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MECHANICAL PROPERTIES

9.1 ¥ ELASTIC AND PLASTIC BEHAVIOUR
OF SOLIDS

1. Define the terms deforming force, elasticity and
plasticity. What are perfectly elastic and perfectly plastic
bodies ? Give examples.

Elastic and plastic behaviour of solids. By a rigid
body, we generally mean a hard solid object having a
definite shape and size. In reality, solid bodies are not
perfectly rigid. They can be stretched, compressed and
bent. When an external force is applied, a body may
get deformed. When the deforming force is removed,
some bodies tend to regain their original size and
shape while others do not show any such tendency. Let
us define few terms to explain this behaviour of bodies.

Deforming force. If a force is applied on a body
which is neither free to move nor free to rotate, the
molecules of the body are forced to undergo a change
in their relative positions. As a result, the body may
undergo a change in length, volume or shape. A force
which changes the size or shape of a body is called a
deforming force.

Elasticity. If a body regains its original size and shape
after the removal of deforming force, it is said to be elastic

OF SOLIDS

body and this property is called elasticity. For example, if
we stretch a rubber band and release it, it snaps back to
its original length.

Perfectly elastic body. If a body regains its original
size and shape completely and immediately after the removal
of deforming force, it is said to be a perfectly elastic body. The
nearest approach to a perfectly elastic body is quartz fibre.

Plasticity. If a body does not regain its original size and
shape even after the removal of deforming force, it is said to
be a plastic body and this property is called plasticity. For
example, if we stretch a piece of chewing-gum and
release it, it will not regain its original size and shape.

Perfectly plastic body. If a body does not show any
tendency to regain its original size and shape even after the
removal of deforming force, it is said to be a perfectly plastic
body. Putty and paraffin wax are nearly perfectly
plastic bodies.

N P — T T
S g 3 For Your Knowledge:
A No body is perfectly elastic or perfectly plastic. All the
bodies found in nature lie between these two limits:
* When the elastic behaviour of a body decreases, its
~plastic behaviour increases.

9.1
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ELASTIC BEHAVIOUR IN TERMS OF
INTERATOMIC FORCES

2. Give an explanation of the elastic properties of
materials in terms of interatomic/intermolecular forces.

9.2

Elastic behaviour in terms of interatomic forces.
The atoms in a solid are held together by interatomic
forces. The variations of potential energy U and inter-
atomic force F with interatomic separation r are shown
in Figs. 9.1(a) and (b) respectively.

When the interatomic separation 1 is large, the
potential energy of the atoms is negative and the
interatomic force is attractive. At some particular
separation 1, the potential energy becomes minimum
and the interatomic force becomes zero. This sepa-
ration 1, is called normal or equilibrium separation.
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Fig. 9.1. (a) Interatomic potential energy U,
(b) Force F, between two identical atoms as a
function of interatomic separation r.

When separation reduces below 1, the potential
energy increases steeply and the interatomic force
becomes repulsive.

Normally, the atoms occupy the positions (r = r) of

the interatomic forces of attraction / repulsion restore
the atoms to their equilibrium positions. The body
regains its original size and shape. The stronger the
interatomic forces, the smaller will be the displace-
ments of atoms from the equilibrium positions and
hence greater is the elasticity (r modulus of elasticity)
of the material.

3. Explain elastic behaviour of solids on the basis of
mechanical spring-ball model of a solid.

Elastic behaviour on the basis of spring-ball
model of a solid. The atoms in a solid may be regarded
as mass points or small balls connected in three-
dimensional space through springs. The springs
represent the interatomic forces. This is called spring-
ball model of a solid, as shown in Fig. 9.2.
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Fig. 9.2 Spring-ball model for explaining
elastic behaviour of solids.

Normally, the balls occupy the positions of mini-
mum potential energy or zero interatomic force. When
any ball is displaced from its equilibrium position, the
various springs connected to it exert a resultant force
on this ball. This force tends to bring the ball to its
equilibrium position. This explains the elastic behaviour
of solid in terms of microscopic nature of the solid.

9.3  STRESS

4. Define the term stress. Give its units and
dimensions. Describe the different types of stress.

Stress. If a body gets deformed under the action of
an external force, then at each section of the body an
internal force of reaction is set up which tends to restore
the body into its original state. The internal restoring

minimum potential energy called the positions of f07Ce Set up per unit area of cross-section of the deformed

stable equilibrium. When a tensile or compressive
force is applied on a body, its atoms are pulled apart or
pushed closer together to a distance r, greater than or
smaller than 1. When the deforming force is removed,

body is called stress. As the restoring force is equal and
opposite to the external deforming force, therefore

Stress — Applied force _F

Area A



The SI unit of stress is Nm™2 and the CGS unit is
dyne cm % The dimensional formula of stress is
ML IT72),

Types of stress :

() Tensile stress. It is the restoring force set up per
unit cross-sectional area of a body when the
length of the body increases in the direction of
the deforming force. It is also known as
longitudinal stress.

(i) Compressional stress. It is the restoring force
set up per unit cross-sectional area of a body when
its length decreases under a deforming force.

(iii) Hydrostatic stress. If a body is subjected to a
uniform force from all sides, then the corres-
ponding stress is called hydrostatic stress.

(iv) Tangential or Shearing stress. When a deforming
force acts tangentially to the surface of a body, it
produces a change in the shape of the body. The
tangential force applied per unit area is equal to
the tangential stress.

"STRAIN

5. Define the term strain. Why it has no units and
dimensions ? What are different types of strain ?

Strain. When a deforming force acts on a body, the
body undergoes a change in its shape and size. The
ratio of the change in any dimension produced in the body to
the original dimension is called strain.

Change in dimension

924

Strain =

Original dimension
As strain is the ratio of two like quantities, it has no
units and dimensions.
Types of strain :

(i) Longitudinal strain. It is defined as the increase in

length per unit original length, when the body is
deformed by external forces.

Change in length _ Al
Original length l
(i) Volumetric strain. It is defined as the change in

volume per unit original volume, when the body is
deformed by external forces.

Longitudinal strain =

Change in volume _ AV
Original Volume  V
(iif) Shear strain. It is defined as the angle 6 (in radian),
through which a face originally perpendicular to the fixed
face gets turned on applying tangential deforming force.
Shear strain =0 =tan 6

Volumetric strain =

_ Relative displacement between 2 parallel planes
Distance between parallel planes

N
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9.5 ELASTIC LIMIT

6. What is meant by the term elastic limit ?

Elastic limit. If a small load is suspended from a
wire, its length increases. When the load is removed,
the wire regains its original length. But if a sufficiently
large force is suspended from the wire, it is found that
the wire does not regain its original length after the
load is removed. The maximum stress within which the
body regains ifs original size and shape after the removal of
deforming farce is called elastic limit. If the deforming force
exceeds the elastic limit, the body acquires a permanent
set or deformation and is said to be overstrained.

9.6 HOOKE'S LAW AND MODULUS
OF ELASTICITY

7. State Hooke's law. How can it be verified experi-
mentally ? "

Hooke’s law. From experimental investigations,
Robert Hooke, an English physicist (1635-1703 A.D.),
formulated in 1679 a law known after him as Hooke's
law which states that the extension produced in a wire is
directly proportional to the load applied.

In 1807, Thomos Young pointed out that the strain is
proportional to the extension of the wire and the stress
is proportional to the load applied. He, therefore, modi-
fied Hooke's law to the more general form as follows :

Within the elastic limit, the stress is directly proportional
to strain. Thus within the elastic limit,

Stress o Strain

or Stress = Constant x Strain
or Stre.ss = Constant
Strain

The constant of proportionality is called modulus
of elasticity or coefficient of elasticity of the material.
Its value depends on the nature of the material of the
body and the manner in which it is deformed.

Experimental verification of
Hooke’s law. As shown in Fig.
9.3, suspend a metallic spring
from a rigid support and attach to
its lower end a pan and a pointer.
Arrange a scale in the vertical
position so that a pointer is able to
move along it. Read the position
of the pointer on the scale when
the pan is empty. Place a weight of
50 gram in the pan. Note the
position of the pointer on the
scale. The difference between the
two readings gives the extension
produced in the spring by the
weight added in the pan.
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Fig. 9.3 Arrange-
ment for studying
Hooke's law.
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Increase the weight in
the pan in steps of 50 gram
and note the corresponding
extensions. Plot a graph
between the extension of
spring and the total load
producing it. The graph is a
straight line, as shown in

Extension —

O Load applied —
Fig. 9.4. This indicates that «eemmme s omm
extension o load applied. Fig. 9.4 Load-
This verifies Hooke's law. ~ €xtension graph.

o s

A\ Like Boyle’s law, Hooke's law is one of the earliest
quantitative relationships in science.

A\ Hooke’s law is valid only in the linear position of the

stress-strain curve. The law is not valid for large

values of strains.

4\ Stress is not a vector quantity since, unlike a force,

the stress cannot be assigned a specific direction.

A When a wire, suspended from a ceiling, is stretched

by a weight (F) suspended from its lower end, the

ceiling exerts a force on the wire equal and opposite to

the weight F. But the tension at any cross-section A of

the wire is just F and not 2F. Hence the tensile stress

which is equal to the tension per unit area is equal to

F/A.

8. Define modulus of elasticity. Give its units and dimen-
sions. What are different types of moduli of elasticity ?
Modulus of elasticity. The modulus of elasticity or
coefficient of elasticity of a body is defined as the ratio of
stress to the corresponding strain, within the elastic limit.
Stress

Strain

Modulus of elasticity, E =

The SI unit of modulus of elasticity is Nm™~ 2 and its
dimensions are [ML 1T~ 21
Different types of moduli of elasticity. Corres-
ponding to the three types of strain, we have three
important moduli of elasticity :
(i) Young’s modulus (Y), ie, the modulus of
elasticity of length.

(i) Bulk modulus (x), i.c., the modulus of elasticity of

volume. .
(iif) Modulus of rigidity or shear modulus (), i.e.,
modulus of elasticity of shape. .

9.7  YOUNG’'S MODULUS OF ELASTICITY

9. Define Young'’s modulus of elasticity. Give its units
and dimensions.

Young's modulus of elasticity. Within the elastic
limit, the ratio of longitudinal stress to the longitudinal .
strain is called Young's modulus of the material of the wire.

As shown in Fig. 9.5, suppose
a wire of length | and cross-
sectional area A suffers an increase
in length Al under a force F acting !
along its length [ Then Young's
modulus is given by

-l
LAl

= 4
tiRAreaw'i

_ Longitudinal stress

- Longitudinal strain

_F/A
Alll F
or F I ﬁFzﬁ"mﬁ'l-é ."t’zf'svi."."BSYYllf-.-nL"I".:
=—.— ig. 9. oung’s
f A . modulus of
If the wire has a circular elasticity.

cross-section of radius r, then
F 1
| w? Al
Ifl=1m, A=1m?’and Al=1m, thenY = F.
Thus, Young's modulus of elasticity is equal to the force
required to extend a wire of unit length and unit area of

cross-section by unit amount, -i.e., the force required to
double the length of the wire.

Units and dimensions of Y. The SI unit of Young's

modulus is Nm™? or pascal (Pa) and its CGS unit is
dyne cm” %, The dimensional formula of Y is[ML™ T2

9.8 ' STRESS-STRAIN CURVE FOR
A METALLIC WIRE

10. Explain what happens when the load on a metal
wire suspended from a rigid support is gradually increased.
Illustrate your answer with a suitable stress-strain graph.

Stress-strain curve for a metallic wire. Fig. 9.6,

shows a stress-strain curve for a metal wire which is
gradually being loaded.

Proportional limit

Elastic limit
or yield point
r yield poin D
Frac.ture
B:C point
A !

Plastic
behaviour

Stress —

™ Elastic
behaviour

1
!
'
I
‘/', Permanent set
i

O fE
kY <1% -

L TSI KRNEEY 0 .
Fig. 9.6 A typical stress-strain curve for a
ductile metal.
(i) The initial part OA of the graph is a straight line
indicating that stress is proportional to strain. Upto the

|
Strain —» 30%
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point A, Hooke’s law is obeyed. The point A is called
the proportional limit. In this region, the wire is
perfectly elastic.

(i) After the point A, the stress is not proportional
to strain and a curved portion AB is obtained.
However, if the load is removed at any point between
O and B, the curve is retraced along BAO and the wire
attains its original length. The portion OBof the graph
is called elastic region and the point Bis called elastic
limit or yield point. The stress corresponding to the
yield point is called yield strength (S, ). Upto point B

the elastic forces of the material are conservative i.e.,
when the material returns to its original size, the work
done in producing the deformation is completely
recovered.

\. (iif) Beyond the point B the strain increases more
rapidly than stress. If the load is removed at any point
C, the wire does not come back to its original length but
traces dashed line CE. Even on reducing the stress to
zero, a residual strain equal to OE is left in the wire.
The material is said to have acquired a permanent set.
The fact that the stress-strain curve is not retaced on
reversing the strain is called elastic hysteresis.

(iv) If the load is increased beyond the point C,
there is large increase in the strain or the length of the
wire. In this region, the constrictions (called necks and
waists) develop at few points along the length of the
wire and the wire ultimately breaks at the point D,
called the fracture point. In the region between Band
D, the length of wire goes on increasing even without
any addition of load. This region is called plastic region
and the material is said to undergo plastic flow or
plastic deformation. The stress corresponding to the
breaking point is called ultimate strength or tensile
strength of the material.

9.9  DETERMINATION OF YOUNG'S MODULUS
OF THE MATERIAL OF A WIRE

11. Explain an experiment for the determination of
Young's modulus of the material of a wire.

Experiment to determine the Young’s modulus of
the material of a wire. A simple experimental
arrangement used for the determination of Young's
modulus of the material of a wire is shown in Fig. 9.7. It
consists of two long straight wires of same length and
equal radius suspended side by side from a fixed rigid
support. The wire A, called the reference wire, carries a
main milliammeter scale M and below it a heavy fixed
load. This load keeps the wire taught and free from
kinks. The wire B, called the experimental wire, carries a

vernier scale at its bottom. The vernier scale can slide
against the main scale attached to the reference wire. A
hanger is attached at the lower end of the vernier scale.
Slotted half kg weights can be slipped into this hanger.

[ 1
A IT‘ 1B
Reference Experimental
wire wire
g
Main v Vernier
scale scale
Fixed Slotted
weight weights

Fig. 9.7 Experimental arrangement for the
determination of Young’'s modulus.

With the help of a screw gauge, the radius of the
experimental wire is measured at several places. Let r
be the initial average radius and Lthe initial length of
the experimental wire. A small initial load, say 1 kg, is
put on the hanger. This keeps the experimental wire
straight and kink free. The vernier scale reading is
noted. A half kg weight is added to the hanger. The
wire is allowed to elongate for a minute. The vernier
scale reading is again noted. The difference between
the two vernier readings gives the extension produced
due to the extra weight added. The weight is gradually
increased in few steps and every time we note the
extension produced.

A graph is plotted between the load applied and
extension produced. It will be a straight line passing
through the origin, as shown in Fig. 9.8.

Slope of the load-
extension line T
=
N
=tan O = AL =
Mg Z
_ Mg :
Stress = 2 A0
Load —
. AL L .
Strain = 0 Fig. 9.8 Load-extension

graph.

The Young’'s modulus of the material of the
experimental wire will be

Y = Stress Mg L L

Strain AL : o tan 0
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9.10 CLASSIFICATION OF MATERIALS ON
THE BASIS OF STRESS-STRAIN CURVE

12. Distinguish between ductile and brittle materials
on the basis of stress-strain curve.

(1) Ductile materials. The materials which have large
plastic range of extension are called ductile materials. As
shown in the stress-strain curve of Fig. 9.9, their fracture
point is widely separated from the elastic limit. Such
materials undergo an irreversible increase in length
before snapping. So they can be drawn into thin wires.
For example, copper, silver, iron, aluminium, etc.

Elastic limit
D

1+ A Breaking
@ point
(V]
E
w

(@] Strain —

e S A

Fig. 9.9 Stress-strain curve for a brittle material.

(i) Brittle materials. The materials which have very
small range of plastic extension are called brittle materials.
Such materials break as soon as the stress is increased
beyond the elastic limit. Their breaking point lies just
close to their elastic limit, as shown in Fig. 9.9. For
example, cast iron, glass, ceramics, etc.

13. Explain malleability on the basis of load-com-
pression curve.

Malleability. When a solid is compressed, a stage
is reached beyond which it cannot recover its original
shape after the deforming force is removed. This is the
elastic limit (point A’) for compression. The solid then
behaves like a plastic body. The yield point (B)
obtained under compression is called crushing point.
After this stage, metals are said to be malleable i.c.,

they can be hammered or rolled into thin sheets. For

example, gold, silver, lead, etc.

« Compression

Crushing
oint
P \ A’
Elastic
B limi
! imit

« Applied force

Fig. 9.10 Load-compression curve for a metal,

9.11 ELASTOMERS

14. What are elastomers ? Give examples. Draw a
stress-strain curve for an elastomer.

Elastomers. The materials which can be elastically
stretched to large values of strain are called elastomers. For
example, rubber can be stretched to several times its
original length but still it can regain its original length
when the applied force is removed. There is no well
defined plastic region, rubber just breaks when pulled
beyond a certain limit. Its Young’s modulus is very
small, about 3x10° Nm~2 at slow strains. Elastic

T
—~ Aot
&
Z
=
~ 05
n
0 - L
0 0.5 1.0
Strain —

Fig. 9.11 Stress vs. strain curve for the elastic
tissue of aorta.

region in such cases is very large, but the material does
not obey Hooke’s law. In our body, the elastic tissue of
aorta (the large blood vessel carrying blood from'the
heart) is an elastomer, for which the stress-strain curve
is shown in Fig. 9.11.

tJoHe 9.1 Young's moduli, ultimate strengths and
yieH strengtlws o{ some maferio|s

, Ultimate Yield
Sub- Density p m:‘;:;:i SY strength | strength
stance (kgm~3) (10° Nm-2) S, Sy
10°Nm™?) [(10° Nm2)

Aluminium 2710 70 110 95
Copper 8890 110 400 200
Iron 7800-7900 190 330 170
(wrought)
Steel 7860 200 400 250
Glass 2190 65 50 -~
Concrete _ 2320 30 40 -
Wood 22D 13 50 -
Bone 1900 170 -
Poly- 1050 3 48 -
styrene

The above table shows that metals have large
Young's moduli. Such materials require large forces to
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produce small changes it length i.c., they are highly
elastic. Thus steel is more elastic than copper, brass
and aluminium. That is why steel is preferred for
making heavy-duty machines and structural designs.
On the other hand, the materials like wood, bone,
concrete and glass have small Young's moduli.

