indirect harnessng

1.Direct harnesdng

The solar energy is either directly collected as heat or converted directly into
electricity.

2.Indirect harnesdng

Indirect harnesgngis carried out by

Conveting solar energy into chemical energy in plants
Harnessngtheenegy of wind

Utilizing the energy of sea waves and

Utilizing the energy dueto thetemperature difference of thewater at different levels
in oceans.

Conveasdion of Solar energy
Solar energy is converted into more useful forms of energies by two ways.

1.Thermal convesion
2.Photo-convesion

Thermal conversion

Inthemal convesion, theheat fromthedirect rays of Sunis absabed in theform of
infrared radiation by suifaces, air or water and putto many uses.
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Photo conversion

In phao convesion, when sunlight of short wavelength falls onthesurface of ametal, it is
absabed andit is used to excite and g ect dectrons fromthesurface. Thisis known as
phaodectric effect.

The gected electrons movein a circuit in a direction oppasite to that of conventional
current and generate electric current. Thephaovoltaic or sdar cells are designed based on this
principle.

Solar Water Heater

It consists of an insulated box painted black from inside having a glasslid to receive and
store solar heat as shown in figure. Inside the box it has black painted copper tubecoil through
which cold water is madeto flowin.

Water gds heated and flows out into a storage tank. The hat water fromthestoragetank
fitted onrodf top is then suppled through pipes into buildings.

’ ' ‘/wlnrradiatiun

black paintsd
copper coil

Solar water heater

Applications of Solar Power

¢ Traditional uses of solar energy
Dryingclothes, drying fruits and vegédables, reducing moisture content in grins, and
making sdt from sea-water.

e Solar cdls
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Used in calculators, e ectronic watches, street lights, water punmps,radiosand TVs.

e Solar Battery
When alarge number of solar cells are connected in series it forms a sdar battery. It
produces more electricity which is enoughto runwater punp.

e Solar heat collector
It isgengaly usel in cold places, where houses are kept in hat condition using solar heat
collectors.

e |t isasohdpful in cooking using sdar cookes or to warm up water using sdar water
hesters.

Advantages of Solar Power

e Solar enegy systems are maintenance free and will lastfor decades.
e Onceinstalled, there are no recurring costs.

Environment friendly

e |tsnot affected by thesuppl and demand of fudl. Therefore, it is hat subjected to the ever-
increasing price of gasdine

e Solar enegyis clean, renewable.

e |t does nat pdlute air

e |t does nat cortribute to the cost and problems of therecovey and transpartation of fuel or
thestorageof radioactive waste.

Disadvantages of Solar Power

e Theinitial cost of purchasing andinstalling solar panels alwaysis high.
e Solar enagy isnat available roundthe clock.

e Available solar energy is diffused.

e Enagy has not be stored in bateries

¢ Air pdlutionand whethe can affect the production of electricity.

e They need largearea of landto produce more efficient power suppl.
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UNIT -1V
QUANTUM PHYSICS

Introduction:

We know classcal theory is a macrosoopic theory. It fails to explains the micro —concepts
like stability of atoms, black body radiation, phao — electric effect, Compton effect. Alsg
according to classcal theory, the hydrogen spectrum is a continuous spectrum, but the actud
experimentally observed spectrum is found to be disaete. Thus to avoid these disaepancies a
newv microsoopic theory called Quantum theory was introduced by Maxplanck and the same was
developed by others.

BLACK BODY RADIAT ION

Perfect black body: A perfect black body is the one which absabs and emits all the
radiation, (correspondig to all wavelengths) that fall onit. The radiation, given out by a pefect
black body is called black bodyradiation.

Planck’s quantum theory_

Assumption:

» Black Body contains electrons or so called simple harmonic osdllators, capable of vibrating
with all posgble frequencies.

» Frequency of emitted radiationis same as that of thefrequency of its vibration.

> Electrons radiate energy in disaete manneg and nat continuous.

» Osdllator exchanges energy in theform of absaption or emissonin terms of quanta of hy.

E=rhy
- ThY | wcd
v I
o _(‘2_)\2 j =2
g |——BE =
N i e
)

Planck’s Radiation Law:

» Consider ‘N’ of oscillators with total energy as Er
AverageEnegy E = (Ef/N) -------------- 1)

Total no. of oscillations:
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N = No+ N1+ N2+ ........... +N, (2)

Total energy of osdllators
Er = ONg+tENi+2EN+........ HEN; -eeeeeeeeeeeee (3)

» According to Maxwell’s distribution,

Example:-
y=0; N=No
y=1; N1=Noe 22K ;T
y=2; N2=Noe—2E/K BT
y=y; Ni=Noe"™ §
By subgituting these valuesin (2)
N=No€e’+Noe™ g™+ Nog®™ gT+........... + Noe™KgT

N=No [1+eF¥ g+ eZK L+ ... ... +e®K T (5)

The sunmation series

L+HXHCHCH = =
1-s
Therefore
— (6)
N=No[————]
(1-e"BT)2

Substtute values of Ng, N1, No......... N: in equation (3)
Er=0Noe ™K gT+ENoe ™ gT+2ENoe™ s +........... +yENoe™ "
Er=NoEe™  g[0+1+267¢ S+3e < Ty..... ... +ye"DEK T)g (7)

The summation series
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1+2x+3%+........ +yx™ =

E-Nge ™6 [ 5] (8)

Substtute bath thevaluesin E

_ Ee E/KBT1-e—

E=gmer——
(or)
_ E — — hy
E= K,% =>E= eE/KBT_1 ()]
IEl—e_B )
e KBT

Equation (9) represents Average Energy of Osdllator.

» The number of osdllations per unit volume within range of frequency y+d vy is given by
2

N = _d“Y3 y ----m-emeeee-- (93a)
Eneagy Density or (Number of oscillations x Average Energy of an osdllator
Total Energy per unit = pe unit volume)
volume
Eydy = NE --------mmmmmoeem (10)
Substituting (9) and(9a)in (10)
2
Eydy=8wy dy hw (11)
c3 ehy/KBT
(or)
3
Ey=—"5
c3(eXBT-1)




PH8151/ENGINEERING PHYSICS

Equation (12) represents Planck’s Radiation Law in terms of Frequency.

» Same can be written in terms of wavelength by sub$itutingy=%

Wien’s Displacement Law and Rayleigh Law from Planck’s Theory

1) Wien’s Displacement Law :-

» Holds goodonly for shater Wav?llengh.
» h<<l ;1>>1  Thedore >>1

3 efR3KBT
o,
ehC/KBT -1 ehC/fSKBT
8nhc
Therefore Env="hc
h5(eXBT)
(or)
En=8nhch>eh¢/RKsT
(or)
Eh=C1h'5e'C2/hT
hc
C=8nhc andC =
1 2 K
B
As Toc é andEnx h-5
Enx To

Rayleigh Jeans law:
¢ Rayleigh Jeans law holds goodfor longe wavelength
e If\is greater, (1/A) will be lesser

f'k% 1 hc (hc )2
effsl =14+ +...
B RBkBT

he 2

For large values of A the value of ¢ .. will be very small and hence the higher terms can be

f;kBT) *
neglected
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Rt he
B! =
e 1+ hkgT

3.2COMPTION EFFECT:

When a beam of monodhrometic light radiation of high frequency is allowed to fall
on particle, beamis saattered into

(1) Onehaving same frequency that of incident radiation called unnodified.
(2) othe having lower frequency or highe A compared to incident radiation called modified
This effect is called Compton Effect. The shift in A is called Compton shift.

Theory:
Principle:

o Coallision between phaonand eectronis considered.
o Lawsof conversdion of enegy and momentum is applied to get Compton A.
Asaumptions:

e Cadllision occurs beween photon and electron in scattering material.
e Thedectronisfreeandisat restbeore collision
Derivation of Compton A:

¢ Duringcollusion phaton and electron part of energy is givento electron.
e There is 1 in kinetic energy of electron and recoils at an angle ¢.
e Scattering phaons moves with anenergy hA) atanangle e with respect to original direction.

E=hA F_Y_J

TN xf_ﬁ'?‘

e
!

E=MC
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Energy:

(1) Before callision:
(a) eof incident phaon= hy
(b) restenergy of eectron= myc?

Total enagy before collision= hy+ mec®™ " 1)
(2) after collision:
() energy of scattered phaton = hy)
(b) Energy of scattered photon=hy ' +mc2 )

By law of conservation of energy,

D=3
hy + moc®=hy’ + mc 3

(i) MOMENTUM :-
(@ X componant : (before collision)
Inddent phaton ="/,
e =0
Total X comportnt of Momentum before collision = "/¢------- (4)
(i) After collision:-
Cos e (AOAB) = M,/hy’/.. (or)
X component of Scattered photon = hy /. cos e .
(i) Recoile -
AOBC cosd ="y

X component of recoil € = mv cosd .

Total X componant of ="'/, cose + mv cosd

Momentum after collision 5)
By law of conservation of Momentum,
(4)=(5)

M/ ="/ cose + mv cosd (6)

(b) Y component:-

(i) Before collision



PH8151/ENGINEERING PHYSICS

Inaddent photon 0
e atrest : 0.
Total Y componet before collision= 0. ----------- )

(i1) After collision:-
+ Scattered Photon : AOAE sin e = My/hyf/C

My = ' sine.

«  Recoil e : AOCD Sin® =™/,
My = -mv sin®.
Total Y componantt after collision: ™ /. sine — mvsin® --------- (8
Again (7)=(8):
'/ sine — mv sind= 0 (9)

From (6) :

by, by
l.- "/, cose = mv cos®

mcv cos® = h(y - y" cose) --(10)
From (9) :
mev sin ® =hy’ sine -(11)

Squaring & addingbath (10) & (11);

M2cA? = h[y* + y"? cos’e - 2yy’ cos o] + h? y? sinfe .

mfcv? = Wy*=y"% - 2yy’ cose] (12)

From (3)

mc® = mec® + h(y - y) .
Squaring both sides...

m?c* = me%c* + hA(y? +y'% - 2yy” + 2hmoCA(y - ') - (13)
Sub (12) from (13) [hint: open brackets with h? in (12) & (13)]

mec’[c® — v = mec® + 2hmyc(y - y') — 2hPyy’(1 — cose) ---------- (14)
From theory of rdativity:

—m 22 _ 2 _ 2 22
m= O/\/l-v/c = m-=mg /1—v/c
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mfc?(c® — v@) = méc? ---(15)
Equaing R.H.S. of (15) & (14);
2.4 _

g e’ = me’ + 2hme™(y - v') - 2HPyy’(1-cose)

v =" 82 (1- cose)

(or)
Y, - Y, =32 (1-cose) ---(16)
(or)
%, -, =" °2{1— cose)
A" -A=h/mec (1 — cose) --(17)
AN =h/mqC (1 — cose) ---(18)
(18) represents compton shift. ...
Special Cases :-

(1)©=0;cose=1.
AL=0
* Nosaitteringat al, out coming radiationis same as that of incoming.

» Asinglepeak isnoted in experiment

Case2
0=90;cose=0
AL=hme (or) AL=0.02424 A .
» Thisiscalled COMPTON WAVELENGTH.
»  Has good agreement with experimental resuls.
Case3:

© =180 cose=-1.
AX = 2h/mqC .
» Thisshftiswavdengthis maximum.

AL=10.04848 A.
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EXPERIM ENTAL VERIFICATION:-
PRINCIPLE: Compton shift.

CONSTRUCTION:-
-it consists of X ray tubefor producing X rays.
-small block of carbonC is mounted on circular table.
-brag spetrometer (Bs)freely swingsin arc about scattering
Element C.
-to catch scattered e .
-slits S; & S; helpsto focus X rays to scattering e ement.

X - ray tube o
’- )
ke N
5] \.’ N
St S A
\
\ \
X - ray (arhon/]l., \
I e - - — — — _"
=

n u C irCLi'lar table ,'

WORKING:-
-X rays are produced by X ray tube
-passesthroughS; & S, sattering element.
- falls onthescattering element
-scattered X rays are received by Bragg spectrometer.
-\ is calculated & results are plotted.
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~ 9=90°
A

o

Intensity(I)
Intensity(1)

v

v

Wavelength(p) Wavelength( )

- matches with theory resuts.
1.6 =0° =>dngle peaks
2. AATas01.
3. At 6 =90°=> A\ =0.0236
~0.02424 (theoretical)
-proves Compton Effect.

DUAL NATURE OF LIGHT:-
-light exhibits duad nature namely particle & wave nature.
-wavel ength associated with wave nature is natureis called DE-
BROGLIE wavelength.