Examples based on.. .

250 MY oung's NMody
L N e i IR A RS
FormuLaAE Usep
Force F
1. Stress = =—
Area A

Change in length Al

2. Longitudinal strain =
ongitucina stram Original length [

3. Young's modulus

_ Longitudinal stress or Y= FlA _
- Longitudinal strain AlJ

4. Percentage increase in length,
A—I x 100 = ~—F— x 100
! AY

Units Usep

Force F is in newton, area A in mz, stress in
Nm~™ 2,Young’s modulus Yin Nm™ 2 or Pa,strain
Al/1 has no units

Examprr 1. The length of a suspended wire increases by
10~ ¥ of its original length when a stress of 107 N2 is
applied on it. Calculate the Young’s modulus of the material
of the wire. [Delhi 03C, 05C]

Solution. Strain =ATI =104, stress = 107 Nm~2

Young's modulus,
Stress 107 Nm™?
Y= = Tt
10°
ExampLE 2. A uniform wire of steel of length 2.5 m and
density 8.0 genr 3 weighs 50 g. When stretched by a force of

10 kgf, the length increases by 2 mm Calculate Young's
modulus of steel.

Solution. Here [=2.5m =250 c¢m,

= — = =10" Nm~ %
Strain

Al=2 mm =0.2 cm,
F=10kg f=10%9.8 N =10 x 9.8 x 10 dyne
Mass = Volumex density
_Mass 50

= = =0.025 em?
Ixp 250x8

Young's modulus,
_F 1 ,10x98x107x250
0.025x 0.2

AAlC
=4.9x 10" dyne cm 2.

ExamrLr 3. A structural steel rod has a radius of 10 mm
and a length of 1 m A 100 kN force F stretches it along its
length. Calculate (a) the stress, (b) elongation, and (c) strain
on the rod. Given that the Young's modulus, Y, of the
structural steel is 2.0 x 10" Nui™ 2. [NCERT]
Solution. Here r=10 mm =0.01m, [ =1m,

F-100 kN =10°N, ¥ =2.0x 10" Nm~?
F 10° N

a) Stress =
(@) A w2 (22/7)%(0.01 m)
~3.18x10* Nm %
nas v=L.1
A Al
. Elongation,
F 1 318x10%x1
Al=—.—= e 11
AY 2.0x 10
~159% 10" % m = 1.59 mm.
; -3
(c) Strain = Al =1.59 % 1077 m

0
=1.59 % 107> = 0.16%.

ExampLE 4. What is the percentage increase in the length of

a wire of diameter 2.5 mm stretched by a force of 100 kg wt ?

Young's modulus of elasticity of the wire is 12.5 x 10!
dyne cm” 2

1m

Solution. Given r=1.25 mm =0.125 cm,
F =100 x 9.8 =980 N =98 x 10° dyne
Y =125 x 10" dyne em >
F I Al F F

As Y = . b o =
A Al I AY Y

.. The percentage increase in length is

Fx100  98x10°x7x100
oY 22 % (01257 x12.5x% 10"

ATIX]_OO:

=15965% 10~ % = 0.16%.

Examrrr 5. The breaking stress for a metal s

78 x 10° Nm 2. Calculate the maximum length of the wire

made of this metal which may be suspended without

breaking. The density of the metal =7.8 x 10% kg m™ . Take

¢=10 N kg™ .. ' [Delhi 03]
Solution. Breaking stress

= Maximum stress that the wire can withstand

el

=7.8x 10" Nm™~.

When the wire is suspended vertically, it tends to
break under its own weight. Let its length be [ and
cross-sectional area A.
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Weight of wire = mg = volume x density x g = Alpg

Weight _ Alpg
A

Stress = =l
A P8

For the wire not to break,
Ipg =Breaking stress =7.8 x 10° Nm ™2
7.8x10° 8x10°
_ x 10 _ 7 X;O ~10° m.
ps 7.8x10° x 10

l

ExAMPLE 6. A rubber string 10 mlong is suspended from a
rigid support at its one end. Calculate the extension in the
string due to its own weight. The density of rubber is
1.5x 10° kg mi? and Young's modulus for the rubber is
5x10° Nm % Take g =10 N kg~ . [Delhi 03]

Solution. Let the area of cross-section of the string
be Am? Then the weight of the string is
W = mg =volume x density x ¢
=10 Ax15x10°x10=15x10°AN

Longitudinal stress
= % =15x%10° Nm™ 2

As the weight of the string acts on its centre of
gravity, so it produces extension only in 5 m length of
the string. If Al be the extension in the string, then

Longitudinal strain = —A’—l = %I‘
Young's modulus,

Y- Longitudinal stress

Longitudinal strain

5
or 5x 106 19X 10,
Al/5
15x10°x 5
AI=S—XIO6—-—=0.15 m.

Exavivrr 7. Assilica glass rod has a diameter of 1 cmand is
10 cmlong. The ultimate strength of glass is 50 x 10° Nmi 2,
Estimate the largest mass that can be hung from it without
breaking it. Take g =10 N kg™

Solution. Radius, r =—% cm =0.5x 10”2 m, ultimate

strength = 50 x 10® Nm~ 2.
Let Mbe the largest mass that can be hung. Then

Ultimate strength = Mg
o
or 50 x 10° = Mx10
3.14 x (0.5 x 10~ 2)?
50 x 10% x 3.14 x 0.25 x 10~ ¢
or M=

10
=392.5 kg.

Lxamrrr: 8. A composite wire of uniform diameter 3.0 mm
consisting of a copper wire of length 2.2 mand a steel wire of
length 1.6 mstretches under a load by 0.7 mm . Calculate the
load, given that the Young's modulus for copper is
1.1x 10" Paand for steel is 2.0 x 10! pa,

[NCERT ; Delhi 09]

Solution. Here r=% mm=15x10"3 m,

[.=22m,[ =16m
Al + Al =07 mm =07x10 % m
Y, =1.1x 10" Pa, ¥, =2.0x 10" Pa

As same load (say F) is being applied on both the
wires, which have same area of cross-section A, so
stress is same for both wires.

But Stress = £
A

=Young's modulus x strain =Y x %—I

Now, Stress on copper wire = Stress on steel wire
Y. x A—I‘ =Y x ézi
€1 $ L

c

11
Al Y, xl 20x10"x22

or = = 11 =L
Al Y,xI 11x10"x16
or Al =2.5Al,
But Al +AL=07x10"°m
or 35AL =0.7x10"% m
-3
or A =27 10 0x107 m
35
and Al =25x20%x10"*=50%x10"*m
Load, F=AxY x 2kt _n2y « 2k
‘ ln: ‘ !C
-4
= % x(1.5x1072)2 x1.1x 10" xM—
=176.8 N.

EXAMPLE 9. The maximum stress that can be applied to the
material of a_wire used to suspend an elevator is
1.3 x 108 N2, If the mass of the elevator is 900 kg and it
moves yup with an acceleration of 2.2 ms™2, what is the
minimum diameter of the wire ?
Solution. As the elevator moves up, the tension in
the wire is
F=mg+ma=m(g+a)
=900x (9.8 +2.2)=10,800 N
F

Stress in the wire = f =—_

nr

Clearly, when the stress is maximum, r is minimum.
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. Maximum stress = ;
T min
2 F
or r. =
min r % Maximum stress
- 1080 0264510 ¢ m
3.14x13x10
or r. =05142x10"%* m

min
Minimum diameter
=2r . =2x05142 x 1072

=1.0284 x 10~ 2 m.

ExampLE 10. A mass of 100 gram is attached to the end of a
rubber string 49 cmlong and having an area of cross-section
20 mnt. The string is whirled round, horizontally at a
constant speed of 40 rps in a circle of radius 51 cm Find
Young's modulus of rubber.

Solution. When the mass is rotated at the end of the
rubber string, the restoring force in the string is equal
to the centripetal force.

F = mra® =mr 2n v)2

=100 x 51 % (2 x 7 x 40)% dyne

Also =49 cm, Al=51-49=2 cm,
A=20 mm? =20x 10" % cm?
Hence =Ei
A Al
_ 100 x 51 x 4 x 9.87 x 1600 x 49
20x10" 2% 2

[n? =9.87]
=3.95x 10" dyne cm™~?
=3.95x 10° Nm 2

EXAMPLE 11. A uniform heavy rod of weight W,
cross-sectional area A and length | is hanging from a fixed
support. Young’s modulus of the material of the rod is Y.
Neglecting the lateral contraction, find the elongation
produced in the rod.

Solution. As shown in Fig. 9.12, consider a small
element of thickness dx at distance x from the fixed
support. Force acting on the element dx is

F = Weight of length (I - x) of the rod

=v—:/-(l—x) " N

Elongation of the element

= Original length x stress dx[—] T
F/IA_ W e
=d = (1-x)d l
xx Y I Ay (F=x)dx

Total elongation produced in the rod

IExXAmMPLE 12. A steel wire of uniform cross-section of
1 mnt* is heated to 70°C and stretched by tying its two ends
rigidly. Calculate the change in the tension of the wire when
the temperature falls from 70°C to 35°C. Coefficient of linear,
expansion of steel is 1.1$ 107°°C™" and the Young's
modulus is 2.0 x 10" N .

. { 2 -6 __ 2
Solution. Here A=1mm*“=10""m",
AT =70 -35 =35°,
a=11x10"°°C"', ¥ =20x10" Nm™?
Increase in length Al =l o AT
“ . Sirain :AT’ =0 AT =1.1%x10">x35=385x10""
&

If T is the tension in the wire due to the decrease in
temperature, then

Stress = I =L6 Nm~?
A 107
But Stress =Y x Strain
Lﬁ =20x10" x385%x10°°
10~

or T=20x385=77.0N.

EXAMPLE 13. In a human pyramid in a circus, the entire
weight of the balanced group is supported by the legs of a
performer who is lying on his back (as shown in Fig. 9.13).
The combined mass of all the persons performing the act, and
the tables, plaques etc. involved-is 280 kg. The mass of the
performer lying on his back at the bottom of the pyramid is
60 kg. Each thighbone (femur) of this performer has a length
of 50 cm and an effective radius of 2.0 cm. Determine the
amount by which each thighbone gets compressed under the
extra load. [NCERT]

Fig. 9.12

Fig. 9.13
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Solution. Total mass of all the performers, tables,
plaques, etc.

=280 kg
Mass of the performer =60 kg

Mass supported by the legs of the performer at the
bottom of the pyramid,

M =280 -60 =220 kg
Weight of the supported mass,
W = Mg =220x9.8=2156 N

Weight supported by each thighbone of the performer,
W 1

F=—=-—x2156=1078 N
2 2

Young's modulus of bone, Y =9.4 x 10° Nm ™2
Length of each thighbone, [=0.5m
Radius of a thighbone, r=20cm=2x10"?m
Cross-sectional area of the thighbone,

A=nr* =314 x (2 x10™ 2)?

=126x10"° m?

Compression produced in each thighbone of the

performer,
F 1 1078 x 0.5

=—,— = 3 gm
AY 126x1072x94x10
=4.55%x10"° m =4.55x 10~ cm.

Al

=

# PROBLEMS FOR PRACTICE

1. A wire increases by 10” > of its length when a stress
of 1x10%° Nm~2? is applied to it. What is the
Young's modulus of the material of the wire ?

[Delhi 98] (Ans. 10" Nm™?)

2. What force is required to stretch a steel wire 1cm?
in cross-section to double its length ? Given
Y=2x10" Nm~2% (Ans. 2 x 107 N)

3. Find the stress to be applied to a steel wire to
stretch it by 0.025% of its original length. Y for steel
is 9 x 10" Nm~ 2, (Ans. 2.25 x 107 Nm~2)

4. A steel wire of length 4 m and diameter 5 mm is
stretched by 5 kg-wt. Find the increase in its length,
if the Young’s modulus of steel wire is
2.4 x10™ " dyne cm 2. [Delhi 05]

(Ans. 0.0041cm)

5. Two wires made of the same material are subjected
to forces in the ratio of 1 : 4. Their lengths are in the
ratio 8 : 1 and diameter in the ratio 2 : 1. Find the
ratio of their extensions. (Ans. 1:2)

6. A wire elongates by 9 mm when a load of 10 kg is
suspended from it. What is the elongation when its
radius is doubled, if all other quantities are same as
before ? (Ans, 2.25 mm)

10.

11.

12,

13.

14.

15.

The breaking stress of aluminium is 7.5 x 107 Nm ™ 2.
Find the greatest length of aluminium wire that can
hang vertically without breaking. Density of
aluminium is 2.7 x 10°> kg m 2.

(Ans. 2.83 x 10° m)

A steel wire of length 5.0 m and cross-section
3.0x107° m? stretches by the same amount as a
‘copper wire of length 3.0 m and cross-section
4.0 x 10" % m? under a given load. What is the ratio
of Young’s modulus of steel to that of copper ?
[Punjab 91]
(Ans. 2.22)

A stress of 1 kg mm % is applied to a wire of which
Young’s modulusis 10" Nm~ 2. Find the percentage
increase in length. (Ans. 0.0098%)

Two exactly similar wires of steel and copper are
stretched by equal forces. If the total elongation is
1 cm, find by how much is each wire elongated ?
Given Y for steel =20 x 10" dyne cm ™2 and Y for
copper =12 x 10" dyne cm™ 2.

(Ans. 0.375 cm and 0.625 c¢m)

Two parallel steel wires A and B are fixed to rigid
support at the upper ends and subjected to the
same load at the lower ends. The lengths of the
wires are in the ratio 4 : 5 and their radii are in the
ratio 4 : 3. The increase in the length of the wire A is
1 mm. Calculate the increase in the length of the
wire B. (Ans. 2.22 mm)

Two wires of equal cross-section but one made of
steel and the other copper are joined end to end.
When the combination is kept under tension, the
elongation in the two wires is found to be equal.
Given Young’s moduli of steel and copper are
2.0x 10" Nm~?and 1.1x 10! Nm~ 2 Find the ratio
between the lengths of steel and copper wires.
(Ans. 20 : 11)
A lift is'tied with thick iron wires and its mass is
1000 kg. If the maximum acceleration of lift is
12ms™? and the maximum safe stress is
1.4 x10® Nm~ 2, find the minimum diameter of the
wire. Take ¢ =9.8 ms™ 2, (Ans. 0.01 m)

The length of a metal wire is L, when the tension in
itis 7} and [, when the tension in it is T,. Find the
iginal th ire. _
original length of the wire A, Tz,rl T, 1,
L-T,

A metal bar of length / and area of cross-section A is
rigidly clamped between two walls. The Young's
modulys of the material is Y and the coefficient of
linear expansion is . The bar is heated so that its
temperature is increased by AT. Find the force
exerted at the ends of the bar. (Ans. YA a AT)



X HINTB

1.

2.

12.

13.

14.

. 3 R Al
Stress = 10 Nm- %, Strain = I, 10

108

T

: , . Stress
Young's modulus, Y == =

Strain

~10" Nm 2.

Here | = Al = x (say),
A=1lem? =10 *m?, Y=2x 10" Nm

As Y - I ’ l
A Al
ALAL 2510 10 Y xx
1‘=H,A”2 2«07 N
N
025 { 1.025
. Here Al = Ql ! or _’\l:L02
100 ! 100
.025
Stress = Y xstrain = 9 x 10" x 092
100
-225x10" Nm 2%,
| 5000 = 980) = 400
ae Ho_ GO0 AN 0041 cm.
Y 314 x(0.025)° x 2.4 «10°°
CE L T
art Al arc Y

Both wires are of same material, so their Y is same.

Ay R hn 181 4.0
A,  E e 4+ 1 4

2 Fi
= or r-Al = — =aconstant -
e Al nY

rl:AA'| = rlz Al
Given Al =9mm, r, =2y

b 2 9
T x9mm =457 xAl, or Al =-=225 mm.
1 1 2 2 4

1 l
Y=—F. = and )’,:E.—‘—
A Al ©A AL
Y | Al l
== £ -3 ‘.' AI = N
Y LAl 1L L4l =44
I, Y 20x10"
or h s ST =201,
LY 11x10
Tension in the wire,

F=m(g+a)=1000(9.8 + 1.2)= 11,000 N

F F 4F
Stress = — = 5 = 3
n(d/2)° nd”

or e 4F _4x11000:<7_1ﬁ4

n xstress - 22 x 1.4 x 10° B
d=10"%*m =001 m.

Let | be the original length and A the area of
cross-section of the wire.

or

Change in length in first case =1 -

Change in length in second case = [, -/
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oo
Al -1 AT
or b= T
or (T, ~T)=T04 T 1, or I hh-hh
15. Change in length, Al =1 a AT
£ L 1 J or F=YA uAT.

TATAL A Tu AT

9.12 BULK MODULUS OF ELASTICITY

15. Define bulk modulus of elasticity. Give its units
and dimensions.

Bulk modulus of elasticity. Within the elastic limit,
the ratio of normal stress to the volumetric strain is called
bulk modulus of elasticity.

P

ST L ey S e s

Fig. 9.14 Bulk modulus of elasticity.

=3

Consider a body of volume V and surface area A
Suppose a force F acts uniformly over the whole surface
of the body and it decreases the volume by AV as
shown in Fig. 9.14. Then bulk modulus of elasticity is
given by

_ Normalstress  F/A
Volumetric strain ~ AV/V

F V pV
or K=——.,—=———
A AV AV«
where p(= F/ A)is the normal pressure. Negative sign

shows that the volume decreases with the increase in stress.