-wavel ength associated with material is called matter waves.

De-Broglie Waveencth:

() E=mcd™ (1) [particlenature]
@iy E=h0 - (2) [wave nature]
E =mc? = hQ ——------ (3)

(iiiyMomentum p = mc

pc=mc
Equaing to (3)
hy = pc
hy h
PR
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(Or) De-Brogie Wavelegth

i

N

p o mv

Othe forms of de-Broglie wavelength:
Interms of Enegy:

E=%mv?
Em = Yo mAv?

mv = +2En

h

A=

(i) M *.,"2.*?:

I

T~

K.E=72mv

P.E=¢eV

Yomv? = eV (or) mv? = 2meV

mV =+ 2neV

h
> A= J2mer

(iii) Interms of temperature:
E=%mv? = 3/2 KgT (by themodyramics)

Yo nfv? =32 mKgT

mv = v'3m KT
h
A=—
nv
| n
= \=
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.THOMSON EXPERIM ENT

e G.P.Thomsonstuded electron diffraction effects using accelerated e ectrons.
e Foundthediffraction pattern exactly analogousto X-ray paterns.

cathode

screen

Expeaimental arrangement

e Shown inthefigure

e Consists of a discharge tubein which the electrons are produced from the cathode C.

e Theédectronbeamis excited with patential upto 50,000 volts.

e Thedectronrays are passd through a slit S to obtain a fine beam of electrons.

e They areallowed to fall upona very thin metallic film G of gold fail.

e Thethicknessof thefilmis of theorde of 10° cm.

e Thewhdeappaatusis exhausted to a high vacuum sothat the electrons may nat lose
thdr energy in collision with the molecules of the gas.
Working

e The phaograph of theincoming beam from thefail is recorded by the phaographic plate

e Systematic patern consisting of concentric rings about the central spd is obtained.

¢ Diffraction pattern can only be produced by waves and nat particles

e Soitisconcluded that e ectrons behave like waves

SCHROEDINGER WAVE EQUATIONS:

() Time Dependent:

- Particle behaves like wave only when it moves.
-To move it hasto beaccelerated by a patential field.
Total Energy E= K.E+P.E
E=V+%m?

2.,2
E=V+%n'_ =>
n 2

2m
Opeating onwave fundion,
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According to classcal mechanics, displacement is

—iw(t->)

Y = Ae v
1" in quantum mechanics,

y(x,y,zt) = position

—iw(t->)
y(x,y,zt) = Ae v (2
m=2ny
. YX.
P = Ae 2O )
E=hy(or)y==EL and ¥ = L
h \% h
(4) Becomes,

v = Ae”™ (B —s)_By de-Broglie hypothesis,
h h
A=h

p
\V:Ae—Zni (Et:ps_)_
h h

h s = \V — Ae—l/h (Et—px) (5)
2n

Diff (5) w.r.t.

x

61 _ -i/h (Et-px) (Ip
— = A€
6s (?

62+ _ il (E-pX) Py 2
= Ae
621_ _ 6s2 (?
(Or) 4 p?
6s2 (_:2)

2
(Or) pPy=-he
6s2

Diff (5) w.r.t time

------------------- (6)
of _ -i/h (Et-px) ~1E
6t AL (T )

—h6t=Ey(or) Ewy=ihst (7)
i 6t 6t

Sub(6) & (7)in (1)

L L I [N S—— (8)
—_ =1V —
Ihat [I 2m 5.\:3] ¥
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Equ. (8) Represents onedimensonal Schrodinge Time Dependant Wave Equation:
Turning (8) to 3D
Turning (8) to 3D
BST = [V -2 V2] W
6t 2n
2= , 62 6

6s2  6y% 622

(Or)

EW=HWY

Whae
E=ihe
6t

2 _
H=[V—-:_V?]
2n

SCHROEDINGER TIM E INDEPENDANT WAVE EQUATION:

-i/h (Et-px) iEtipx

Y= Ae (or) P =Ae —bheh (18

Can berepresented as,
iEt

¥Y=AY¥e—h-—-—-—---- (1) [¥’- time indgpendent factor]

Diff (1) w.r.t t’

6T 1E_t —iE

w-AYe—n () - 2)
Diff (1) w.r.t’x’

6T iBe 6T

& Ae—n(gD

62T it 62TF

o A e—h () (3
Schroedinge time dep. wave equ. ;@

6T _ B i (4)

Iha_ v q‘l 2n 6s2

Sub (1), (2) & (3)in (4)

. —iE ht &*fF
T =V o we
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2 2
Ef-vf=—-1 T

2n 6?
(or)

2
RN TSR i e — 5
6 s2 h2

Taking f' = fjug symbds -
equaion5 is|D sdroedinge time indgendent wave equation.
Writingin 3D,

VEF+ (B V)f = 0 oo 6

Theabove equationis timeindependent Schrodinger wave equation.

Physical significance of £ :

Givesinfo about particle behavior |12 = § f* — probability density probabil ity of finding the
paticle.

PARTICLE IN A 1D POTENTIAL BOX:

e Conside a e with massm movingaongx axis enclosel in 1D box.
o Aswallsareof infinite patential, particle canna posshble.

e Lenghofbox: 1

e Outsideonthewall : v=«

e Insidethewal :v=0

DOWNLOADED FROM STUCOR APP



Boundary conditions:

V(x)=0, O<x<|
Vx)=a, 0>x> 1

1D SWE:

2
e B-V)F=0

ds? K2
For afree particle, V=0

2
T4 mEfF=0

ds? A2
TS I S| —
ds

Solutionto 1:

P(x)= A sin(kx)+ b cos(kx) --------------------

Applying boundary conditions:
I.  Atx=0; v=a
Particle cannot exist ¥=0
Eqn3 becomes
0=A sin0 + B cosO
B=0

Il Atx=l, v=a (¥=0)
A sinkl =0
A notequal tozerothensinkl=0
KI'=nm (or) k =*

Y(x)= A sin =

ENERGY OF THE PARTICL E

From, K? = 2uE
n

2nE4n2
n°p? =0
h2

(OR)

PH8151/ENGINEERING PHYSICS
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n? h2
Ex 8n 12

For each n— energy level and wave function
E, = eigen value and ¥, = eigen function

Enagylevelsof ane :

n=1isthelowest enegy

h? 4 h? 9 h?
1 = = =
E 81 52 E; = 555 B = 5o%
E2=4E1

General E, = n?E;
Eneagy levels are disaete — big suaessof quantum theory.
NORMALISATION OF WAVE FUNCTION:

Processhy which probability (P) of finding theparticle insidethebox can be done

For a 1D box,
P=f [F?=1
2
P=j-5A2 (sinnns) dx =1
0 S
11—cosM /E2 1
(or) A fafl dx=1 (OI') Py [X]O =1
1/2
A=[%/]

Normalized wave function can bewritten as
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nnx

fs = [2/1]1/2 _

sin

DEGENERACY AND NON-DEGENERACY:

1. DEGENERACY: For variouscombinations of quantum number , sane enagy egen
value but different eigen functions. This is called degeneracy states are called degenerate
states.