Units and dimensions of x. The SI unit of bulk
modulus is Nm~ 2 or Pascal (Pa) and its CGS unit is
dyne cm™ > Its dimensional formula is [ML~ T2

16. Define the term compressibility. Give its units
and dimensions.

Compressibility. The reciprocal of the bulk modulus of
a material is called its compressibility.

Compressibility = L
K

SI unit of compressibility = N'm”.

CGS unit of compressibility = dyne 'em®.

The dimensional formula of compressibility is
M 'LT?)
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t,able 9.2 Bulk modull /K) of some common materials

Material k (10° Nm2)

Solids

Aluminium 72

Brass 61

Copper 140

Glass 37

Iron 100

Nickel 260

Steel 160
Liquids

Water 2.2

Ethanol 09

Carbon disulphide 1.56

Glycerine 4.76

Mercury 25
Gases

Air (at STP) ] 1.0x10°4

The above table shows that bulk moduli of the
solids are in the range of 10! Nm™2, and are about 50
times larger than that of water. Thus solids are least
compressible while gases are most compressible. Gases
are about a million times more compressible than
solids. The solids are incompressible because of tight
coupling between the neighbouring atoms. The
molecules in liquids are less tightly bound than in
liquids. The molecules in gases are very poorly
coupled to the neighbouring molecules.

on

FormuLAe Usep

1. Volumetric stress = % = p, the applied pressure

2. Volumetric strain = éITV

- Volumetric stress
3. Bulk modulus = - -
Volumetric strain

roF}A N p
AV /V

or K=

AVIV AV

Negative sign indicates the decrease in volume
with the increase in stress

S 1 AV

4. Compressibility = — = - —

K pv

Units Usep

Bulk modulus « is in Nm~? and compressibility
in N"'m? or Pa .

Lxastere: 14. The pressure of a medium is changed from
1.01x 10° Pa to 1.165x 10° Pa and change is volume is
10%, keeping temperature constant. Find the bulk modulus
of the medium. [11T 05]
Solution. Here : p=1.165 x 10° —1.01 x 10°

=0.155 x 10° Pa
AV 10% =01
V
Bulk modulus of the medium,
p _0.155x10°

K= = =1.55 x 10°Pa.
AV IV 0.1

ExampLr 15. The average depth of Indian ocean is about
3000 m Calculate the fractional compression AV |V, of
water at the bottom of the ocean, given that the bulk modulus
of water is 2.2 x 10° Nm™ 2, [NCERT]

Solution. Stress = Pressure exerted by a water
column of height 3000 m
= hpg =3000 mx 1000 kg m ™ x 10 ms ™2
=3x% 10’ Nm 2
Stress
AV IV
. Fractional compression,
AV _ Stress  3x 107 Nm™ 2
V' x  22x10° Nm2
=1.36 x 10”2 = 1.36%.

EXAMPLE 16. A sphere contracts in volume by 0.01%, when
taken to the bottom of sea 1 kmdeep. Find the bulk modulus
of the material of the sphere. Density of sea water may be
taken as 1.0x 10° kgm™ 3. ‘

As bulk modulus, k =

av_oot
Vo100’
p=10x10% kg m~>
p="hpg=10>x 1.0x 10% x 9.8=9.8x 10 Nm~ 2
__ P _98x10°x100
AV IV 0.01
EXAMPLE 17. If the normal density of sea water is 1,00 gom 3,
what will be its density at a depth of 3 km ? Given compres-
sibility of water =0.0005 per atmosphere, 1 atmospheric
pressure =10° dyne cm” 2, g =980 coms™ 2.
1 1
Compressibility  0.00005

=2 x10% atm =2 x 10* x 10°
=2x10" dyne cm ™2
p=hpg =3x10” x 1x 980
=294 x 10° dyne cm™ 2,
[~ h=3km=3x10° cm, p (water) =1 gcm_?’]

Solution. Here h=1km =10° m,

=9.8x 10" Nm 2,

Solution. k =
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g PV Solution. When a block of volume V is heated
As ST AV through a temperature of AT, the change in volume is
V_pV_294x106x1 ' AV=yVAT
A= x  2x10Y where y (=3 «) is the coefficient of cubical expansion.
3 : AV
~1.47x10" % cm? [+ V=1cm”] . Volume strain = v y AT
Volume of 1 g of water at a depth of 3 km, il p o p
V':V—AV=1—1.47><10’2 Bulk modulus, K.-AV/VnyAT
3
=0.9853 cm Pressure, p=1xyAT
. Mass 1g 1 -
Density = = 3 Here k=3.6x10" Nm™ %,
. Volume 0.9853 cm . i 1
-3 y=3a=3x80x107"=24x10""°C ",
=1.0149 g cm .

AT =70 - 50 =20°C
p=36x10" x24x107¢x 20
=1.728x 10° Nm 2

ExamrLe 18. A solid cube is subjected to a pressure of

5x 10° N 2. Each side of the cube is shortened by 1%.
Find volumetric strain and bulk modulus of elasticity of the

cube.
Solution. Let | be the initial length of each side of #* PROBLEMS FOR PRACTICE
cube. 1. A solid sphere of radius 10 cm is subjected to a uni-
Final length of the cube - form pressure =5x 10* Nm™2. Determine the
1 consequent change in volume. Bulk modulus of the
=1-1%of | =[1 - ﬁ] ! material of the sphere is equal to 3.14 x 10" Nm ™%,

A (Ans. 6.67 x 10" ®m?)
Initial volume,

. . . 3 .
V.= Pov (say) 2. Find the change in volume which 1 m~ of water will

undergo when taken from the surface to the bottom

Final volume, of a lake 100 m deep. Given volume elasticity of

v, - (1 B L) ’ 2 ___(1 _ _1_)3 v water is 22,000 atmosphere. (Ans. 4.4 x10”* m?)

100 i 3. A solid ball 300 cm in diameter is submerged in a

Change in volume, lake at such a depth that the pressure exerted by
| 5% . water is 1.00 kgf cm ™ 2. Find the change in volume

AV = Vf ~Vi=X {[1 a 1()0) - ] of the ball at this depth. k for material of the ball

=1.00 x 10** dyne cm~ 2. (Ans. 1.385 cm®)

Volumetric strai
oumeme sy 4. A spherical ball contracts in volume by 0.0098%

3
_4av =(1 . _l_) 1= [] -3x _1_:| -1 when subjected to a pressure of 100 atm. Calculate
v 100 100 its bulk modulus. Given latm =1.01x10° Nm™ 2,
[(1-x)" =1 - nx for x <<1] (Ans. 1.033 x 10" Nm~?)
3
== 00 =0.03. 5. What increase in pressure will be needed to
5 5 decrease the volume of 1.0 m? of water by 10 c.c. ?
Normal stress = Applied pressure =5x 10" Nm™ The bulk modulus. of ‘water is 0.21x 10 Nm~ 2.
Bulk modulus, (Ans. 2.1x10* Nm™?)
. Nomﬂ-stress‘ 6. Determine the fractional change in volume as the
Volumetric strain pressure of the atmosphere (1.0 x 10° Pa) around a
5x 10° , " metal block is reduced to zero by placing the block
“ 003 1.67x10° Nm in vacuum. The bulk modulus for the block is
, ' 1.25x 10" Nm™ 2, (Ans. 8x1077)
Examerr 19, Calculate the pressure required to stop the ) )
increase in volume of a copper block when it is heated from 7 Find the de‘_‘sz‘ty of the metal under a pressure_gf
50° to 70°C. Coefficient of linear expansion of copper 20,000 N em™ “. Given density of the ‘“;"'m‘: 1_12g mo
=8.0x IO—GOC-I ﬂnd bu’k mod”l‘us Of f_’[ﬂsfl'c‘l'l’y bulk modulus of the metal =8 x10° Nm .

=3.6x 10" Nm 2. (Ans. 11.28 g cm™?)



9.14 PHYSICS-XI

10.

11.

. The compressibility of water is 4 x10”° per unit

atmospheric pressure. What will be the decrease in
volume of 100 em® of water under pressure of 100
atmosphere ? (Ans. 0.4 cm?)

On taking a solid ball of rubber from the surface to
the bottom of a lake of 180 m depth, the reduction
of the volume of the ball is 0.1%. The density of
water of the lake is 1.0 x 10* kg m ™ 3. Determine the
value of the bulk modulus of elasticity of rubber.
Take g =10ms™ 2, (Ans. 1.8 x10” Nm~?%)

A uniform pressure P is exerted on all sides of a
solid cube at temperature {°C. By what amount
should the temperature of the cube be raised in
order to bring its volume back to the volume it had
before the pressure was applied, if the bulk
modulus and coefficient of volume expansion of
the material are x and y respectively ? Ans. P~

YK

A solid sphere of radius R made of a material of
bulk modulus  is surrounded by a liquid in a
cylindrical container. A massless piston of area A
floats on the surface of the liquid. When a mass M is
placed on the piston to compress the liquid, find
fractional change in the radius of the sphere.

mrssl | Ans, AR - Mg
R 3Ax

* HiINTS

1.

4_3
x 3 mr
av=PY _F*3
K K

5x10° x4 x3.14 x(0.1)°
3 x3.14 x 10"

=6.67 x10" % m?3.

2. Here V=1m? h=100m, g=9.8ms_2,

3.

4,

p (water) = 1000 kg m 3.
p = hpg =100 x 1000 x 9.8 = 9.8 x 10° Nm ~

K = 22,000 atm = 22,000 x 1.013 x 10° Nm~ 2
=22.286 x 10° Nm~2

vV 9.8x10° x1
k  22.286 x 10°

Here x =1.00 ><1013dyne cm‘z, r=300/2=150cm

V= % e =g % 3.14 x(150)> = 1.413 x 107 em?

p=100kg fem™?=1000g f cm™?
= 1000 x 980 dyne cm ™ 2
Ay - PV, _ 1000 x 980 x 1413 x 107

AV = =44x10"4 m?.

=1.385 cm?.
K 1.00 x 1913 em
AV 0.0098
Here —=———,
"4 100

p=100atm =100 x 1.01 x 10° Nm "~ 2
VvV  100x1.01x10° x100
K= p X —=

0.0098

AV
=1.033 x10" Nm™ 2.

10.

11

V=10m?
AV =10cc.=10x10 m® =107 m?
x=0.21x10"° Nm~?
AV 021x10" x107°

Here

PRy " 1.0
=2.1x10* Nm2.
5
AV _p_ 1'0"10“=sx1o"7.
V. x 125x10
Here p=2x10* Nem™ 2=2x10° Nm™?,

x=8x10" Nm~2

8
szﬂzwzl
K 8 x10 40

Final volume,

V'=V—AV=V—‘—/-=ﬂ
40 40

As the mass of the metal remains constant, so
m=Vp=V'p'
9V

'

or Vxll=

xp

. 40 x 11

or

=11.28 gem >,

1 1
= Bulk modulus _ 4x10"

=0.25x10° x1.013 x 10° Nm ™2
= 2533 %10 Nm~?
V =100cm3 =10"* m?,
p=100atm = 100 x 1.013 x 10°
=1.013 x 10 Nm~ 2
7 -4
Av=ﬂ=l.013><10 ng
K 2533 x10
=04x10"° m® =04 cm?.
Here h=180m,p=1.0x10% kgm™ 3, ¢ =10 ms~?
p=hpg=180x1.0x10° x10=1.8 x 10° Nm 2
0.1

=0.25 x 10° atm

Volume strain = 0.1% = ~00 =103
1.8 x 10°
K= F 2 _18x10° Nm™2,
Volume strain 10
As AV =yVAT . %:yAT
K:——p—-:'—R*— T ATZL-
AV /V  yAT Yy K

When mass M is placed on the piston, the excess
pressure, p=mg/ A. This pressure acts equally
from all directions on the sphere. The volume of the
sphere decreases due to the decrease in its radius.
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As V=2.p3
3
AV _4 AR
R
Also K= P or ﬂ_:ﬂ:}i&
AV IV v kK Ak

Hence 3 95 = Mg 0
R Ax R

.. Fractional decrease in volume,

. AR _ Mg
3 Ax

9.13 MODULUS OF RIGIDITY OR

SHEAR MODULUS

17. Define modulus of rigidity. Give its units and
dimensions.

Modulus of rigidity or shear modulus. Within the
elastic limit, the ratio of tangential stress to shear strain is
called modulus of rigidity.

As shown in Fig. 9.15, consider a rectangular block
whose lower face is fixed and a tangential force F is
applied over its upper face of area A An equal and
opposite force F comes into play on its lower fixed
face. The two equal and opposite forces form a couple
which exerts a torque. As the lower face of the block is
fixed, the couple shears the block into a parallelopied
by displacing its upper face through distance AA" = Al.
Let AB=DC=1]and £ ABA' =6.

| Al Jr/‘-\xrea =A

P T
° —>F
—— & ey
2 U ’ 4
8 ' e o
- ! .
I’ 2
/ Fixed face |/
Al
A' D D
A ¢ mia —l ‘; F
] e rll 9 ’f
I ™ Y
4 ’
’I 't
| ) cl
F=

Fig. 9.15 Shear modulus of rigidity

Tangential stress = %

Shear strain=0=tan 6 = ﬂoz _‘I:\_!
) AB I

The modulus of rigidity is given by

_ Tangential stress F/A F _
Shear strain B A6

Units and dimensions of . The SI unit of modulus
of rigidity is Nm™ 2 and its CGS unit is dyne cm™ 2. Its
dimensional formula is [ML™'T 2].

18. The shear modulus of a material is always
considerably smaller than the Young modulus for it.
What does it signify ?

n of a material is smaller than its Y. This shows

that it is easier to slide layers of atoms of solids over
one another than to pull them apart or to squeeze them

close together.

tJoHe 9.3 Shear modul () of some common materials

Material n(10°Nm~? or GPa)
Aluminium 25
Brass 36
Copper 42
Glass 23
Iron 70
Lead 5.6
Nickel 77
Steel 84
Tungsten 150
Wood 10

If compare the values of n of Table 9.3 with the
values of Y of Table 9.1, we see that, in general, the
shear modulus is less than Young’s modulus. For most
of the materials, n=Y/3.

e T S T
Sy e e
Ot ?*‘] ,J}."r'. {irs
AL WAL BN
A R R

4\ Elastic deformations in all bodies become plastic
deformations with time.

4\ As only solids have length and shape, Young's
modulus and shear modulus are relevant only for
solids.

a\ As solids, liquids and gases all have volume elasticity,
bulk modulus is relevant for all three states of matter.

A Metals have large values of Young’s modulus than
alloys and elastomers. A material with large Y requires
a large force to produce small changes in length.

a\ Elastic has a different meaning in physics than that in
daily life. In daily life, a material which stretches more
is said to be more elastic, but it is a misnomer, In
physics, a material which stretches to a lesser extent
for a given load is considered to be more elastic.



9.16 PHYSICS-XI

~ Examples based on ALy
(R TG i 3 _.‘ M, M I.‘. F’_.' i - i e o :
FormuLae Usep . g ’,’ "'
L Tangential Force F 4 !
1. Shearing stress = =— d
3 Area A [{s % -—B,;f' -—-9.;1
2. Shearing strain =0 = ATI / /
| , :
3. Modulus of rigidity = M i ————— T ——
Shearing strain "
- F/A E/A Fig. 9.16
B ol = g =t
Al/T A Al
i N F 1 _9.0x10%x0.50
Modulus of rlgnduy nisin Nm™ “or Pa™", ‘ or Al= 'Z v ﬁ = m
l X .

=1.6x 10" m = 0.16 mm.

EXAMPLE 20. A cube of aluminium of each side 4 cm is

subjected to a tangential (shearing) force. The top face of the

cube is sheared through 0.012 cmwith respect to the bottom EXAMPLE 22, A rubber block 1cmx3 cmx 10 cm is
clamped at one end with its 10 cmside vertical. A horizontal

face. Find (i) shearing strain (i) shearing stress and
shearing force. Given m =2.08 x 101! dyne ent” 2, force of 30 N is applied to the free surface. What is the
Solution. Here I =4 cm, Al =0.012 cm horizontal displacement of the top face ? Modulus of rigidity
) ’ y ' ' , of rubber=1.4x10°> Nm™ 2.
n=2.08x10"" dyne cm Solution. Area of the upper face,
A=1cmx3cm=3x10"*m?

(1) Shearing strain,
F=30N, n=14x10° Nm2,

6= %—I = 00% =0.003 rad.
(if) Area of top face =30 con =~0.10.m
=1 =(4 cm)” =16 cm? H H G G
Modulus of rigidity, n = Shear‘mg stre-ss '»éo A .'I y ’—1""'“:
. Shearing strain . S EEE Rl
¥ T 2 B
.. Shedring stress ! iy dem F | f .'
=1 x Shearing strain ' . ,: .' ? :
=208 x 10" x 0.003 = 6.24 10° dyne cm 6| b
Shearing force, E || o
F = Shearing stressx area s | ,’ ," '
=6.24x 10%x 16 =9.984x 10° dyne. . Pt
EXamPLE 21. A square lead slab of side 50 cmand thickness :I ’ c
10 cm s subjected to a shearing force (on its narrow face) of ' j r
magnitude 9.0x 10* N. The lower edge is riveted to the 4 - ,
floor. How much is the Hpper edge displaced, if the shear 4 ' 8
modulus of lead is 5.6 x 10” Pa ? [NCERT] Fig 0.17 Y
Solution. Here I =50 cm =0.50 m, F =9.0x 10* N - . By
n=56x 10° Pa : As AN
Area of the face on which force is applied, . F 1 30x 0.10
Al=—.—= -
AMn 3x10%x1.4x10°

A=50cmx 10 cm
=500 em® =500% 10™* m? = 0.05 m?
If Alis the distance through which the upper edge is
displaced relative to the lower fixed edge, then

0.0714 m = 7.14 cm.

I
I

NES
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Exavrir 23. A 60 kg motor rests on four cylindrical
rubber blocks. Each cylinder has a height of 3 cm and a
cross-sectional area of 15 oni?. The shear modulus for this
rubber is 2 x 10° Nm™ 2. If a sideways force of 300 N is
applied to the motor, how far will it move sideways ?
Solution. Tangential force on each block,
F=(1/4)x300=75N, 1=3cm=3x10"%m,
A=15em2=15x10"* m2, n=2x10°Nm"?

AS —F_/ézf- —1‘
SN A A
F I 75x 3x 1072
Al=—  —= — 2
Amn 15x107 x2x10

=75x 10~ * m =0.075 cm.

¥ PraBLEMS FOR PRACTICE

1. A metallic cube whose each side is 10 cm is
subjected to a shearing force of 100 kg f. The top
face is displaced through 0.25 cm with respect to
the bottom. Calculate the shearing stress, strain and
shear modulus.

(Ans. 9.8 x10* Nm~ 2, 0.025 rad, 3.92 x 10° Nm %)

2. An Indian rubber cube of ‘de 7 cm has one side
fixed, while a tangential force equal to the weight of
200 kilogram is applied to the ~=rosite face. Find
the shearing strain produced and distance through
which the strained side moves. Modulus of rigidity
for rubber is 2 x 10" dyne cm ™~ &

(Ans. 0.2 radian, 1.4 cm)

3. A metal cube of side 10 cm is subjected to a shea-
ring stress of 10* Nm~ 2, Calculate the modulus of
rigidity if the top of the cube is displaced by 0.05 cm
with respect to its bottom.  (Ans. 2 x 105 Nm™?)

4. Two parallel and opposite forces, each 4000 N, are
applied tangentially to the upper and lower faces of
a cubical metal block 25 cm on a side. Find the angle
of shear and the displacement of the upper surface
relative to the lower surface. The shear modulus for
the metal is 8 x 10" Nm ™2,

(Ans. 8.0x10" 7 rad, 20 x 10" 7 m)

" HINTS
1. Herel=10cm =0.10m, F=100kg f =100 x9.8 N,
Al=025cm =0.25x10"2 m
Shearing stress

F_F_100x98 ¢ 10 Nm-2
A | 0.10x0.10
Shearing strain
=A_"=M=0025 rad
i 0.10 '

Shear modulus,

. 4
_ Shearing stress _ 9.8 x10° _ 3.92 x10° Nm " 2.

"= Shearing strain 0025
2. Here | = 7cm, F =200 kg f =200 x 1000 x 981dyne,
n=2x107dynecm 2
Area of the free face,

A={?=7cm x7cm =49em”

F
As =—
" 40
_F _ 200 x 1000 x 381 ~ 02 rad.
An 49x 2 x 10
Al=16=7x0.2 =1.4 cm.
3. Here | =10em, Al =0.05cm
Shearing stress = 10* Nm~?
Shearing strain = vl 0.005
I 10
: 4
n - Shearing stre“.ss _ 100 _ 2% 10° Nm 2.
Shearing strain  0.005
4. Shearing stress = —}; ... . 64000 Nm ™~ ?
[ 0.25x0.25
Shearing strain,
_ Shearing stress _ 64000 _ 8x10~7 rad.

" Shear modulus 8 x100

Al=10=025%8x10"7 =2.0x1077 m.

S AL ST B

9.14 SOME OTHER ELASTIC EFFECTS

19. What is elastic after effect ? What is its
importance ?

Elastic after effect. The bodies return to their
original state on the removal of the deforming force.
Some bodies return to their original state immediately
after the removal of the deforming force while some
bodies take longer time to do so. The delay in regaining
the original state by a body on the removal of the deforming
force is called elastic after effect.

In galvanometers, suspensions made from quartz
or phosphor-bronze alloy are used because their elastic
after effect is small. On the contrary, a glass fibre takes
hours to regain its original state.

20. What is elastic fatigue ? What is its importance ?

Elastic fatigue. As shown in Fig. 9.18, in a torsion
pendulum, a disc oscillates in a horizontal plane. The
elastic twist of the suspension wire provides the
restoring torque. During torsional vibrations, the wire
is subjected to repeated alternating strains. If we set the
wire into torsional vibrations, it will continue vibrating
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for a long time before its vibra-
tions die out. If it is again made
to vibrate, its vibrations will die
out in a lesser time. Due to
continuous alternating strains,
the wire is said to have been
tired or fatigued.

[ ] Fixed end

Suspension
wire
Elastic fatigue is defined as loss
in the strength of a material caused
due to repeated alternating strains
to which the material is subjected.

A hard wire can be broken .
by bending it repeatedly in
opposite directions, as it loses
strength due to elastic fatigue.
For the same reason, the railway
bridges are declared unsafe
after a reasonably good period
to avoid the risk of a mishap.

Fig. 9.18 Oscilla-
tions of a torsion
pendulum.

21. Describe elastic hysteresis. Mention its few
applications.

Elastic hysteresis. Fig. 9.19 shows the stress-strain
curve for a rubber sample when loaded and then
unloaded. For increasing load, the stress-strain curve is
OABand for decreasing load, the curve is BCO. The fact
that the stress-strain curve is not retraced on reversing the
strain is known as elastic hysteresis.

The area under the
curve OAB represents the B
work done per unit volume

in stretching the rubber. I, A
The area under BCO g
represents the energy given -
up by rubber on unloading.
So the shaded area of the
0 Strain —»

hysteresis loop represents
the energy lost as heat
during  the loading-
unloading cycle.

O o SRR I P L A NG T

Fig. 9.19

Applications of elastic hysteresis :

(1) Car tyres.are made with synthetic rubbers
having small-area hysteresis loops because a car tyre of
such a rubber will not get excessively heated during
the journey.

(i) A padding of vulcanized rubber having large-
area hysteresis loop is used in shock absorbers between
the vibrating system and the flat board. As the rubber is
compressed and released during each vibration, it
dissipates a large amount of vibrational energy.

9.15 =~ APPLICATIONS OF ELASTICITY

22. Why is any metallic part of a machinery never
subjected to a stress beyond the elastic limit ?

Any metallic part of a machinery is never
subjected to a stress beyond the elastic limit. This is
because a stress beyond elastic limit will permanently
deform that metallic part.

23. How 1s the knowledge of elasticity useful in selecting
metal ropes used in cranes for lifting heavy loads ?

The thickness of metallic ropes used in cranes to
lift heavy loads is decided from the knowledge of the
elastic limit of the material and the factor of safety.
Suppose a crane having steel ropes is required to lift
load of ten ton i.e., 104kg.The rope is usually designed
for a safety factor of 10 i.e., it should not break even
when'a load of 10* x 10 =10° kg is applied to it. If r is
the radius of the rope, then

5
Ultimate stress = F_Mg _w
T

A w?
The ultimate stress should not exceed the elastic
limit (=30 x 107 Nm™ ?) for steel.
10° x 9.8
nr?

A single wire of this much radius would be a rigid
rod. For the ease in manufacture and to impart
flexibility and strength to the rope, it is always made of
a large number of thin wires braided together.

=30x10” or r=0032m=32cm.

24. Explain why should the beams used in the cons-
truction of bridges have large depth and small breadth.

or

Explain-why are girders given 1 shape.

The knowledge of elasticity is applied in
designing a bridge such that it does not bend too
much or break under the load of traffic, the force of
wind and under its own weight. Consider a
rectangular bar of length I, breadth b and thickness d
supported at both ends, as shown in Fig. 9.20. When a
load W is suspended at its middle, the bar gets
depressed by an amount given by

ISR e AT T e T " L b

Fig. 9.20
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Bending can be reduced by using a material with a
large Young's modulus Y. As § is proportional to a3
and only to b~ !, so depression can be decreased more
effectively by increasing the depth d rather than the breadth
b. But a deep bar has a tendency to bend under the
weight of a moving traffic, as shown in Fig. 9.21(b).
This bending is called buckling. Hence a better choice
is to have a bar of I-shaped cross-section, as shown in
Fig."9.21(c). This section provides a large load bearing
surface and enough depth to prevent bending. Also,
this shape reduces the weight of the beam without
sacrificing its strength and hence reduces the cost.

b

- [_‘—j
|
I
I
I

d I
1
I
I
I

. L —

Fig. 9.21. (a) Rectangular cross-section of bar,
(b) Buckling of a deep bar,
(¢) I-shaped cros<-section of a bar.

25. How can the knowledge of elasticity be used to
estimate the maximum height of a i... untain on earth ?

The maximum height of mountain on earth
depends upon shear modulus of rock. At the base of
the mountain, the stress due to all the rock on the top
should be less than the critical shear stress at which the
rock begins to flow. Suppose the height of the
mountain is h and the density of its rock is p. Then force
per unit area (due to the weight of the mountain) at the
base =hpg. The material at the base experiences this
force per unit area in the vertical direction, but sides of
the mountain are free. Hence there is a tangential shear
of the order of hpg. The elastic limit for a typical rock is
about 3 x 108 Nm™2 and its density is 3x 10> kg m™.
Hence

B P8 =3 % 10® .
_3x10°  3x10°
" pg 3x10°x9.8

=10,000 m =10 km

This is nearly the height of the Mount Everest. A
height greater than this will not be able to withstand
the shearing stress due to the weight of the mountain.

26. Explain why hollow shafts are preferred to solid
shafts for transmitting torque.

A hollow shaft is stronger than a solid shaft made
of equal qtyﬁly of same material. The torque

or h

required to produce unit twist in a solid shaft of radius
r, length | and made of material of modulus of rigidity n
is given by

om nrt

o2l

The torque required to produce a unit twist in a

hollow shaft of internal and external radii , and r, is
given by

Ly -n)

21
v_gof ) -g)
T 1’4

r-i

If the two shafts are made from equal amounts of
materials, then

nrzi=n(r22—r12)1 or rf—rf:rz
v _ntn
1 v
As PR
S0 r22+r32>r2 and hence v > 1.

Thus torque required to twist hollow cylinder
through a certain angle is greater than the torque
necessary to twist a solid cylinder of same mass, length
and material through the same angle. Hence a hollow
shaft is stronger than a solid shaft. For this reason, electric
poles are given hollow structures. .

9.16 ' ELASTIC POTENTIAL ENERGY OF
A STRETCHED WIRE

27. What is meant by elastic potential energy ? Derive
an expression for the elastic potential energy of
stretched wire. Prove that its elastic energy density is
equal to 1 stress x strain.

Elastic potential energy. When a wire is stretched,
interatomic forces come into play which oppose the
change. Work has to be done against these restoring
forces. The work done in stretching the wire is stored
in it as its elastic potential energy.

Expression for elastic potential energy. Suppose a
force F applied on a wire of length [ increases its length
by Al Initially, the internal restoring force in the wire is
zero. When the length is increased by Al, the internal
force increases from zero to F (= applied force).

~. Average internal force for an increase in length Al
of wire

2
Work done on the wire is

0+F F
2

W = Average force x increase in length = g x Al
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This work done is stored as elastic potential energy
U in the wire.

-1
U—zFxAl

= %StretChing force x increase in length

Let Abe the area of cross-section of the wire. Then
n-1E, 8, 4
2 A |
= % Stress x strain x volume of wire
Elastic potential energy per unit volume of the wire
or elastic energy density is

u
Volume

U=

u = 1 stress x strain

or 2

But  stress = Young's modulus x strain

2

u= % Young's modulus x strain

_Examples based on

&
=

e Pt = -
7 ISR S YRS

FormuLate Usep
1. Total P.E. stored in a stretched wire,

U= -% Stretching force x extension =% FAal
or lfz% Streés x strain x volume of wire
2. P.E. stored per unit volume of a stretched wire,
u= % Stress xstrain
or

Units Usep

Elastic P.E. is in joule, elastic P.E. per unit volume

is in]m'3.

u :% Young’s modulus x strain?

ExampLe 24. A steel wire of 4.0m is stretched through
2.0 mm The cross-sectional area of the wire is 2.0 mni. If
Young's modulus of steel is 2.0 x 10" N~ 2, find (i) the
energy density of the wire and (ii) the elastic potential
energy stored in the wire.

Solution. Here [ =4.0 m,

Al=20mm =2.0x10"3 m,

A=20mm?=2.0x 10" % m?, Y =2.0x 10" Nm~ 2
(1) Energy density,

- 2
u=-1—Yx(strain)2 =1Yx(£1—)
2 2 1

2x1073
4.0

N =

2
x 2 x 10" x[ ] =2.5x 10* Jm~,

(if) Elastic potential energy,
U = Energy density x volume:
=ux Ax1=25x10"x2.0x10"6x 4
-02].
Examrerr: 25. Calculate the increase in energy of a brass bar
of length 0.2m and cross-sectional area 1 when
compressed with a load of 5 kg weight along its length.

Young's modulus of brass =1.0x10" Nmi? and
g=98ms" %

Solution. Increase in the energy of the bar,
U =1 x Stretching force x extension =% Fx Al

2
As Y=£.—1- .'..'_‘s1=£.i
A Al AY
2
HenceU:lFxF'l=L[—
2 AY 2 AY
Here F=5kgwt=5x98=49N,

I=02m, A=1em?=10"*m?,
Y =1.0x 10" Nm™?
_ (49%x02
2x 107 *x 1.0x 101
ExamprLE 26. When the load on a wire is increased from
3 kg wt to 5 kg wt, the elongation increases from 0.61 mm to

1.02 mm How much work is done during the extension of the
wire ?

=24x 107 ].

Solution. Work done in stretching the wire
through 0.61 mm under the load of 3 kg wt,

W, = % Stretching force x extension
=1x3x98x061x1073=8967x1072 ]

Work done in stretching the wire through 1.02 mm
under the load of 5 kg wt,

Wy =1x5%98x1.02x107%=2499x107? ]

Hence the work done in stretching the wire from
0.61 mm to 1.02 mm,

AW =W, - W, =(24.99 - 8.967)x 10”3
=16.023x 107 J.
Examrre 27, A 40 kg boy whose leg bones are 4 cnt* in area
and 50 cm long falls through a height of 50 cm without
breaking his leg bones. If the bones can stand a stress of
0.9x 10® Nni™2, calculate the Young's modulus for the
material of the bone. Take g =10 ms™ .
Solution. Here m=40kg, h=2m, [=0.50m,

A=4x10"*m?
Volume of leg = Al =4 x 10 * x 0.50
=2x10"%m?
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Loss in gravitational P.E.
= Gain in elastic P.E. by both legs
mgh =2 x 1y stress x strain x volume

2
40x10x 2 =2><%><0.9><103xslrrfa\in:-<2>-<10'4
. 40x10x2 2
strain =

00x2x10% 45
Young's modulus,
Y= stress  0.9x 10% x 45
strain 2
- 2.025x 10° Nm 2,

¥ PrROBLEMS FOR PRACTICE

1. A steel wire of length 2.0 m is stretched through 2.0 mm.
The cross-sectional area of the wire is 4.0 mm?.
Calculate the elastic potential energy stored in the
wire in the stretched condition. Young's modulus

of steel is 2.0 x 10" Nm ™2, (Ans. 0.8 )

. If the Young's modulus of steel is 2 x 10" Nm~?,

calculate the work done in stretching a steel wire
100 cm in length and of cross-sectional area
0.03 cm? when a load of 20 kg is slowly applied

3. Limiting stress = 0.9 x 10°* Nm~ 2,

Y =1.4% 10" Nm~?2
Length of both the legs, [ =2 x50 = 100 cm = 1.0 m,
A=5cm?=5x10"% m?
Stretching force,

F = Stressx area =0.9x 10 x 5x 1074

=45x10* N
_ Stress
T Al
_ Stress xI 09 x10° x1.0
T Y 14x10°

=643x10 > m
Elastic P.E.,

u:—%nm:% «4.5% 10" x6.43 x 10”3

=144.7 J.

Al

2 A L

POISSON'S RATIO

28. Define Poisson’s ratio. Write an expression for it.
What is the significance of negative sign in this
expression ?

without the elastic limit being reached.

(Ans. 0.032 )

3. The limiting stress for a typical human bone is
09x10° Nm~? while Young's modulus
14x10° Nm~ 2. How much energy can be
absorbed by two legs (without breaking) if each has
a typical length of 50 cm and an average cross-

sectional area of 5 cm? ? (Ans. 144.7 ])
# HINTS
20x1073
1, Strain = JE X2 _qgg8
I 2.0

Stress = Y xé’-{ =20x10" x10°3=2.0%x10° Nm~2

Volume of the wire

= Al=40x10"%x20=80x10"%m?
U= % Stress x strain x volume
= 1%20x10° x107* x80x10"° =08 ].

2. Work done = % Stretching force x extension

LY NPy Rl
2 2 Ay
F2l  (20x9.8)* x1.00

T2AY 2x003x10 % x2x10"

=0.032 J.

Poisson’s ratio. When a wire is loaded, its length
increases but its diameter decreases. The strain
produced in the direction of applied force is called
longitudinal strain and that produced in the per-
pendicular direction is called lateral strain.

Within the elastic limit, the ratio
of lateral strain to the longitudinal
strain is called Poisson's ratio.

Suppose the length of the
loaded wire increases from [ to
1+ Al and its diameter decreases
from Dto D - AD.

Longitudinal strain = é[’

Lateral strain ==

'
|
i
|
i
[}
1
|
1
i
i
[
1
!
1
1
1
1
1
]
I
i
1
T

Lateral strain

]
Poisson’s ratio is !
L
]
[}

Longitudinal strain ,
- i
-AD/ D fe—

= — D-AD

Al/l e
I AD Fig. 9.22 Poisson’s
or o=- D Al ) ratio.

The negative sign indicates that longitudinal and
lateral strains are in opposite sense.

As the Poisson'’s ratio is the ratio of two strains, it
has no units and dimensions.
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Yor
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-t LIS
UEE|

& For all substances, the theoretical value of o lies
between - 1 and + 0.5. In actual practice, the value of
o lies between 0 and 0.5 for most of the substances.

A\ Relations between Y, K, n and o

() Y =3x(l -20) () Y=2n(1+ o)
Lo Jk=2n 09 3 1
(i) s 2 (iv) Y + -

. Examples based on

A TR

50N's

A

TP
‘S‘.’!L&lﬁ‘f‘:‘i‘j—'ﬂh 7

FormuLa Usep

=

. , , Lateral strain
Poisson's ratio =

Longitudinal strain

4 AD/D
T Al

or

Units Usep

Length ! and diameter D are in metre, Poisson’s

ratio o has no units.