Eg: 3 combinations of quantum number which is same eigen function.
(1,1,2) (121)(211)called 3 fold degenerate.

2. NON-DEGENERACY: if same enegy eigen value comes for various combinations of

guantum number is called non-degenearacy and state is nondegeneaate state.
12 h?
8 na?

Eginx=n=n,=2Ex» =

2nx . 2ny . 2nz

1
— 8 2 1 S
= Sin Sin 111
T2 = (%/3) 3 7 \ 3

SCANNING TUNNELLING MICROSCOPE
STM isthehighest resolution imaging and nano fabrication technique available. It dgpends
on quantum tunndling of electrons froma sharp metal tip to a conducting surface.

Principle

STM has ametal needle that scans a sample by moving back and forth and gathering
information about the curvature of tohesuiface. It follows the smallest changesin the
contours of asample.

The neadle doesn’t touch the sample, however, but stays about the width of two above it.

Instumentation
A schematic of STM isshowninfig.

[ Controd voltages for piezotube
Ea
8
=
gl
- v
o
%3
§ = Tunnaling Distance comrol
& £  current smpihiur ard scanning et

;-m
1=

—ji—' Tumneling
VolTage S

Data processing
amd desplay
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It has the following componants.
e Piezoelectric tube with thetip and electrodes. Capable of movingin X, Y, Z
direction.

e Fineneedletip for sanning thesample suiface. A macroscaleimage of an etched
tungsten STM tip shownin fig.

Fig. 6.17 Tungsten tip of STM
Tip isaffixed to the piezodectric tubeinorder to cortrol it position and movement onan

atomic scale. Piezodectric materials exhibit an elongation or contraction alongther length
when an dectric field is applied.

Thefig 6.18 shows atubeof PZT, coated with metal both insideand outside

Applying voltages to theappropriate regions onthetubecauses the PZT to deform and move
thetip. The X and Y piezos control theback and forth motion of thetip, whiletheZ piezo
alow thetip to approach the surface.

Working

The tip is mechanically conneted to the sanne, an XYZ positioning device. The sharp
metal needle is brought close to the surface to be imaged. Thedistance is of the order of a few
angstrons.

A bias voltageis applied between the sample and the tip. When the needle is at a positive
paential with respect to the suiface, éectrons can tunnd through the gap and set up a snll
“tunnelling current” in the needle. This feeble tunnelling current is amplified and measured.

With the hdp of the tunndling current, the feedback electronics keeps the distance
beween tip and sample constant. The sensitivity of the STM is so large that dectronic
corrugation of surface atoms and the electron distribution around them can be detected.
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Application of STM

. The STM shows thepositions of atoms- or more precisely, thepasitions of some of the
electrons.

. Uses of STM to study metals and semiconductors suiface can providenon-trial real space
information especially in studying semiconductor sud as Sl (100) surface.

. Oneinnovative applications of STM recently foundis manipulation of atoms. For example,
Iron atoms are placed on Cu surface and dragged by the STM tip and moves acrossthe surface
to a desired position. Then, thetip was withdrawn by lowering thetunnding current.

. Toanalyzethedectronic structures of theactive sites at catalyst sufaces.

STM isusdl in thestudy of structure, growth, morphdogy, electronic structure of suiface, thin
films and nano structures.

Disadvantages of STM
¢ A small vibration, even a saund could smashthetip and thesample togdher.
e A single dustparticle, for example, could damagethe needle
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UNIT -V
Crystal Physics

INTRODUCTION

The matter in this wondeful world is foundto existin three states viz, sdids, liquids and
gases.

Weknowthat sone solids are brittle, sone are ductile, sorre are malleable, sone are
strong, sone are weak, sone are good conductors of heat and eectricity, some are bad
conductors of heat and electricity, sone are magndic, somne are non— magneic and so on, but all
these materials are composed of atoms and molecules.

The constituent particles. i.e., atoms (or) molecules of matter are hdd togehe by the
forces of attraction. The attractive forces which hold the constituent particles of a subgance
togdahe are called bonds.

The reason for these different properties of the solids are due to thdr structure. i.e., the
behaviour of the solid materials is closely rdated to the structure of the material. In this chapter

we are goingto disaussabout the different crystal structures and thar properties.

BASIC DEFINIT IONS Matter

e Ductile

e Malleable

e Goodor bad conductors

e All are composed of atons & molecules

e Attractive forces which hold the constituent particles: BONDS

Solids

Crystalline Non crystalline or Amorphous
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Crystalline
-Atoms are arranged in orderly fashion
-Have directional Properties called ANISOTROPIC

Non crystalline or Amorphous
-Not in ordely fashion
-No directiona propertties called ISOTROPIC

-donat have sharp melting point
eg: plastics
CRYSTAL

Single crystal Poly crystal
Single crystal
- Contains only oneCrystal
- Produced artificially fromther vapour or liquid state
Poly crystal
- contains aggregate of many small crystals
- sgparated well by grain boundaries
- have a sharp melting poin

eg: Diamond, copper

CRYSTALLOGRAPHY:
Study of geometric form & othe physical properties by X-rays.
FUNDAMENTALS:

e CRYSTAL:

1. Regular pdyhedral bounded by smoath surfaces.
2. Formed by chemical compound unde action of itsinter atomic forces.

e CRYSTALLIZATION: Phasechangefromliquid or gasto sdid.
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o X-RAY CRYSTALLOGRAPHY: Determination of crystal structure with thehdp of X-
Ray.

e LATTICE: Anarray of paintsimaginarily kept to represent theposition of atomsin the
crystal.

o SPACE LATTICE ORCRYSTAL LATTICE:

-3 dimensoral collections of pointsin space.
-Environment about any paticular pant is sane everywhee.
-Geometrical representation of crystal structure.

Example: 2D space lattice

LATTICE POINTS: Position of atoms or molecules in thecrystal.

BASIS OR MOTIF : A unit of atorms or molecules which areidentified with respect to the
position of lattice points.

Lattice + basis ———= crystal stucdure

Note: no of atomsin basis may be 1 or 2 or even 100
Example: Al & Ba :1NaCl, KCl —=—=—==.2

CaF, 3
CRYSTAL STRUCTURE:
Structure formed by addition of basis to every lattice point of lattice.
Space lattice + Basis---- >Crystal structure
LATTICE PLANES:
-Set of paralld & equdly spaed planes in space lattice.
- Formed with respect to lattice planes for an array of lattice points

Example:
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UNIT CELL:

Theunit cell is defined as the simallest geometric figure which is repeated to derive the
actud crystal structure. The unit cell fully represents the characteristics of the entire crystal.

LATTICE PARAMETERS: Lines drawn paralle to lines of intersection of any three faces of
unit cell which donat liein same planeare called Crystallographic axes.

e Intercepts (a, b, c) which d€fines the dimensions of a unit cell are called PRIMITIVE or
CHARACTERISTIC Intercepts.

e 3, b, c: Fundamentals translational vectors or axial lengths.

e The angles between (a, b), (b, ¢), & (c, a) are represented as a, B, y which are interfacial
angles.

=

™

o

e Intercepts (a, b, €) and Interfacial angles (a, B, y) are called as cell parameters.
PRIMITIVE CELL: Simplesttype of unit cell which contains only onelattice point per unit cell.
(Contains lattice points at its corner only)
Example: Simple cubic
NON PRIMITIVE CELL: Morethan onelattice point in a unit cell.
Example: BCC, FCC

CRYSTAL SYSTEMS:

Classified into 7 crystal systems based on lattice parameters. [(a, b, ¢) & (0, B, )]



7/ BASIC CRYSTAL SYSTEMS:

1. TRICLINIC:

e Axisisna perpendicular.
e Axislenghsnat equd.
a#b#

aAB#Y#90°
Forms: only simple
2. MONOCLINIC:

e Axes perpendicular to each othe (two).
e Third axisisobliquely indined.
e Axial lengths nat equd.

atb#c

0=y#90°#B
Forms: simple or BCC

3. ORTHORHOMIC:

o Axes (3) perpendicular to each other.
e Axia lengths are unegqud.
a#b#c
0=p=y=90°
Forms: simple, basecentered, BCC, FCC
4. TETRAGONAL:

o Axes (3) perpendicular to each other.

e Two of axial length are equd, third is different.

atb=c
o=P=y=90°
Forms: simple or BCC.
5. HEXAGONAL:
e Two of crystal axes are 120°apart.
e Thirdis perpendicular to bath of them.

PH8151/ENGINEERING PHYSICS
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e Axial length along120°are equd, third is different.
a=b=c
0=p=90°, y=120°
Form: simple
6. TRIGONAL OR RHOMOBOHEDRAL
(). 3 Axes areindined to each othe at angle othe than 90°. Axial lengths are equa

a=b=c

0=B=y£90°
Forms: Simple

Z.CUBIC:
(i). 3 crystal axes pependicular to each other
ii. Axial lengths are sane

a=b=c
0=B=y=90°
Forms:
Simple
e Cubic, BCC,
e ‘ FcC
Culy Fig
Awbimg
sperir Tigonal o Bravais
FL1 20 anly .
maPeri 130, En et Lattice
PR | \',;\_ oy |
pila [ gl a | |
B l c ;
N J —\
Hampganal Crthadhombg
Bebg Betrin
R el el Treine
Py
s e

» 14 Possbletype of Spacelattices with 7 crystal Systems
» Togehe Called Bravais Lattices

CUBIC SYSTEM - 3 axes papendicular to each othe axial lengths equd

FORMS: SC BCC FCC

l | |
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One Atom/Cornea of One Atom/Corne of
nit cdl of unit cdl

Eg: Polonium Unit cdl eg: Chromium

ii. Hexagonal:

One Atoms/Corna of
Unit cdl (8 cornas) Unit cel +onein centreof Unit cdl + Atomsin each face f

Unit cdl eg: Coppe

Atoms arelocated at each of 12 corne's of hexagon+ 2 atoms (Oneat centre of top

hexagoral face & oneat centre of bottom hexagoral face)

PARAMETERS DETERMININ G CRYSTAL STRUCTURE OF MATERIALS:

CUBIC

a=b=c
o=p=y=90° P

TETRAGONAL

1]
AR @

Bag

il

ORTHORHOMBIC

azxb=zc

o= p=y=90°

HEXAGONAL
a=b=zc

o= f=90° P
v=120°

MONOCLINIC -

bzc P 4Tyl?es of Unit Cell
af —9ne c = Primitive
o=y =90 I = Body-Centred
p+120° F = Face-Centred

C =Side Centred

TRICLINIC T
axb=zc P 7 Crystal Classes
oz pry=z90° — 14 Bravais Lattices

expressed in terms of cube edge ‘a’.
Co-ordination Number
No of nearest néghboring atoms to a particular atom

Atomic packing factor or packing density of Density of padkin

No of Atoms
[Unit cell or
Effective
Number

Total
no of Atoms
present in or
shered by a
Unit cdl.

Atomic
Radius:

Half of
distance
beween any
two  nearest
neighbour
atoms  which
each other.
Usudly
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Ratio between volumes occupied by total no of atoms/Unit cell to total volume of unit

cdl.
Vv

Volume occupied by total noof atoms/Unit cell

APF=
Total volume of unit cdll V

OR
Total no of atoms/ Unit cell x volume of one atom

Total volume of unit cdll

SIMPLE CUBIC (SC) STRUCTURE

The simple cubic structure is the simplest and easiest crystal structure. In this structure,
there is one atom at each of the ‘8’ corners of unit cell. These atoms touch each othe aong

APF =

cube edges.
NUMBER OF ATOMS/UNIT CELL :

Simple Cubic:
Cornes Shared by 8 atons

.. Each Cornea atom contribution = 1/8
.. No of Atoms/unitcell =1/8x8=1
Simple Cubic is Primitive cell.