Exavirie 28. Determine the Poisson’s ratio of the material
of a wire whose volume remains constant under an external

normal stress.

DZ

Solution. Volume of a wire, V=n T ]

As volume remains constant, the differentiation of

the above equation gives

2
O=%12DdD+HD dl
or _20dD=Ddl or P __1d
D 21
By definition, Poisson'’s ratio is
L1l
—dD '
2D 2 1l
i/l difl 2

ExampLE 29. One end of a nylon rope of length 4.5 m and
diameter 6 mm is fixed to a free limb. A monkey weighing

100 N jumps to catch the free end and stays there. Find the
elongation of the rope and the corresponding change in
diameter.  Given  Young's  modulus of

=4.8x 10" Nni 2 and Poisson’s ratio of nylon =0.2.

Solution. Here | =4.5m,

D=6mm=6x10">m, F=100 N,
Y =48x10"Nm 2, 5=02
As Y=£.L
A" Al
Y 100x 4.5
A'Y 314x (3% 107 %)2x 4.8x 10!

=3.32x 1075 m.

nylon

Poisson’s ratio,

_AD/D_AD 1

A/l DAl

o DAl 02x6x10"3x332x 105
AD = =

. ! 4.5

= 8.8x 1077 m.

Exanmrir_30. A material has Poisson’s ratio 0.5. If a

wniform rod of it suffers a longitudinal strain of 2 x 10”3,

what is the percentage increase in volume ?

Solution. Longitudinal strain,
Al

—=2x107"
[
Poisson’s ratio, 6 =0.5 :
As __ Lateralstrain ~_-AR/R
Longitudinal strain Alfl
A—R-=—csA—,=—O.5><2 x1073=-1x10"3
R !
Volume of rod,
V=nR?1
Percentage increase in volume is
BV, 100:(2 ﬁ+ﬂ]x 100
|4 : R 1

=[2x(-1)x107> +2x1073]x 100 = 0.

#* PROBLEMS FOR PRACTICE

1. Calculate the Poisson’s ratio for silver. Given its
Young’s modulus =7.25x10' Nm~? and bulk
modulus = 11 x 10'° Nm~ 2, (Ans. 0.39)

2. A material has Poisson’s ratio 0.2. If a uniform rod
of it suffers longitudinal strain 4.0 x 10~ 3, calculate
the percentage change in its volume. (Ans. 0.24%)
< HiINTs

1. AsY =3k(1-20)

0_1[1_1J—31 7.25x100 ) o
20 3 2| 3x11x100) 7
s n __AR/R
Alll
A_R=—0£t=—0,2x4.0><10-3
R !
=-08x10"3
V = nR¥
AV AR Al

S—x100=|2 — 4+ —
v X [ R + IJxlOO

=[2x(-08x10"%)+ 4.0 x 10" 3] x 100
=24x10"2 x 100 = 0.24%.
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Very Short Answer Conceptual Problems

Problem 1. What is the nature of intermolecular
forces 7

Solution. Generally the intermolecular forces are
attractive, but they are repulsive for intermolecular
separations less than 10~ 10 m.

Problem 2. What is the origin of interatomic force ?

Solution. Interatomic force arises due to the
electrostatic interaction between the nuclei of two atoms,
their electron clouds and between the nucleus of one atom
and the electron cloud of the other atom.

Problem 3. What is the origin of intermolecular force ?

Solution. Intermolecular force arises due to the
electrostatic interaction between the opposite charged
ends of molecular dipoles.

Problem 4. Are the intermolecular forces involved in
the formation of liquids and solids different in nature ?
If yes, how ?

Solution. Yes. The intermolecular forces involved in
the formation of liquids are attractive in nature while in

the formation of solids, the repulsive intermolecular

forces are more important. :
Problem 5. State the factors due to which three states
of matter differ from each other.

Solution. The three states of matter differ from each
other due to the following two factors :

(i) The different magnitudes of interatomic and
intermolecular forces. :

(ii) The degree of random thermal motion of the
atoms and the molecules of a substance
depending on temperature.

Problem 6. What do you mean by long range order in
a crystalline structure ?

Solution. Long range order means that similar patterns
of atoms or molecules repeat over a large distance in a
crystal.

Problem 7. What is the important structural difference
between crystalline and glassy solids ?

Solution. In crystalline solids the atoms or molecules
are arranged in a definite and long range order, but in
glassy solids there exists no such long range order in the
arrangement of atoms or molecules.

Problem 8. Amorphdus solids do not melt at a sharp
temperature, rather these have softening range. Explain
this observation.

Solution. All bonds in an amorphous solid are not
equally strong. When the solid is heated, weaker bonds
get ruptured at lower tempergtures and the stronger ones
at higher temperatures. So thé solid first softens and then
finally melts.

Problem 9. In what respect, the behaviour of glassy
solids is similar to that of the liquids ?

Solution. In case of glassy solids, the orderly
arrangement of atoms is limited to a very short range and
in this respect they are similar to liquids.

Problem 10. Why do crystalline solids have well
defined geometrical external shapes ?

Solution. This is because the atoms and molecules are
arranged in a definite geometrical rmeating manner
throughout the body of the crystal,

Problem 11. Amorphous solids are not true solids.
Why and what are they called then ?

Solution. Like liquids, amorphous solids have
disordered arrangement of atoms or molecules. The
molecules of a liquid are free to move but the molecules of
an amorphous solid are almost fixed at their positions i.c.,
amorphous solids are rigid due to their high viscosity.
That is why, we say amorphous solids are super-cooled
liquids of high viscosity.

Problem 12. Our knowledge about crystalline solids
is better than amorphous solids. Why ?

Solution. As crystalline solids possess long range and
regular arrangement of atoms, hence their behaviour can
be easily understood.

Problem 13. Crystalline solids are called true solids.
Why ?

Solution. This is because crystalline solids have well

defined, regularly repeated three-dimensional arrange-
ment of atoms or molecules.

Problem 14. What is a perfectly elastic body ? Give
an example.

Solution. If, on removal of deforming force, a body
completely regains its original configuration, then it is
said to be perfectly elastic. For example, quartz.

Problem 15. What is a perfectly plastic body ? Give
an example.

Solution. If, on removal of deforming force, a body
does not regain its original configuration even a little,
then it is said to be perfectly plastic. For example, putty.

Problem 16. No material is perfectly elastic. Why ?

Solution. All materials undergo a change in their
original state, howsoever small it may be, after the
removal of deforming force. Hence, there is no such
material which is perfectly elastic.

Problem 17. When does a body acquire a permanent
set 7

Solution. When the deforming force exceeds the
elastic limit, the body acquires the permanent sct.
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Problem 18. A thick wire is suspended from a rigid
support, but no load is attached to its free end. Is this
wire under stress ?

Solution. Yes, the wire is under stress due to its own
weight.

Problem 19. State the two factors on which the
modulus of elasticity depends.

Solution. The modulus of elasticity depends upon
(i) nature of the material and (ii) type of stress used in
producing the strain.

Problem 20. Is it possible to double the length of a
metallic wirg'* y applying a force over it ?

Solution. Nqeit-is not possible because within elaslic
limit strain is only of the order of 10™ . Wires actually
break much before it is stretched to double the length.

Problem 21. Is elastic limit a property of the material
of the wire ?

Solution. No. It also depends on the radius of the
wire,

Problem 22. Stress and pressure are both forces per
unit area. Then in what respect does stress differ from
pressure ?

Solution. Pressure is the external force per unit area,
while stress is the internal restoring force which comes
into play in a deformed body acting transversely per unit
area of the body.

Problem 23. Among solids, liquids and gases, which
can have all the three moduli of elasticity ?

Solution. Only solids. Liquids and gases have only
bulk modulus.

Problem 24. Among solids, liquids and gases, which
possess the greatest bulk modulus ?

Solution. Solids.

Problem 25. Which type of elasticity is involved in
the following cases ?

(i) Compressing of gas (ii) Compressing a liquid (iif)
Stretching a wire (iv) Tangential push on the upper face
of a block.

Solution. (i) Bulk modulus (i) Bulk modulus
(iif) Young's modulus (iv) Modulus of rigidity.

Problem 26. What does the slope of stress versus
strain graph give ?

Solution. The slope of stress-strain gives modulus of
elasticity.

Problem 27. How does Young's modulus change
with the rise of temperature ?

Solution. Young’s modulus decreases with the rise of
temperature,

Problem 28. Write copper, steel, glass and rubber in
the order of increasing coefficient of elasticity.

Solution. Rubber < glass < copper < steel,

Problem 29. Which is more elastic—water or air ?

Solution. Water is more elastic than air. Air can be
casily compressed while water is incompressible and bulk
modulus is reciprocal of compressibility.

Problem 30. Why are springs made of steel and not of
copper ? [Himachal 03]

Solution. Young's modulus of steel is greater than
that of copper. So steel spring is stretched lesser than a
copper spring under the same deforming force. Moreover,
steel returns to its original state more quickly than copper
on the removal of deforming force.

Problem 31. In stretching a wire, we have to perform
work. Why ?

Solution. When a wire is stretched, interatomic forces
of attraction come into play. In order to stretch the wire,
work has to be done against these forces.

Problem 32. What happens to the work done in
stretching a wire ?

Solution. The work done in stretching a wire is stored
in it as elastic potential energy.

Problem 33. Two identical springs of steel and
copper are equally stretched. On which more work will
have to be done ?

Solution. Young's modulus of steel is greater than
that of copper. In order to produce same extension, large
force will have to be applied onithe steel spring than that
on the copper spring. Hence more work will be done on
the steel spring.

Problem 34. If two identical springs of steel and
copper are pulled by applying equal forces, then in
which case more work will have to be done ?

Solution. Steel spring will be stretched to a lesser
extent. Now more work will be done on the copper spring.

Problem 35. Why does a wire get heated when it is
bent back and forth ?

Solution. When a wire is bent back and forth, its
deformations are beyond elastic limit. The work done against
interatomic forces is no longer stored totally in the form of
potential energy. The crystalline structure of the wire gets
affected and work done is converted into heat energy.

Problem 36. A hard wire is broken by bending it
repeatedly in alternating directions. Why ?

Solution. When the wire is subjected to repeated
alternating strains, the strength of its material decreases
and the wire breaks.

Problem 37. Why is the longer side of cross-section
of girder used as depth ?

wr?

Solution. Depression, &= 3
4 bd

Clearly, the depression of the girder will be small
when depth d is large, because § «cd™ 3,
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Problem 38. The ratio stress/strain remains constant
for a small deformation. What happens to this ratio if
deformation is made very large ?

Solution. When the deforming force exceeds the
elastic limit, the strain increases more rapidly than stress.
Hence the ratio of stress/strain decreases.

Problem 39. Why are electric poles given hollow
structure ?

Solution. This is because a hollow shaft is stronger than a
solid shaft made from the same and equal amount of material.

Problem 40. The Young's modulus of a wire of
length L and radius ris Y. If the length is reduced to L/2
and radius r / 4, what will be its Young’s modulus ?

[Central Schools 04]

Solution. Young's modulus is a material constant. It is
not affected by the change in dimensions of the wire. It
will remain equal to Y.

Problem 41. A wire fixed at the upper end stretches
by length I by applying a force F. What is the work done
in stretching the wire ? [AIEEE 04]

Solution. Work done in stretching the wire,

W= % Stretching force x increase in length =~% FI.

Problem 42. A wire suspended vertically from one of
its ends is stretched by attaching a weight of 200 N to the
lower end. The weight stretches the wire by 1 mm. Find
the elastic energy stored in the wire. [AIEEE 03]

Solution. Here F=200N, /=1mm =103 m

Elastic potential energy stored in the wire,
U= Fi=7x200x10""=01]).

Problem 43. If S is the stress and Y is Young's modulus
of the material of a wire, what is the energy stored in the
wire per unit volume in terms of S and Y ? [AIEEE 05]

Solution. Elastic potential energy stored per unit volume

! 2
= lSh'ess xStrain = 1 x Stress x Sﬁgs_s = s— .
2 2 2Y

Short Answer Conceptual Problems

Problem 1. In the diagram a graph between the inter-
molecular force F acting between the molecules of a solid
and the distancer between them is shown. Explain the graph.

*\D

(Repulsion)

|

F
o C

—Tu —’i&/_ﬂ
(Altraction) (*—— "

Inter-molecular distance (r) —

e L EET TR e

Fig. 9.24

Problem 44. Following are the graphs of elastic
materials. Which one corresponds to that of brittle
material ? [Central Schools 08]

A

Stress
Stress

A\

Strain Strain

() (b)

Stress

Y

Strain
(©)
Fig. 9.23
Solution. Graph (a) represents a brittle material as it
indicates a very small plastic range of extension.

Problem 45. A wire stretches by a certain amount
under a load. If the load and radius both are increased to
four times, find the stretch caused in the wire.

[Chandigarh 08]

Solution. Young's modulus, Y = % XTL
. Elongation, [= % = M;L
. AY Y

When both load and radius are increased to four
times, the elongation becomes

_4WxL WL 1
n(4r)’Y 4wty 4

'

Solution. (i) As the intermolecular distance r decreases,
the force of attraction between the molecules increases.

(i) When the distance decreases to , the force of
attraction is maximum.

(iii) As the distance further decreases, the attractive
force goes on decreasing and when the distance decreases
to 1, the force becomes zero. When the distance decreases
below r, , the molecules begin to repel and the repulsive
force increases rapidly.

Problem 2. Crystalline solids have sharp melting
points. Amorphous solids do not melt at a sharp
temperature ; rather these have a softening range of
temperature. Explain.
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Solution. All bonds in a crystalline solid are equally
strong. When the solid is heated, these bonds ruptured at
the same temperature. So crystalline solids have sharp
melting points.

On the other hand, all bonds in an amorphous solid
are not equally strong. When the solid is heated, weaker
bonds break at lower temperatures and the stronger ones
at higher temperatures. So the solid first softens and then
finally melts, i.e., the amorphous solids do not have sharp
melting points.

Problem 3. Which is more elastic—rubber or steel ?
Explain. [Delli 96 ; Himachal 03, 05, 07C]

Solution. Consider two rods of steel and rubber, each
having length [ and area of cross-section A. If they are
subjected to the same deforming force F, then the
extension Al, produced in the steel rod will be less than
the extension Al in the rubber rod, i.e., Al, < Al. Now

Y,:E.J— and Y=£.L
STAAL TTATAL
Y, Al '
Y, AL

As AI$<AIT, so Y. >Y

ie., Young's modulus for steel is greater than that of
rubber. Hence steel is more clastic than rubber.

Problem 4. The stress-strain graph for a metal'wire is
shown in Fig. 9.25. Up to the point E, the wire returns to
its original state O along the curve EPO when it is
gradually unloaded. Point B corresponds to the fracture
of the wire. :

Stress —»

i
(28 e
BRIV AT W A T

Fig. 9.25

(a) Up to which point on the curve is Hooke’s law
obeyed ? This point is sometimes called
“Proportionality limit”.

Strain —

() What is peculiar about the portion of the
stress-strain graph from C to B ? Up to what stress
can the wire be subjected without causing
fracture ? [Delhi 08]

Solution. () Hooke’s law is obeyed upto the point P,
because upto this point, stress o« strain.

(b) Point E-corresponds to elastic limit because the
wire returns to original state Oalong EPQif it is gradually
unloaded.

(c) The elastic region is from O to E and the plastic
region is from Eto B,

(d) Upto point P, stress is proportional to strain.
Between Pand E strain increases more rapidly than stress
and Hooke's law is not obeyed. When the wire is
unloaded at any point A beyond E, the wire does not
retrace the curve AEPObut follows the dashed curve AQ.
When the stress becomes zero, a residual strain QCQ' is left
in the wire,

(¢) Between Cand B, the wire virtually flows out, ie.,
the strain increases even when the wire is being unloaded.
Fracture takes place at point B. The stress can be applied
to the value corresponding to the point C without causing
fracture.

Problem 5. Two different types of rubber are found
to have the stress-strain curves as shown in Fig. 9.26.

(a) In which significant ways do these curves differ

from the stress-strain curve of a metal wire

shown in Fig. 9.26 ?

A heavy machine is to be installed in a factory.

To absorb vibrations of the machine, a block of

rubber is placed between the machinery and the

floor. Which of the two rubbers A and B would

you prefer to use for this purpose ? Why ?

(c) Which of the two rubber materials would you
choose for a car tyre ? [Central Schools 07]

(b)

(b)

(c)

(d)

Which point on the curve corresponds to elastic
limit and yield point of the wire ?

Indicate the elastic and plastic regions of the
stress-strain graph.

Describe what happens when the wire is loaded
up to a stress corresponding to the point'A on the
graph, and then wunloaded gradually. In
particular, explain the dotted curve.

T )
g g
1 1=
A 7]
Rubber (A) Rubber (B)
Strain — Strain —
Fig. 9.26

Solution. (a) The stress-strain curves for rubber differ
from the stress-strain curve for a metal in following
respects : '

(1) Hooke's law is not obeyed even for small stresses.
(i) There is no permanent set (residual strain)
even for large stresses.
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(ifi) There is large elastic region for both types of
rubber.

(iv) Neither material retraces the curve during
unloading. Thus both materials exhibit elastic
hysteresis.

(b) The area of the hysteresis loop is proportional to
the energy dissipated by the material as heat when the
material undergoes loading and unloading. A material for
which the hysteresis loop has larger area would absorb
more energy when subjected to vibrations. Therefore to
absorb vibrations, we would prefer rubber B.

(¢) In car tyre, the energy dissipation must be
minimised to avoid excessive heating of the car tyre.

As rubber A has smaller hysteresis loop area (and
hence smaller energy loss), so it is preferred to Bfor a car

tyre.
Problem 6. Read each of the statements below care-
fully and state, with reasons, if it is true or false.

(@) When a material is under tensile stress, the
restoring forces are caused by interatomic attrac-
tion while under compressional stress, the
restoring forces are due to inter-atomic repulsion.

A piece of rubber under an ordinary stress can
display 1000% strain : yet when unloaded returns
to its original length. This shows that the elastic
restoring forces in a rubber piece are strictly
conservative.