EffectiveNo=1 |

Fig
ATOMIC RADIUS:
Simple Cubic:

Cornea Atoms touch each othea along edges:
Nearest ndghbour distance is lattice constant a.
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ATOMIC PACKING FACTOR

Definitions
a) SC
No of atoms/unit cell x volume of oneatom
APF=
Total volume of unit cdll
Nv
= — o (1)
V
For SC
(i) N=1, (i) v=24nr3{r=a}
3 3 2
V=4
8
3
= TEa_
6
(i) V=ad
Substtutein (1)
ga3
APF=—% =1
a3 6
APF=1=052

6
e Only 52%of volume of unit cell is occupied where as 48%is vacant

BODY — CENTRED CUBIC (BCC) STRUCTURE
Inthis crystal structure, the unit cell has oneatomat each corne of the cube and one
atom at thebody centre of the cube.

NUMBER OF ATOMS/UNIT CELL :

-> From Corne atoms=1/8x8=1

-> Body Centreatomis nat shered = 1
Effective No =2 Fig

ATOMIC RADIUS:

Corne atoms do nat touch each other

Each corne atomtouches body

Centered atom along ‘BODY DIAGONAL’
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.. 2atoms (A& D) arejoined by diagorels

AD?= AC? + CD?
AC?= AB?* BC?

SUB AD?~ AB?+ BC?* CD2
AD =4r; AD=16r

=>16P=33

| r=(a\2)/4 |

ATOMIC PACKING FACTOR

APF=7 , for BCC

(ON=2 (i) v=4ar3{r=aB}
3 4

_4 a33v3 _ nadv3
=% =

34X 16 16
i)V = a3
g336\/§ _
Subsitute APF = 2 X—*—== 3
a3 8

APF = %’5 =0.68

e 68%of volume of unit cell is occupied where as 32%is vacant
e Tightly packed compared to SC astheir APF is more



PH8151/ENGINEERING PHYSICS

FACE — CENTRED CUBIC (FCC) STRUCTURE
In thistype of crystal structure, the unit cell has oneatomat each corne of the
cube and oneatom at the centre of each face.

NUMBER OF ATOMS/UNIT CELL :

From Corne Atoms 1/8 x 8 =1
Face Atomis shared by 2 Atonms12 x 6 = 3

| EffectiveNo=4 |

Cornea atoms dond touch each othe. Each cornor atom touch theface centered atom. Cornor
A& C arejoinad by face diagnd.

ATOMIC RADIUS

AC? = AB? "BC? (4r)? =a*+&

ATOMIC PACKING FACTOR
APF =—
For FCC, (i) N = 4 (ii) v =4mr3{r = a2}
3 4

_ ina32ﬁ
3 16 X4

_na3v2
3X8
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(iii)V = a3
. 4)(*‘55‘3‘/7
Substitute APF =—3X8

a3

APF = %5 =074

e 74%of volume of unit cell is occupied and 26%is vacant
e FCCismosttightly packed compaedto BCC & SC

HEXAGONAL CLOSELY PACKED STRUCTURE (HCP)
A unit cdl of a close— packed hexagoral structure.

In this type of crystal structure, the unit cell has oneatom at each of the 12 cornes of the
hexagoral face, one atom each at the centre of the two hexagonal faces. 3 atoms symmetrically
arranged insidetheunit cell.

There are 3 layers of atoms in it. At the bottom layer (A), the central atom has ‘6’ nearest
neighbouring atoms in the same plane The second layer (B) which is at a distance ¢/2 from the
batom layer has 3 atoms.

HCP

There are three types of atoms
0] 12 corne atoms, oneat each corne of hexagon
(i) 2 basecentered, oneat top and battom of hexagon
(iii) 3 atomsin between top and battom faces

Example: Mg, Zn, Cd etc

LCO-ORDINATION NUMBER:

HCP structure has 3 layers:
— Bottomlayer B,
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— Middlelayer M_
— Top layer T,

Taking reference atom ‘x’ of BL; 6 atoms of its own plane+ 3 atoms of ML ; + 3 atoms of
ML, (of neghbouring atoms)

So, co-ordination number = 6+3+3=12

2NUMBER OF ATOMS PERUNIT CELL:
Corne atoms: shared by 6 unit cells
Top and battomface: shared by 2 unit cells

Centre atoms: no sharing

ix 12+2x1+3=6
6 2

AATOMIC RADIUS:
a=2r

4) RELATION BETWEEN ‘C’ AND ‘4’:

¢ — height of unit cdl
a — distance between two neghbouring
JKLMNI — corne atoms
PQT — midde layer atons
— Draw a pependicular fromOtoIN at apaoint R

— Triangle IRO

10S = 30° cos 300=°§I—

V3= 0
—> cos 30

a= Ol sq OR:a_\/23_

— ‘S’ 1s the orthocenter for INO,

— PS = c{half of unit cdl}
2
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— Triangle SOP, OP? = 0S? +SP?

—> Axid ratio=< =1.639
a

ATOMIC PACKING FACTOR (APF)

No of atoms/unit cdll x volume of oneatom
APF =

Volume of unit cell

APF= 6x43 =13
Vol of unit Cdll

Vol of unit cdl : Area of basex height
Area of base= 6 x Area of oneTriangle ( eg: ONI)
=6 x % (NI) (OR) (Basex ht)

OR=a.3 = 6x1/za—a§

= 3v3 a2/2
Volumeof unit cell =6x 3v3a2x C
Therefore APF =6 x 4/3 x2n x(a/2)3
6 3«/2 @ xC

=241 a %z (alc) (c/a= (V8/3)
APF =21 (/3/8)

APF = 0.74

Packing Density 74% and remaining 26%is vacant.
HCP isalsotightly or closdly packed.