(c) Elastic restoring forces are strictly conservative
only when Hooke’s law is obeyed.

Solution. (a) True. In tensile stress, the interatomic
separation becomes greater than equilibrium separation
and the interatomic forces are attractive. In compressional
stress, the interatomic separation becomes less than 7, and
the interatomic forces are repulsive.

(b) False. As the piece of rubber returns to its original
length when unloaded, it is a case of elastic hysteresis in
which there is some loss of energy. This signifies
non-conservative forces.

(c) False. Even if the stress-strain curves are
non-linear, the elastic forces are conservative as long as
loading and unloading curves are identical.

Problem 7. Two wires of different materials are
suspended from a rigid support. They have the same
length and diameter and carry the same load at their free
ends. (a) Will the stress and strain in each wire be the
same ? (b) Will the extension in both wires be the same ?

Solution. (a) Stress in both the wires is the same as
both the wires have the same diameter and carry the same
load at their free ends. Strain will be different in the two
wires as the wires are of different materials, even though
the stress is the same.

(b) Because the original lengths of the two wires are
equal and strains produced in them are different, hence
extensions in the two wires will not be same.

(b)

Problem 8. A cable is replaced by another of the
same length and material but of twice the diameter.
(a) How does this affect its elongation under a given
load ? (b) How many times will be the maximum load it
can now support without exceeding the elastic limit ?

Solution. (7) Young’'s modulus,
Mgl Mgl 4 Mgl
T Al D\? nD? . Al
n LAl

where D is the diameter of the wire.

4 Mgl . 1
Elongation, Al=——— e, Aloc—s
B x DY D

Clearly, if the diameter is doubled, the elongation will
become one-fourth.

aD? . Al.Y
41
Clearly, if the diameter is doubled, the wire can
support 4 times the original load.

Problem 9. Two wires of same length and material
but of different radii are suspended from a rigid
support. Both carry the same load. Will the stress, strain
and extension in them be same or different ?

(b) Also load, Mg = ie, MgoD?

Solution. Let 1, and r, be the radii of the two wires.

. F t 2
(1) Stress = f = —. Forsameload F, -mis)l = r2_2
A nrf (stress), x

F__F
AY Yy

(i) Strain, ATI =

- 2

. strain ry

For the two wires Fand Y are same, so (—)I =3
(strain), 7

(iif) Extension, Al = L i - F«, i
AY mr Y
Al 3
For the two wires F, Land Y are same, so (A7, = r.,%
(al),

Hence stress, strain and extension are all different for .
the two wires. '

Problem 10. A uniform plank of Young’'s modulus Y.
is moved over a smooth horizontal surface by a constant
horizontal force F. The area of transverse section of the
plank is A. Find the compressive strain on the plank in
the direction of the force.

Solution. As the force at the other end of the plank is

; F+0 F
zero, so the average stretching force = =
Stress = i
2A
. Stress 1 F
Strain = ——— = ——.
Y 2 AY
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Problem 11. What are the factors which affect the
elasticity of a material ?

Solution. The following factors affect the elasticity of
a material :

(1) Hammering and rolling. In both of these processes,
the crystal grains are broken into small units and
the elasticity of the material increases.

(i) Annealing. This process results in the formation of

larger crystal grains and elasticity of the material

decreases.

(11) Presence of impurities. Depending on the nature of

the impurity, the elasticity of a material can be

increased or decreased.

Temperature. Elasticity of most of the materials
decreases with the increase in temperature. The
elasticity of in var is not affected by temperature.

Problem 12. Elasticity has a different meaning in
physics than that in daily life. Comment.

Solution. In daily life, a body is said to be elastic if a
large deformation or strain is produced on applying a
given stress on it. In physics, elasticity is the property of
the material of a body by virtue of which it opposes any
change in its size or shape when a stress is applied on it.
Thus a body will be more elastic if a small strain is
produced on applying a given stress on it.

Problem 13. Why a spring balance does not give correct
measurement, when it has been used for a long time ?

[Himachal 05C, 07C]

Solution. When a spring balance has been used for a
long time, it develops an elastic fatigue, the spring of such
a balance takes longer time to recover its original
configuration and therefore it does not give correct
measurement.

(iv)

Problem 14. Why the bridges are declared unsafe
after long use ? [Himachal 03, 07C]

Solution. During its long use, a bridge suffers
alternating strains continuously. Consequently, the elastic
strength of the bridge gets reduced. After a long time, the
bridge develops elastic fatigue and there occurs a
permanent change in its structure. This permanent change
ultimately leads the bridge to collapse. In order to avoid
this event, the bridges are declared unsafe after long use.

/HOTS °

Problem 1. A wire elongates by | mm when a load W is
hanged from it. If the wire goes over a pulley and two
weights W each are hung at the two ends, what will be the
elongation of the wire in nn ? IAIEEE 06]

Solution. Young’'s modulus, Y = i .

A

Problem 15. Two identical solid balls, one of ivory
and the other of wet-clay, are dropped from the same
height on the floor. Which will rise to a greater height
after striking the floor and why ?

Solution. The ball which is more elastic rises to a
greater height after striking the floor. Ivory is more elastic
than wet-clay. Hence the ball of ivory will rise to a greater
height. In fact, the ball of wet-clay will not rise at all, it will
get flattened.

Problem 16. The breaking force for a wire is F. What
will be the breaking force for (a) two parallel wires of
the same size (b) for a single wire of double the thickness ?

Solution. (1) When two wires of same size are
suspended in parallel, a force F equal to the breaking force
will act on each wire if a breaking force of 2F is applied on
the parallel combination.

YAAl Y.m? Al
r
Thus for a single wire of double the thickness, the
breaking force will be 4F.

Problem 17. Graphite consists of planes of carbon
atoms. Between atoms in the planes there are only weak
forces. What kind of elastic properties do” you expect
from graphite ?

2

(b) F= e, For

Solution. Due to weak attractive forces between
carbon atoms of different planes, it is easier to produce a
large shearing strain by moving one plane of atoms over
the other with the application of a small tangential stress.
Now
Tangential stress

Modulus of rigidity, n =
gidity, n Shear strain

Hence graphite should possess a small modulus of
rigidity.
Problem 18. Why does modulus of elasticity of most

of the materials decrease with the increase of tempe-
rature ?

Solution. As the temperature increases, the inter-
atomic forces of attraction become weaker. For given
stress, a larger strain or deformation is produced at a
higher temperature. Hence the modulus of elasticity
(stress/strain) decreases with the increase of temperature.

. Elongation, [ L
AY

On either side of the wire, tension is W but length is [ /2.
~. Elongation produced along either side =//2 mm
Total elongation produced =//2 + //2 = mm.



Problem 2. A wire is cut to half its original length. (a)
How would it affect the elongation under a given load ? (b)
How does it affect the maximum load it can support without
exceeding the elastic limit ?

|
Solution. Young’s modulus, Y = Y,

I

::I-n

(n) Al = ie, Aloxl

ml*n

So when the wire is cut half to its original length,
extension is halved.

Al
(b) Maximum load, F = YAA

[

Here Y and A are constant. When the wire is cut to
half its original length, there is no change on the value
of Al / I. Hence there is no effect on the maximum load.

Problem 3. A bar of cross-section A is subjected to equal
and opposite tensile forces at its ends. Consider a plane
section of the bar whose normal makes an angle 8 with the
axis of the bar.

(a) What is the tensile stress on this plane ?

(b) What is the shearing stress on this plane ?

(c) For what value of O is the tensile stress maximum ?
(d) For what value of 0 is the shearing stress maxinum ?

Fq—------————\<ﬁq ------- S

Je e e e e =

Fig. 9.27

Solution. (1) The resolved part of F along the
normal is the tensile force on this plane and the

resolved part parallel to the plane is the shearing force
on the plane.

FcosB F
AsecG A

[~ Area of plane section = A sec 0]

(b) Shearing stress
_Force Fcos® F _

= -—schosezishﬂB.
Area Asecd A 2A

Force

Tensile stress = cos® 0

Area

(c) Tensile stress will be maximum when cos’ 0 is
maximum, i.e., cos =1 or 0=0°

(d) Shearing stress will be maximum when sin 26 is
maximum, fe, sin20=1 or 20=90° or 6=45°.

Problem 4. The graph (Fig. 9.28) shows the extension (Al)
of a wire of length 1 m suspended from the top of a roof at one
end with a load W connected to the other end. If the cross-

sectional area of the wire is 10~ ®n?, calculate the Young's
modulus of the material of the wire. [IIT Screening 03]
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-4
Al (x 10" 'm)
A
R et CLL LY .
oo i
S
g
0 20 40 60 80 W(N).;
Flg 9 28
Solution. When W =20 N, Al=1x10"%*m
F I W I 20 1
Y="r—=— . == x
AAl A Al 100° 1x10°*
=2x 10" Nm~ 2

Problem 5. A metallic wire is stretched by suspending
weight from it. If « is the longitudinal strain and Y is the
Young's modulus, show Hmt elastic potential energy per
untt volume is given by lya?. [Roorkee 82]

Solution. Elastic P.E. per unit volume,

] :% stressx strain
Stress  Stress .
But = — = [ Strain = a]
Strain o
Stress=Y a
Hence u:%Yuxa=%Yuz.

Problem 6. A copper wire of negligible mass, 1 m length
and cross-sectional area 10~ ni® is kept on a smooth
horizontal table with one end fixed. A ball of mass 1 kg is
attached to the other end. The wire and the ball are rotating
with an angular vel'ocrty of 20 rad s~ If the elongation in
the wire is 10> m, obtain the Young's modulus. If on
increasing the angular velocity to 100 rad s™\, the wire
breaks down, obtain the breaking stress. [Roorkee 92]

Solution. When the ball is rotated at the end of

copper wire, restoring force in the wire is equal to the
centripetal force on the ball.

Centripetal force,

F = mro?* = mlo’ [ r=1]
As Y=—F—.i or P=YAAI
A Al l
YAAL 5 ml? o
= mlw or =
AAl
But m=1kg [=1m, @=20rads" L A=10"°
Al=10"%m
2 2
2
L WTxCOY g, 0™ Nm
107" x 10
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Breaking force Lo

2
max =MoL =1x 1x (100)*=10* N

Breaking stress

= mro

_ Breaking force  10*

T =10"" Nm™2,

Area

Problem 7. A load of 31.4 kg is suspended from a wire of

radius 10™>m and density 9 x 10° kg m™>. Calculate the
change in temperature of the wire if 75% of the work done is
converted into heat. The Young's modulus and the specific
heat of the material of the wire are 9.8x10"° Nm™ 2 and

490 [ kg7 K7 respectively. [Roorkee 93]
Solution. As Y " i Al £ . L1
A Al AY
Work done,
W = % Stretching force x extension = % FAl
1. Fl_F?

Let AT be the rise in temperature when 75% of the
work done changes into heat. Then

075W =mcAT
where m(= Alp)is the mass of the wire and c its
specific heat.
2 2
075 x F i =AlpcAT or AT=O'—7§L
2AY 2A°Y pc

But F=Mg=314x98N, A=3.14x 10" ° m?,
Y =98x 10 Nm~?;, p=9x 10> kgm™3,
c=490] kg ' K

075 x (314 x 98)
~ AT = 6,2 10 3
2x(314x107°)"x9.8x 10" x 9 x 10° x 490
-1
120

Problem 8. A light rod of length 2 m is suspended
horizontally by means of two vertical wires of equal lengths
tied to its ends. One of the wires is made of steel and is of
cross-section A, =0.1 cnt” and the other is of brass and is of
cross-section A, =0.2 ent®. Find out the position along the
rod at which a weight must be suspended to produce (i) equal
stresses in both wires, (if) equal strains in both wires. For
steel, Y =20 x 10'° Nm™2 and for brass Y =10 x 101 Nm™2.

[TIT]

Solution. The situation is shown in Fig. 9.29. Let AB
be the rod of length 2 m. Suppose a weight W is hung
at C at distance x from A. Let T} and T, be the tensions
in the steel and brass rods respectively.

1
Steé Brass
wire wire
T, A AT
C
A B
——x——f— 2~ x —f
yw
e e L LI R T X R T
Fig. 9.29
T,

5
4
Y

Stress in brass wire = -2

(i) Stress in steel wire =

As both the stresses are equal, so
ﬂ = _’1‘."2_ Il. = 1_41 = E = 1 v
4 4 T, 4 02 2
Now moments about C are equal as the system is in
equilibrium

T 2-x

Tx=T,2-x) or 1=

1 ¥=T,@-x) N

1 2-x [ T1 1J
or S P

2 X T, 2

x=4-2x

3x=4 or x=§=1.33m.

(11) Now Y = Stress/Strain
*. - Strain = Stress/Y

T,/ A
Strain in steel wire =-1- 4
Y
T.
Strain in brass wire = —2 [ 4
YZ
‘ 2
Now —L = 5
AY, AY,

T _AY, _0lecm®x20x10'° Nm 2

T, 4Y, 02cm’x10x 10 Nm~2
=1
T, 2-x
Again, T.x=T,(2-x) or 1=
g 1 2( ) T2 x
2-x T
or; 1= { —=1}
x=2 —x
or 2x=2 or x=1m.
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Problem 9. A thin rod of negligible mass and area of
cross-section 4 x 107% i, suspended vettically from one
end has a length of 0.5 m at 100°C. The rod is cooled at 0°C,
but prevented from contracting by attaching a mass at the
lower end. Find (i) this mass and (ii) the energy stored in the
rod. Given for this rod, Y =10 Nur 2, coefficient of linear

expansion =10~ 5K !and g =10 ms” 2, [1IT 97]
Solution. Here
A=4x10"°m?% 1=05m,
AT =100 -0 =100°C=100 K
Y=10" Nm~2, a=10"°K!
Change in length,
Al=1o AT =0.5x 107> x 100
=5x10"*m
As Y = Stress
Al
Stress=YAT’=Y>< a AT
=10 x107° x 100 = 10%* Nm~2
Stretching force,
F = Stressx area =108 x 4 x 107 ®
=4x10* N
But F=Mg M=4x10?
2 2
or M:4x10 :4x10 40 kg,
g 10
(i1) Energy stored in the rod
=%me

=%x4x102x5><'10_4=0.1].

Problem 10. A wire of cross-sectional area A is
stretched horizontally between two clamps located at a
distance 21 metres from each other. A weight W kg is
suspended from the midpoint of the wire. If the vertical
distance through which the mid-point of the wire moves
down be x <1, then find (i) the strain produced in the wire.
(ii) the stress in the area. (iii) If Y is the Young's modulus of
wire, then find the value of x.

Solution. The situation is shown in Fig. 9.30. The

increase in length of the wire when it is pulled down
into shape BOC is

Al=BO+0OC-21=2B0-2I
=2 (1 + 22 -2

2\1/2 P 2
=21[1 +-’I‘7} -21:21[] +Exﬁ]_2!=i

2
- Strain <A - X"
21 2)2

Fig. 9.30
(if) If T is the tension in the string, then
w
2T cos 0=W or =
o 2 cos 0
Now cos 0 = = i
O 12+ x?
. x N X
- 172 ~
x2 111 x?
2 2
As <<l s 1421
21 21
1
- cos®=> and T-= W =£
' l 2(x/1) 2x
Stress =I =£.
A 2Ax
‘ 2 3
(iii) Y = Stre-ss =ﬂ 5 % =£3
Strain 2Ax «x Ax
BN
or x=1|—1 .
- LYA

Problem 11. A stone of 0.5 kg mass is attached to one
end of a 0.8 m long aluminium wire of 0.7 mm diameter and
suspended wvertically. The stone is now rotated in a
horizontal plane at a rate such that the wire makes an angle
of 85° with the vertical. Find the increase in the length of the
wire. The Young’s modulus of aluminium =7 x 10'° N2,
5in85°=09962, cos 85°= 00872 )

[Roorkee 90]

Solution. As shown in Fig. 931,
let the stone be rotated in a circle
of radius r with speed v. Then the
forces acting on the stone are

(1) its  weight mg acting

vertically downwards,

(if) centrifugal force mv?®/r in

horizontal direction, and
(iii) tension T in the wire.

o

Fig. 9.31
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Resolving T in horizontal and vertical directions,
we get

T cos 6 = mg (1)

2
and T sin 6= i)

r
T Mg _ mg :0.5 x 98 ~56.19 N.
cos 0 cos85° 00872
Al/l A Al
Tl 56.19x0.8

TYA 7x107x nx (0.35x 107 )

=167 %10 m = 1.67 mm.

Problem 12. Two rods of different materials but of equal
cross-sections and lengths (1.0 m each) are joined to make a
rod of length 2.0 m. The metal of one rod has coefficient of
linear thermal expansion 107°°C™! and Young's modulus
3 x 10" Nmi~ 2. The other metal las the values2 x 107°°C1
and 10" N~ ? respectively. How much pressure must be
applied to the ends of the composite rod to prevent its
expansion when the temperature is raised by 100°C ?

[Roorkee 91]

( uidelines to NCERT Exereises

-

9.1. A steel wire of length 4.7m and cross-section

3.0 x 10" ° ni* stretches by the same amount as a copper wire of
length 3.5 m and cross-section 4.0 x 10~ > m* under a given
load. What is the ratio of the Young's modulus of steel to that of
copper ?

Ans. For steel : I=47m, A=3.0x 10 m?

For copper: 1=35m, A=4.0x10"° m?

Applied force F and extension Al are same for both
wires.

. Young’s modulus of steel,
y. = Fl. = Fx4.7
S A.Al 3.0x107° xAl

Young’s modulus of coppef,
Fl Fx35
Yo = = -5
A. Al 40x10 7 xAl

Y Fx4.7

Yo 30x10° % xal

=1.79.

9.2. Fig. 9.32 shows the stress-strain curve for a given
material. What are (a) Young's modulus and (b) approximate yield
strength for this material ?

>(4.0><10-5 x Al
Fx3.5

Solution. When the temperature is raised by 100°C,
the extensions in the two rods are

Al =a, 1AT=10"%x10x100=10"* m

Al

Tensions produced in the rods are

-10 -3
B o i A’_1=3><10 x Ax 10
1 i 10

=a2]AT=2x10'5x1.0><100=2x10'3m

=3x10” A newton

10" % Ax2x10°3
10

Al
'I:-!=Y2 A'Tz'=

=2 x 107 A newton

where A = area of cross-section of each rod.

Total force needed to be applied at the ends to
prevent expansion

=T1 +T2=5x107A newton

Force 5x107 A
Area A

-. Pressure = =5x 10" Nm 2.

/

Stress {lﬂbva 2) -

50 ]

0 0.001 0.002 0.003

Strain —

0.004

T .

Fig. 9.32
Ans. (a) From the given graph for a stress of
150 x 10° Nm ™ 2, the strain is 0.002.
2 Young's modulus,
Y = Stress _ 150 x 10® Nm~ 2
Strain 0.002
=7.5x10" Nm ™2,

(b) Near the bend of the curve, the stress is nearly
300 x 10® Nm ™~ 2.
. Approximate yield strength of the material

=3x10® Nm 2
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9.3. The stress-strain graphs for materials A and B are
shown in Fig. 9.33.

T T
wy w
o &
YV 5|/
Strain — Strain —
AL D P ESRRAR A T ST N
Fig. 9.33

The graphs are drawn to the same scale.

(@) Which of the material has greater Young'’s modulus ?
(b) Which material is more ductile ?

(c) Which is more brittle ?

(d) Which of the two is stronger material ?
[Delhi 09 ; Central Schools 12]

Stress
= slope of

Ans. (a) Young’s modulus =

train
stress-strain graph.

As the slope of stress-strain graph for material A is
higher than that for material B, so material A has greater
Young’s modulus than B.

(b) Material A is more ductile than B, because it has
larger range of plastic extension between its elastic limit
and fracture point.

(c) Material B is more brittle than A, because its
plastic range of extension is very small.

(d) Material A is stronger than B, because it can
withstand greater stress before breaking.

9.4. Read each of the statements below carefully and state,
with reasons, if it is true or false.

(@) The modulus of elasticity of rubber is greater than that

of steel.

(b) The stretching of a coil is determined by its shear modulus.

Ans. (a) False. When steel and rubber are subjected to
the same deforming force, less extension and hence less
strain is produced in the steel than the rubber and as

Y= Stre.ss
Strain
so Y is more in case of steel than in the case of rubber.

(b) True. When the coil is stretched, there is no change
in the length or the volume of the wire used in the coil.
There is only a change in the shape of the spring, so shear
modulus is involved.

9.5. Two wires of diameter 0.25 cm, one made of steel and
other made of brass are loaded as shown in Fig. 9.34. The
unloaded length of steel wire is 1.5 m and that of brass wire is
1.0 m Young's modulus of steel is 2.0 x 10" Pa and that of
brass is 0.91x 10'"" Pa. Compute the elongations of steel and
brass wires. (1 Pa = 1 Nm™ 2).

Ans. For steel wire :

L, =15m, ri=%cm=0.]25x10"2 m

E=6+4=10kg f=10x98N

Y, =2.0x10" Pa
F I F |
As Y=, —=— —
ANl m? Al Gfpstee!
a5y
" [ ] 40kg
ay =t b
™ E_Brass
10x9.8x1.5 =

314 %(0.125 x 107 2)% x 2.0 x 10" [ ] 6o0ke
=15x10"* m. SR

[ Fig. 9.34
For brass wire :

l,=10m, 1, =0125x10"* m
E=6kgf=6x98N, Y, =091x10" Pa
Al = .3
2 1tr22 Y,
B 6x98x1.0
3.14 x(0.125 x 10 2)? x0.91 x 10"

=13x10"* m.

9.6. The edge of an aluminium cube is 10 cm long. One face
of the cube is firmly fixed to a vertical wall. A mass of 100 kg is
then attached to the opposite face of the cube. The shear modulus
of aluminium is 25 G Pa. What is the vertical deflection of this
face ? (1 Pa=1Nm"2).

Ans. Area of the face on which force is applied,

A=10cm x10cm =100cm?
=100x10"* m*=10"* m’
-F=LIL=100x10=1000 N,
N=25GPa =25x10° Pa

[=10cm=0.10m

N _FIA_E I
"N T A A
F I 1000x0.10

Al =4x107 m.

T A'n 1002x25x10°

9.7. Four identical hollow cylindrical columns of mild steel
support a big structure of mass 50,000 kg. The inner and outer
radii of each column are 30 cm and 40 cm respectively.
Assuming the load distribution to be uniform, calculate the
compressional strain of each column. The Young's modulus of
steel is 2.0 x 10" Pa.

Ans. Here = 30cm =03 m,
r, =40cm =04 m, Y =2.0 x 10" Pa
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As the load is uniformly distributed among the four Hence Y o 1 or A 1
columns, hence the load on each column

50,000 D* 1 1

= """ kg =12500 k — o~ or De—

g 8 B or 1 Ty N%

F = 12500 x9.8 N Dopper | Yoem \/1 9x10" Pa .
~ — - 2 )( .. - - ] 1 - wte
Also A= Area of c;ross section of each column Do Y. opper 1.1x 10" Pa

= m'22 -my" = 7t(."22 = riz) '
2 2 9.11. A 14.5 kg mass, fastened to the end of a steel wire of
= = [(0.4)2 - (0.3)2] = 5 x 0.07 = 0.22 m*? unstretched length 1.0 m, is whirled in a vertical circle with an

angular velocity of 2 rev/s at the bottomn of the circle. The

. Compressional strain cross-sectional area of the wire is 0.005 em®. Calculate the
Stress F/A F elongation of the wire when the mass is at the lowest point of its
Young's modulus ¥ AY path.
12500 x 9.8 " Ans. The centripetal force at the lowest point is given
= —l.l‘ = 2.8 X 10 . by
0.22x2.0x10

' mrot =T — mg

9.8. A piece of copper having a rectangular cross-section o : g - ;

: : ;o 2 Tis t th n

15.2 mm x 19.1 mm is pulled in tension with 44,500 N force, where T is the tension in the wire when the mass is at

producing only elastic deformation. Calculate the resulting the lawest point:

strain. . Tension,
Ans. Here F =44, 500 N, T=mg+ mre? = mlg + r(21rv)2]
A=152mm x19.1 mm 2145198+ 1.0X4XT[2 X(Z)Z]
—152x19.1x 10" ¢ m2 =14.5[9.8 + 16 x9.87] = 14.5 x 167.72
. = 243194 N.
For copper,
Y =12 x10"" Nm~2 Now  y=->ress F/A _T/A
Stress F Strain Al/] Al/l
= Strain = 1 xstrain . Al = 1 _ 2431.94 X ]-0
E 44500 AY  0.065x10"* x2 x 10"
Strain = — = ~
AY 152x19.1x10 % x1.2 x 10" =1.87 x10"% m.
— 0.001277 9.12. Compute the bulk modulus of water from the following

data : Initial volume = 100.0 litre, pressure increase = 100.0 atm,
9.9. A steel cable with a radius of 1.5 cm supports a chairlift final volume =100.5 litre (1 atm = 1.013x 10° Pa).
at a ski area. If the maximum stress is not tc cceed 10° Nm™ *, Ans. Here p=100atm =100 x 1.013 x 10° Pa

what is the maximum load the cable can support ?

Ans. Maximum stress Initial volume,
Maximum load Maximum load V =100.0 litre = 100.0 x 10”3 m?
¥ Area of cross - section = nrl Final volume,

V'=100.5 litre = 100.5 x 10" 3 m?3
Increase in volume,
AV =(100.5-100.0)x 103 = 0.5 x 10" 3 m3

. Maximum load = nr? x Maximum stress
=3.142 x(15x1072)2 x10° N

=7.07x 10* N. Bulk modulus of water,
9.10. A rigid bar of mass 15 kg is supported symmetrically pV 100 x 1.013 x 10° x 100.0 x 10~ 3
by three wires each 2.0 m long. Those at each end are of copper “Tav o 0.5x10" 3
and the middle one is of iron. Determine the ratios of their 9
diameters if each is to have the same tension. = 2.026 x10° Pa.
Ans. Let T be the tension in each wire. As the bar is 9.13. What is the density of ocean water at a depth,

where the pressure is 80.0 atm, given that its density at the
surface is 1.03x10° kgm™ > ? Compressibility of water
=458 x10""" Pa~'. Given 1 atm =1.013 x 10° Pa.
Ans. Compressibility
=1 =458 x10" 1 pa !
K

supported symmetrically by the three wires, the increase
in length Al of each wire should be same.

y- L1
A Al
For all wires, we have same |, Al and T,

Now
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Change in pressure,
p=80-1=79atm =79x1.013x10° Pa
Density at the surface, p = 1.03 x 10° kgm ™3

As K= P
AV V
AV
__:Px_
Vv K
=79 x1.013 x10° x45.8 x 10™ !
=3.665x10"°
AV V-V' M/p-M/p" _ p
Also, ——= = =1-=
1% 1% M/p p
or E=1-—rA-K.
P Vv
. p 1.03 x 10
or = =
Pm AV T 1-3665x10°
Vv
3
_ 108 x107 =1.034 x10* kgm 2,
0.996

9.14. Compute the fractional change in volume of a glass
slab, when subjected to a hydraulic pressure of 10 atm.

Ans. Here p=10atm =10 x 1.013 x 10° Nm 2,
k=37 x10° Nm ™2

Bulk modulus, k = ﬂ
AV

Fractional change in volume of glass slab,

5
AV _ £=w=2'74"10-5
4 K 37 x10

9.15. Determine the volume contraction of a solid copper
cube, 10 cm on an edge, when subjected to a hydraulic pressure
of 7.0 x 10° Pa.

Ans. Original volume
V =(10cm)® = 1000 cm?
=1000x10"° m?® =103 m?

Pressure, p=7.0x10° Pa
For copper, k = 140x 10° Pa
Bulk modulus, K= v

AV

Volume contraction of copper cube,

6 -3
av = BV 70 x10° x10
K 140 x 10

=0.05x10" % m? = 0.05 em?.

9.16. How much should the pressure on a litre of water be
changed to compress it by 0.10% ?

Ans. Here V =1 litre = 10" *m?,

AV
— =0.10% = :10_ 0.001
14 100

For water, x = 2.2x10° Nm ™2

pV
A =2
S K AV
AV
p="220 _22x10° x0.001

=2.2x10° Nm 2.

9.17. Anwils made of single crystals of diamond, with the
shape as shown in Fig. 9.35, are used to investigate behaviour of
materials under very high pressures. Flat faces at the narrow
end of the anvil have a diameter of 0.5 mum, and the wide ends are
subjected to a compressional force of 50,000 N. What is the
pressure at the tip of the anvil ?

Diamond

cones Metal

gasket

T

Fig. 9.35
Ans. Here r=025mm =025x10"° m
F =50,000 N
Pressure at the tip of the anvil
_Force F _ 50,000
T Area  w? 3.14x(0.25x10 2)

=2.55x10"" Nm 2.

9.18. A rod of length 1.05 m having negligible mass is
supported at its ends by two wires of steel (wire A) and
aluminium (wire B) of equal lengths as shown in Fig. 9.36. The
cross-sectional areas of wires A and Bare 1.0 mm?® and 2.0 mm®
respectively. At what point along the rod should a mass m be
suspended in order to produce (a) equal stresses and (b) equal
strains in both steel and aluminium wires ?

<
A Steel Aluminium
wire wire
A
T,
1.05m
UBRY:
p—x 1.05 - x |
am
Fig. 9.36

Ans. Suppose the mass m is suspended at distance x
from the wire A. Let T, and T, be the tensions in the steel
and aluminium wires respectively.
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(a) Stress in steel wire = R

1
5

4

As both the stresses are equal, so
2
L _5 or L _4A _10mm® 1
&

Stress in aluminium wire =

T, A, 20mm? 2
Now the moments about point C are equal because the
system is in equilibrium.
Tx =T, (1.05-x)

L, 105-x 1 105-x
or 1= : 2
T X X
or x=210-2x
or x=0.7m (from steel wire)
(b) Strain = S'tress
Young's modulus
T T
. Strain in steel wire = -1 (4 _ N
Y AR
5

Strain in aluminium wire = —=—
2

For the two strains to be equal,
L _ 5

AY, 4
T AY, 10mm®x200x10°Pa 10

. T, AY, 20mm2x70x10°Pa 7
Again, Tx=T,(1.05-x)
T 105-x 10 1.05-x
or —_ = or —=
L x 7 x
or 10x =7.35-7x
or x= % =0.43 m (from steel wire)

9.19. A mild steel wire of length 1.0 m and cross-sectional
area 0.50 x 10”2 cn® is stretched, well within its elastic limit,
horizontally between two pillars. A mass of 100 g is suspended
from the mid-point of wire. Calculate the depression at the
mid-point.

Ans. The situation is shown in Fig. 9.37. The increase
in length of the wire when it is pulled down into shape
BOCis

Al= BO+ OC-2/=2BO-2]

2\1/2
=2(12+x2)1"2-21=21(1+%~J -2

2 2
=21+ 2y | ~2=X
2l I

x?.

21

Strain =

R

Fig. 9.37

Let T be the tension in the wire. Equating the vertical
components of the forces, we get

2T cos 0=W or T= Y
2cos O
Now,
cose—i— = = - = al
""" 0OB [z 2 2172 2
Fx [[1 x,:' 1+ —
1 2l
2 2
As 5—2<<1 50 1+I—2=1
21 21
cos 6= — and T = w =ﬂ
2(x/1) 2x
Stress=£=£
A 2
Stress  WI _21* WP

= $— = —
Strain 2Ax x? Ax°

wT? 1.0 0100x98 |
or x=ll—| =— 1 —
YA 2 | 2x10" x0.5x10

=05(9.8x10" %)% =05x2.14x10" 2
=1.07 x10"% =1.07 cm.

9.20. Two strips of metal are riveted together at their ends
by four rivets, each of diameter 6.0 mm. What is the maximum
tension that can be exerted by the riveted strip if the shearing
stress on the rivet is not to exceed 2.3 x 10° Pa ? Assume that
each rivet is to carry one quarter of the load. ‘

Ans. Let the tension exerted by riveted strip = F

This tension would provide shearing force on the four
rivets, which share it equally.

. Shearing force on each rivet = ;
and shearing stress on each rivet = % =

4A

Fig. 9.38
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As the maximum shearing stress on each rivet is given
to be 2.3 x 10" Pa, so we have

iﬁ =23x10°
4A

1.1x 10% Pa. A steel ball of initial volume 0.32 m® is dropped
into the ocean and falls to the bottom of the trench. What is the
change in the volume of the ball when it reaches to the bottom ?

Ans. Here p=1.01x10® Pa,V =032 m?

or Elax = 4A x23 x 10° =4 x r? x2.3 x10° For steel, « = 160 x 10° Pa
42 -3y 9 As —
—4x?x(3.0x10 )©x23x10 AV IV
=260.2 x10° N =260 kN. Ay = PV _ 101x10° x0.32
9.21. The Marina trench is located in the Pacific Ocean and Tk 160x10°

at one place it is nearly eleven km beneath the surface of water.
The water pressure at the bottom of the trench is about

Text Based

Tyoe A : Very Short Answer Questions

20.
21.

1. Among the interatomic and intermolecular forces,
which are the stronger ones ? How much ?

2. Write a relation between interatomic force and

potential energy. 22.

3. Write an expression showing the dependence of 3
potential energy on interatomic separation r.
4. Among the three states of matter : solid, liquid and

gas ; which has got its own shape ? 24.

Give another name for amorphous solids.
25.

26.
27,

What is an isotropic medium ?

What is an anisotropic solid ?

LA

What type of solids : crystalline or amorphous, are

anisotropic ? 28
9. Give one example each of isotropic and anisotropic

bstance ?
su 29,

20, 30.

11.

What is the meaning of word ‘amorphous’ ?

Which state of the solid is more stable : crystalline
or amorphous ?

12.
13.
14.
15.

Give an example of semi-crystalline solid.
[Himachal 07]
[Himachal 07]

31.
32.

What is a deforming force ?
What is restoring force ?

Are the elastic restoring forces conservative in

nature ? 33.

34.
35.
36.

16.
17.
18.
19.

Define stress and strain. [Delhi 95, 05C]

Define elastic limit. [Meghalaya 99]
Define yield point.

Define Young’s modulus of elasticity.  [Delhi 03]

=2.02x10"% m?>.

AR e - s T

1 Mark Each

Write dimensional formula of Young’s modulus.
What is the value of Young's modulus for a
perfectly rigid body ?

What is the limitation of Hooke's law ?

Why any metallic part of a mechinery is never
subjected to a stress beyond the elastic limit of the
material ?

Define bulk modulus of elasticity. Give its units
and dimensions. ‘

What is the reciprocal of bulk modulus known as ?
Give the Sl unit and dimensions of compressibility ?
What is the value of bulk modulus for an
incompressible liquid ?

What is the value of modulus of rigidity for an
incompressible liquid ? [Central Schools 09]
What a Poisson’s ratio ? Does it have any unit ?
Young’s modulus of the material of a wire is Y. On
pulling the wire by a force F, the increase in its
length is x. What will be the potential energy of the
stretched wire ?

Define modulus of rigidity. What is its SI unit ?

What is breaking stress for a wire of unit
cross-section called ?

What is elastic after effect ?
What is elastic fatigue ?
What is elastic hysteresis ?

If the length of a wire increases by 1 mm under 1 kg
wt, what will be the increase under

(1) 2 kg wt (#1) 100 kg wt ?
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37.

38.

What will happen to the potential energy of the
atoms of a solid when it is compressed ? What
happens when a wire is stretched ?

A spiral spring is stretched by a force. What type of
strain is produced in it ?

Answers
1. Interatomic forces are 50 to 100 times stronger than
the intermolecular forces.
2. p=-4
dr
3. U(r)= 4 8

For most of the substances, exponents 1nand m are
12 and 6 respectively.

Solid has its own shape.

5. Amorphous solids are also called glassy solids.

10.
11.
12.
13.

14.

15.

16.

17.

Any medium which has the same physical properties
in all directions is called an isotropic medium.

If a solid has different physical properties (thermal,
electrical, mechanical and optical) in different
directions, then it is said to be an anisotropic solid.