DIAM OND

¢ Diamond has Face Centered Cubic (FCC) structure with the basis of two carbon atoms at X and
Y. The ‘X’ atom is located with an origin of (0,0,0) and the Y arm is located with an origin of
(ald4,al4,al4) (i.e.) onequarter of way alongthebody diagonal.
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o Itisclearly seen fromthefigure. The diamondstructureisformed due to interpenetration of two
FCC sublattices, having origin(0,0,0) and (1/4,1/4,1/4) alongthe body diagonal
o Theimportant parameters of thestructure are disaussed bdow:

0, = 0.357 nm

1) NUMBER OF ATOMSPERUNIT CELL :

In diamondthere are three types of atoms named as A, B ,C

i. CORNERATOMS: represented by C
ii. FACE CENTERED ATOMS represented as F
iii. FOUR ATOMS present insidetheunit cell represented as 1,2,3.4

a. Number of corner atoms per unit cell: Each corner atoms are shared by 8 unit cells. There
are 8 corneg atoms. Therefore number of corne atons per unit cdl
=(1/8)*8

=1

b. Number of Face centered atoms per unit cell: Each face centered atoms are shared by 2 unit
cdls. There are 6 face centered atoms. Therefore number of face centered atoms per unit cell

=(1/2)*6
=3

c. Number of atoms insidetheunit call: Insidetheunit cell there are 4 atoms. These atons are not
shared with othe unit cell. Therefore number of atoms pe unit cell
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=()*4
=4
NUMBER OF ATOMSPER UNIT CELL =1+3+4=8

2) ATOMIC RADIUS:

Atomic radiusis defined as half thedistance between any two nearest neghbours, which
have direct contact with each other.

e Thecorna and face centered atoms do nat have contact with each other. But the
corne and face atorms have contact with inside4 atoms
e Fromfigurethenearestneéghboursare X and Y

e Drop apependicular to Y meetingtheunit cell at Z at adistancea/ 4

(XY)?=(X2)?+(ZY)*?
=(XT)?+(T2) *+(2Y)°
= (al 4 + (al4)’ + (al 4*
=3&/16

XY can be written equd to 2r.sq
4r =34 /16
r’ =34 /64

r=a/3
=z
ATOMIC RADIUS=r =a/3 "~
il

3) COORDINATION NUMBER:

The number of nearest neéghbours to atoms to a particular atom. The number of nearest
neghboursto Y atomis4

COORDINATION NUMBER = 4

4) ATOMIC PACKING FACTOR:

Volume occupied by the atoms per unit cell

Atomic packing factor =
Volume occupied by theunit cell

Volume occupied by one atom = 4/3 nr®

In diamondthere are 8 sut atoms. Therefore volume occupied by 8 atoms

=8x 43w’
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Therelation beween atomic radiusand lattice condantis r = (a_fBT/B

3
Volume occupied by atoms per unitcel =v=8x4na 3v3 —
3 83

3
Volume occupied by atoms per unit cell =v =na 3~
16

Volume of theunit cdl = a3

3 —

Therefore APF = na 3 = nY3 =034
16 16
a3

ATOMIC PACKING FACTOR =034

It can be sad that 34% volume of the unit cell in diamond cubic structure is occupied by
atoms and remaining 66%volume is vacant. As the packing density is low, it is termed as very
loosely packed structure.

MILLER INDICES
e Crystalsare madeup of large number of parallel equidistant planes through lattice points

called lattice planes.
e Perpendicular distance between any two adjacent planes is called interplanar distance(d).
e Set of three numbersto designate a planein a crystal.

Definition :

Reciprocal of intercepts madeby plane on crystallographic axes reduced to
smallest numbers.

3 steps.
¢ Intercept madeby plane ABC along three axes is found and written in multiples of axial
length.
o Example
OA:0OB:OC=PA:QB:RC
{P=Q=3=3}

Findtheco-efficient of intercepts
¢ Findthereciprocal of these number
e Convet thereciprocal into thewhole number by multiplyingther LCM.
e Enclosethree numbers within brackets.

| mportant features of miller indices
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e |If theplaneis paralld to any axis, then itsrecipient is =«
Miller index=0
All equd spaced lines will have same miller indices

PROCEDURE TO SKETCH PLANE FROM MILLER INDICES:-
STEPL:Takereciprocal of given indces
STEP2:represent reciprocal in terms of intercepts alongaxial length by multiplying by LCM.
Eg:(424)

hkl
1) LCM=4 b

41 : 1*4:1*4=1:21orl:1:1or a :b: c_

to|
roo

4 2 4 2 2 2 2

d’ SPACING IN CUBIC LATTICE (Derivation):

Conside a plane ABC in cubic crystal with a as length of the cube edge as given below.
This planeis oneof the plane of the family of planes whose Miller indices are (h k ). A normal
ON is drawn to the plane ABC from the origin of the cube Let ON be interplanar spacing (d) of
this of plane

Fig.

This plane ABC makes the intercepts OA, OB and OC on the reference axes OX, OY and OZ a,
B and y aretheandes between reference axes andthenormal ON respectively.



PH8151/ENGINEERING PHYSICS

OA=a/h; OB=alk ; OC=al
From ONA:

Coso=ON=_d; =dih
OA ah a

From ONB:
Cosp= ON = dik
OB a
From ONC: 2z
(
Cosy= ON =gyl ‘,
oC a -
all
(l‘ >
From law of Cosines AN
O vk /B Y

Cos’a. + Cos? B + Cosiy = 1 alh

(hd)? 4 (kd)? 4 Sd)% — 1
@2 @2 (@72 Fig. 1.§3 X%

2
S+ +1)=1
d*(h® +k* +1%) =a®
d?=a%/(h* + k* + 1%)

- 2
Vh2+k2+12

CRYSTAL GROWTH TECHNIQUES
Types
+ Ranges fromsmall inexpensive to complicated methods.They are broadly classfied as
% fromsoltion
% frommelt
«» fromvapour
Solution growth
+ usal to grown crystals with high solubility
+ theeare 3 basic steps

+«»+ achievement of super sauration
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+« formation of crystal nuclei

% suaessve growth of crystals

Types of solution growth

low temperature SG

high temperature SG

Gel growth:

usel when crystal decomposes before melting paint
sdutionis created

gd(semi solid) is formed

gd istreated to form crystal

hydrothermal growth

crystals of materials which do nat have sufficient solubility in water or other sdvents at
normal presaure or temperature

Flux growth

It is similar to hydrothermal growth

Melt growth

growth frommet is used for growinglargesinge crystal

usal for material which melt congruently and showthe abseance of any phasetransition
bdow transition

Types

normal freezing
crystal pulling
zone melting
flame fusion

Bridgman technique

Bridgeman Technigue:

Principle

1. boat with molten chargeis moved acrossatemperature gradient
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2. somolten chargesoilidifiesto crystal

heater

N
=]
1

N
a
!

(o]lelslelels]slelolalalslelnlslalale]
w
(4]
L
e

W
o
|

Position [cm]

elting
oint

40 - - .
306090120
Temperature [°C]

“N00000000000000000

-
o
B

pipe
-— ﬂ)ennostat

Experimental sdup:

contains of avertical cylindrical containe in which the crystal to begrown is kept as
showninfig

thecontaing istapered conically with a paint battom surrounded by 2 furnace
furnacel — hat zone

furnace2 — cold zone

thecontaine is moved up/down to movefrom hat/cold zone

Working

thematerial to becrystallized is kept in baoat and kept insidethe container
furnacel is on

Material is heated to high temp.

material goes to molten state

lowered from hat zoneto cold zone

movement speed: 1 — 30 mm/hour

crystallization begins at thetip and starts sdidifying

Advantages

relatively cheaper

melt composition can becortrolled
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Disadvantages
* growthrateislow
* moredislocationin crystal

* polycrysta might grow

Czochralski Technique

T |
Pulling rod —»

.

Water cooled

( |/
&\:{é %w— flange

==

s

| p
| w

|
’ ’ «i 7/‘"' Growing crystal
I a7

| View porl

o 2t || O— Crucible

0 I{ S 40 5

‘C)I ’ y @ E 844 Water L‘;»«I\_icd :
O [ O sopper RE col
@) [ | & coppe

RE\ b ~ Pedestal

4 — Rubber gasket

Fig.
* oneof thebasic methodto grow largesingle crystal
+  material istaken in suitable crystal
* heated by radio frequency heater
» clear metisga with liquid suiface on top
* monoaystallineseed is attached to therod and mounted on melt

+ thecurrent isfed to heater coil sothat thepartion of dipped seed is melted and t menisaus
is formed

» therodisrotated upwards and as met freezes onthecrystal onthesame orientation of
thesexd
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» otherwise called as ‘necking procedure’
Growth from vapour
+  material to begrown is suppled in theform of vapour
* thepowdes of material are atomized
» seed crystal is brought near the melting point sothat atoms arrive on it
+ thinfilm deposition
Types
1. vaccum evaporation
2. sputering
3. chemical deposition
Epitaxy
« growth of single crystal semiconductor layers
* crystal isgrown onasubgrate of thesame material it is homoepitaxy
» crysta isgrown onasubgrate of the difference material it is heeroepitaxy
Types of epitaxy
» liquid phase epitaxy
* liquid phase dectron epitaxy
* vapour phaseepitaxy
* molecular beam epitaxy

» chamical beam epitaxy

CRYSTAL DEFECTS
The real crystals are of finite size they have a surface as their boundary. At the

boundary atomic bonds terminate and hence the surface itself is an imperfection. In
addition, there are other occa- siond disruptions in periodicity within a crystal. Many of
the properties of crystalline materials are structure sendtive properties. They mainly depend
on the presence or absence of imperfections. Crystalline imperfections can be classified on

the basis of their geometry as follows
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+ Point imperfections
+ Lineimperfections and
+ Surface imperfections

+ volume Imperfections

Point imperfections
They are imperfect point like regions, one or two atomic diameters in size and hence

referred to as zero dimensiond imperfections There are different kinds of point

imperfections They are

+ A vacancy refersto an atomic site from where the atom is missing as shown infigure

O—O—) «—B—60-— Vacancy

Figure5.43:

Vacancy

« A Substitutiona impurity or solute is a point imperfection. It refersto aforeign
atom that substitutes for or replaces a parent atom in the crystal asin figure

Figure 5.44: Substitute Defect

« A small sized atom occupying the void space in the parent crystal without
disturbing the parent atoms from their regular sitesis an Interstitial impurity as

shown figure
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—Foreign Atom (C)

v 7

./A‘\ } ‘Ah .
SABD S 6
Figure 5.45: Interstitial |mpurity

+ Inionic crystals, an ion displaced from aregular site to an interstitial siteis
called Frankel

imperfections as shown in figure. As cations are generally the smaller ones, it is

possible for them to get displaced into the void space.

+ A pair of one cation and one anion can be missing from an ionic crystal and
such a pair of vacant ion siteis called Schottky imperfections. Thistype of defect
isdominant in alkali hdides

©0 O 0

0 COOO D i
DX = ROY - ) O

O Q@OOGE

Figure 5.46: Schottky Frankel imperfections

Line Imperfections

These are defects in crystalline materials which extend for large distances through a

crystal. They are vitally important since they govern the bulk mechanical properties of

the material. These line defects are known as dislocations. There are two main types of

dislocations which can occur in crystalline materials. They are asfollows

- edge dislocation::
. screw dislocation
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Figure 5.47: Edge Dislocation

Because of dislocation, just above the discontinuity, the atoms are squeezed
and are in a state of compression. Just below the disoontinuity, the atoms are pulled
apart and are in a state of tension. The distorted configuration extends all along the
edge into the crystal. Thus as the region of maximum distortion is centred around the
edge of the incomplete plane, this distortion represents a line imperfection called an
edge dislocation. Edge dislocations are symbolically represented by and T depending
on whether the incomplete plane starts from the top or from bottom of the crystal.
These two configurations are referred to as positive and negative edge dislocations.
The magnitude and the direction of the dispacement are defined by a vector called the

Burgers vector.

Saew dislocation resuts from a disgacement of the atoms in one part if a
crystal relative to the rest of crystal, forming a spiral ramp around the dislocation line
asillustrated in fig. 5.28. It shows a method of determining the Burgers vector applied
to an edge location. It is first necessary to choose arbitrary a positive direction for the
dislocation and then to find out the vector which closes a circuit. In the Figure,
Burgers circuit is drawn, Burgers vector b is required to close the circuit, which is

parallel to the dislocation line.

Figure 5.48: Screw
Dislocation
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Surface | mper fection

Surface Defects (or) plane Defects (or) Two Dimensona Defects The defects, which
take place on the surface of a material, are known as surface defects or plane defects.
The surface defects takes place either due to imperfect packing of atoms during
crystallization or defective orientation of the surface.

The following are the different types of surface defects.

(d) Stacking Fault Whenever the Stacking of atoms is not in proper seguence
throughout the crystal, the defect caused is called Stacking fault. Explanaion Fig.
shows the proper sequence of atomic planes if we read from bottom to top as A-B-C-A- B-
C-A-B-C

PEOPOA>E0
i

Figure 5.52: Proper
arrangement

Fig. shows theimproper sequence of atomic planes as A-B-C-A-B- A-B-A-B-C

>O0>P® >E>m

Figure 5.53: Stacking Fault

These are the crystal impurities.