Crystalline solids are anisotropic.

Glass is an isotropic substance and quartz is
anisotropic substance.

The word amorphous means without any form.
Crystalline state is more stable.

Polyethylene.

A force which produces a change in the size or
shape of a body is called deforming force.

The intermolecular force developed within a body
due to relative molecular displacements is called
restoring force.

The elastic restoring forces are conservative only
when the loading and unloading curves coincide.

Stress is the internal restoring force set up per unit
area of a deformed body.

Force
Stress =

rea

Strain. When external deforming forces act upon a
body, the fractional change produced in the body is
called strain.

Change in any dimension

Strain = > - : -
Original dimension
That maximum stress within which a body com-

pletely regains its original size and shape after the
removal of the deforming force is called elastic limit.

39.
40.

18.

19.

20.
21.
22,

23.

24,

25.
26.

27.
28.
29.

30.

31.

32.
33.

34.

35.

State Hooke's law. [Himachal 03, 05 ; Delhi 05]

Which of the two forces-deforming or restoring
force is responsible for elastic behaviour of substance.
[Himachal 01]

The stage of a material when it yields to the defor-
ming force and goes on increasing in length even
when the load is kept constant is called yield
point.

Young's modulus of elasticity is defined as the ratio
of the stress to the longitudinal strain, within the
elastic limit.

ML T2,

Infinite.

Hooke's law is obeyed upto the proportionality
limit of the material.

When a metallic part is subjected to a stress beyond
the elastic limit, a permanent deformation is set up
in it.

Bulk modulus of elasticity is defined as the ratio of
tangential stress to shear strain within the elastic

limit. Its SI unit is Nm~? and its dimensional
formula is [ML 'T™ 2],

Compressibility.

The SI unit of compressibility is N 'm? and its
dimensional formula is [M~'LT?].

Infinite.

Zero.

The ratio of the lateral strain to the longitudinal
strain is called Poisson’s ratio. It has no units.

P.E. of stretched wire = % Fx.

Modulus of rigidity is the ratio of tangential stress
to the shearing strain within the elastic limit. Its SI
unit is Nm ™~ 2.

Tensile strength.

The delay on the part of the body in regaining its
original configuration on the removal of the
deforming force is called the elastic after effect.

Elastic fatigue is defined as the loss in the strength
of a material caused due to repeated alternating
strains to which the material is subjected.

The fact that the stress-strain curve is not retraced
on reversing the strain (for a material like rubber) is
called elastic hysteresis.
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36.

37.

(1) 2 mm
(ii) The wire will break, because the stretching
force is increased beyond breaking force.

Potential energy increases in both cases.

Type B : Short Answer Questions

Distinguish between elasticity and plasticity.

State Hooke's law and hence define modulus of
elasticity. [Meghalaya 96]

Define stress and strain and derive their units. What
is Hooke's law ? Write its one limitation.
[Delhi 04]

Which is more elastic — iron or rubber ? Why ?
[Delhi 96 ; Himachal 05, 07]

Define the terms stress and strain and also state
their SI units. Draw the stress versus strain graph
for a metallic wire, when stretched upto the

breaking point. [Himachal 06]

Represent graphically the variation of extension

with load in an elastic body. On the graph mark :

(a) Hooke's law region. () Elastic limit.

(¢) Yield point. (d) Breaking point.
[Delhi 99]

Define the terms Young’s modulus, bulk modulus

and modulus of rigidity. Also give their units.

[Himachal 06, 07]

What are elastomers ? Draw a stress-strain graph
for an elastomer.

Define elastic limit and elastic fatigue. What are
ductile and brittle substances ? [Himachal 06]

Answers

1. Refer answer to Q. 1 on page 9.1.

Refer answer to Q.7 on page 9.3 and Q. 8 on
page 9.4.

Refer to points 12, 13 and 15 of Glimpses.

4. Refer to the solution of Problem 3 on page 9.26.

o

e ® N

Refer to points 12 and 13 of Glimpses and see
Fig. 9.6 on page 9.4.

See Fig. 9.6 on page 9.4.

Refer to points 17, 18, 19 and 20 of Glimpses.
Refer answer to Q. 14 on page 9.6.

Refer to points 14, 25, 26 and 30 of Glimpses.

38.

Shear strain.

39. Refer to point 15 of Glimpses.

40.

10.
11.

12,

13.

14.

15.

16.

17.

18.

10.
11.
12.
13.
14.
15.
16.
17.
18.

Restoring force.

2 or 3 Marks Each

What is elastic after effect ? What is its importance ?

Describe elastic hysteresis. Mention its two
applications.

Explain how is the knowledge of elasticity useful in
selecting metal ropes used in cranes for lifting
heavy loads.

Explain why should the beams used in the construc-
tion of bridges have large depth and small breadth.

Or
Why are girders given I shape ?

Show that the maximum height of any mountain on
the earth cannot exceed 10 km.

Explain why hollow shafts are preferred to solid
shafts for transmitting torque.

What is elastic potential energy ? Prove that the
work done by a stretching force to produce certain
tension in a wire is

W= % Stretching force x extension.

Derive an expression for energy stored in a wire
due to extension. [Chandigarh 07]

Define Poisson’s ratio. Write an expression for it.
What is the significance of negative sign in this
expression ?

Refer answer to Q. 19 on page 9.17.
Refer answer to Q. 21 on page 9.18.
Refer answer to Q. 23 on page 9.18.
Refer answer to Q. 24 on page 9.18.
Refer answer to Q. 25 on page 9.19.
Refer answer to Q. 26 on page 9.19.
Refer answer to Q. 27 on page 9.19.
Refer answer to Q.27 on page 9.19.
Refer answer to Q. 28 on page 9.21.



9.40 PHYSICS-XI

Type C: Long Answer Questions

What is interatomic force ? Discuss the variation of
interatomic force with the interatomic separation.

[Himachal 02]
Define the term elasticity. Give an explanation of
the elastic properties of materials in terms of
interatomic forces ?

State Hooke’s law. How can
experimentally ?

it be verified

Define Young's modulus of elasticity. Describe an
experiment for the determination of Young's
modulus of the material of a wire.

Define Young’s modulus, bulk modulus and modulus
of rigidity. Write mathematical expressions for
these moduli. What is compressibility.

Answers

1.

LA S

Refer to point 1 of Glimpses and answer to Q. 2 on
page 9.2.

Refer answer to Q. 2 on page 9.2.

Refer answer to Q. 7 on page 9.3.

Refer answer to Q. 11 on page 9.5.

Refer to points 17, 18, 19 and 21 of Glimpses.

© ® N9 o

5 Marks Each

Discuss stress vs. strain graph, explaining clearly
the terms elastic limit, permanent set, elastic
hysteresis and tensile strength.
[Delhi 06]

Describe stress-strain relationship for a loaded
steel wire and hence explain the terms elastic
limit, yield point, tensile strength.

[Chandigarh 03]
On the basis of stress-strain curves, distinguish
between ductile, brittle and malleable materials.

Derive an expression for the elastic potential energy
stored in a stretched wire under stress. Define the
terms elastic after effect and elastic fatigue.

[Himachal 07C]

Refer answer to Q. 10 on page 9.4.
Refer answer to Q. 10 on page 9.4.
Refer answer to Q. 12 and Q. 13 on page 9.6.

Refer answer to Q.27 on page 9.19 and refer to
points 29 and 30 of Glimpses.
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Interatomic force. It is the force between the atoms
of a molecule. It arises due to the electrostatic
interaction between the nuclei of two atoms, their
electron clouds and between the nucleus of one
atom and the electron cloud of the other atom.

Intermolecular forces. It is the force acting
between the two molecules of a substance due to
electrostatic interaction between their oppositely
charged ends. Such forces operate over distances
of 10~ m and are weaker than interatomic forces.
Solids. A solid is a large accumulation of (~ 107)
atoms or molecules. It has definite shape and size.
The solids we come across in daily life can be
classified into three groups :

(i) Crystalline solids.

(11) Amorphous solids.
(iif) Semi-crystalline solids.
Crystalline solids. Those solids in which the
atoms or molecules are arranged in a regular and
repeated geometrical pattern are called crystalline
solids. Such solids are bounded by flat surfaces,
are anisotropic, have sharp melting points and
have long range order in their structure.

Examples. Rock salt,
diamond, etc.

quartz, mica, calcite,
Amorphous solids. These are the solids in which
the atoms or molecules are not arranged according
to certain definite geometrical order, i.e., the atoms
or molecules are arranged in a random order. Such
solids are isotropic, do not have flat surfaces and
their melting points are not sharp. They are
super-cooled liquids.

Examples. Glass, rubber, cellulose, bitumen, bone
and many plastics.

6.

10.

11,

Semi-crystalline solids. These are the solids in
which the crystalline phase is inter-dispersed in
the amorphous phase, 7.e,, in which crystalline and
amorphous phases co-exist. Polyethylene and
protein are such solids.

Deforming force. A force which changes the size
and shape of body is called deforming force.

Elasticity. The property by virtue of which a body
regains its original size and shape after the
removal of deforming force is called elasticity.

Perfectly elastic body. If a body regains its original
size and shape completely and immediately after
the removal of deforming force, it is said to be
perfectly elastic body. The nearest approach to a
perfectly elastic body is quartz fibre.

Plasticity. The property by virtue of which a body
does not regain its original size and shape even after
the removal of the deforming force is called plasticity.

Perfectly plastic body. If a body does not show
any tendency to regain its original size and shape
even after the removal of deforming force, it is said
to be perfectly plastic body. Putty and paraffin
wax are nearly perfectly elastic bodies.

Stress. The restoring force set up per unit area of a
deformed body is called stress.

Stress — Restoring force _ Applied force _ i

Area Area A

The SI unit of stress is Nm ™2 and the CGS unit is
dynecm ™ 2 Its dimensional formula is [ML™'T ~?].

Stress is of two types :
(i) Normal stress

(if) Tangential stress.

9.41
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13.

T

Strain. The ratio of the change in any dimension
produced in the body to the original dimension is
called strain.

. Change in dimension
Strain =

Original dimension
As strain is the ratio of two like quantities, it has no
units and dimensions. Strain is of three types :

(/) Longitudinal strain. It is defined as the ratio
of change in length to the original length.

Change in length Al

Longitudinal strain =
5 Original length |

(if) Volumetric strain. It is defined as the ratio of
the change in volume to the original volume.

Change in volume AV

Vol tric strain = .
oumetnes Original volume V
Shear strain. It is defined as the angle 0 (in
radian) through which a face originally perpen-
dicular to the fixed face gets turned on applying
tangential deforming force.

(1)

Shear strain =0 =tan 0

Relative displacement between two |l planes

Distance between Il planes

Clastic limil. The maximum stress upto which
stress is proportional to strain is called elastic limit.

Hooke's law. It states that within the elastic limit,
stress is proportional to strain.

Stress « Strain

or Stress = E = strain
The constant Eis called modulus of elasticity of the
material of the body. ‘
Modulus of elasticity or coefficient of elasticity.
It is defined as the ratio of stress to the corres-
ponding strain, within the elastic limit.
It is of tiree types :

(/) Young's modulus

(11) Bulk modulus
(iti) Modulus of rigidity.
Young's medulus of elasticity. It is defined as the
ratio of longitudinal stress to the longitudinal
strain within the elastic limit.

It is given by

Yo Longitudinal stress  F/A F |
Longitudinal strain ~ Al/] A Al
Bulle modulus of elasticily. It is defined as the

ratio of normal stress to volumelric strain within
the elastic limit.

19,

S
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e
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It is given by

Normalstress — F/ A
*= Volumetric strain - AV IV
poo__pv
TTAVIV AV
The negative sign shows that the volume

decreases with the increase in stress.

Modulus of rigidity. It is defined as the ratio of

tangential stress to shear strain within the elastic

limit.

It is given by

_ Tangential stress _F/A _F/A F |
Shear strain 6 A

B SNl ATA
Units of moduli of elasticity. As strain is a pure
ratio, the unit of elasticity is same as that of stress.
So SI unitof Y, k or nis Nm~ 2 and the CGS unit is
dyne cm ™2
Compressibility. The reciprocal of the bulk modulus
of a material is called its compressibility.
Compressibility =1/
The SI unit of compressibility is N"! m? or Pa™!.
Yield point. The stress beyond which a solid flows
is called yield point. For example, a paste of flour
and water flows under its own weight.
Breaking stress. The stress corresponding to
which a wire breaks is called breaking stress.
Breaking force = Breaking stress x area of
cross-section of the wire.
Plastic region. The region of stress-strain curve
between the elastic limit and the breaking point is
called plastic region.
Ductile materials, The materials which have large
plastic range of extension are called ductile mate-
rials. Such materials can be drawn into thin wires.
Examples. Copper, silver, iron, aluminium, etc.
Brittle materials. The materials which have very
small range of plastic extension are called brittle
materials. Such materials break as soon as the
stress is increased beyond the elastic limit.
Examples. Cast iron, glass, ceramics, etc.

Malleable metals. The metals which can be
hammered or rolled into thin sheets are called
malleable metals.

Examples. Gold, silver, lead, etc.

Llastomers. The materials which can be elastically
stretched to large values of strain are called
elastomers. They have large elastic region but do
not obey Hooke's law.

Examples. Rubber and elastic tissue of aorta.
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29, Tlastic after effect. The delay in regaining the
original state by a body on the removal of deforming
force is called elastic after effect. This effect is
minimum for quartz and phosphor bronze and
maximum for glass fibre.

Elastic fatigue. It is defined as the loss in the
strength of a material caused due to repeated alter-
nating strains to which the material is subjected.

30.

31. FElastic hysteresis. The fact that the stress-strain
curve is not retraced on reversing the strain (for a
material like rubber) is called elastic hysteresis.

32. Poisson’s ratio. When the length of a loaded wire

increases, its diameter decreases. The ratio of the
lateral strain to the longitudinal strain is called
Poisson’s ratio. It is given by

Lateral strain

°" Longitudinal strain
AD/ D
A/
Poisson’s ratio o is a pure number. It has no units
or dimensions.

Elastic potential energy in a sirelched wire. The
work done against the internal restoring forces in
stretching a wire is stored as its elastic potential
energy.

W
a

It is given by

1
u= 5 Stretching force » extension

1
2
1
2
1

— ~ Stress xstrain x volume of the wire
P.E. stored per unit volume of the wire or elastic
energy density is

u

1 .
H=— = EStress % strain

! .2
Young's modulus xstrain®.

SRR

IIT Entrance Exam

N MULTIELE GHOIBE QUESTIONS WITH
ANE CORRECT ANSWER
1. The adjacent graph shows the extension (Al) of a

wire of length 1 m suspended from the top of a roof at
one end and with aload W connected to the other end.

A

4

[#5)

K

Al (x 10 4m)

—

0 —
20 40 60 80 W(N)

If the cross-sectional area of the wire is 10°m?,

calculate the Young's modulus of the material of the
wire

(@)2x10" N/m?

() 2x107"'N/m’

(c) 3% 1072 N/ m?

(d)2x107*N/m? 1T 04]

2. The following four wires are made of the same
material. Which of these will have the largest extension,
when the same tension is applied ?

(a) length =50 cm,
(b) length =100 cm, diameter = 1 mm

diameter = 0.5 mm

(¢) length =200 cm, diameter =2 mm
(d) length =300 cm, diameter =3 mm (11T 51]

3. A wire of length L, and cross-sectional area A is
made of a material of Young's modulus Y. If the wire is
stretched by an amount x, the work done is

(a) YAx* /2L (b) YAx* /L

(c) YAx /2L (d) YAX’L

4, The pressure of a medium is changed from
101x10° Pa to 165x10° Pa and change in volume is
10% keeping temperature constant. The bulk modulus
of the medium is

(a) 204.8x 10° Pa (0) 102.4x10° Pa

(c) 51.2x10° Pa (d) 1.55% 10" Pa (111 05}

5. A given quantity of an ideal gas is at pressure P
and absolute temperature T. The isothermal bulk
modulus of the gas is

(@)2P/3

(©)3P/2

LT &7]

P

d2r (T |
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Answers and Explanations

L (2) When W =20 N, Al=1x10"4 m

F 1 _w i
AAl Al
_20 1
107 1x10°4
=2x10" Nm2.
2. (n) Al=f—.i=—4£2 r
AY aD* Y
!
In (a), i2= 502=2x10“ cm™!
D*  (0.05)
In (b), —li= 1002 =10* em™!
D*  (01)
In (¢), _12= 20(32:5)(]03 em™!
D* (0.2)

In (d), iz = 30-07 =33x10% cm™!
D* (03)

Hence Al is maximum in (a).

3. (a) W = Average force x increase in length

AP
AV IV
_(1.165-1.01)x 10°
10/100
=1.55x 10° Pa.

4. (d) Bulk modulus =

5. (b) Isothermal bulk modulus of a gas

= Pressure of the gas = P.

AIEEE

1. A wire elongates by | mm when a load W is
hanged from it. If the wire goes over a pulley and two
weights W each are hung at the two ends, the elongation
of the wire will be (in mm)

(a)1/2 ()1

(c) 21 (d) zero [AIEEE 06]

2. A wire fixed at the upper end stretches by
length I by applying a force F. The work done in
stretching is

(a) F/21

(c)2FI

(b) Fl
(d) F1/2
[AIEEE 04]

3. A wire suspended vertically from one of its ends
is stretched by attaching a weight of 200 N to the lower
end. The weight stretches the wire by 1 mm. Then the
elastic energy stored in the wire is

(a) 0.2] (by1o]

(c)20] (d)0.1] [AIEEE 03]

4. If S is stress and Y is Young's modulus of
material of a wire, the energy stored in the wire per
unit volume is

(@)2Y/S () S/2Y

2 s
(c)25%Y (d) —
2Y [ALEEE 03]
5. Two wires are made of the same material and
have the same volume. However wire 1 has Cross-
sectional area A and wire 2 has cross-sectional area 3A.
If the length of wire 1 increases by Ax on applying force
F, how much force is needed to stretch wire 2 by the
same amount ?

(@) F (b) 4F
(e)6F (d)9F [AIEEE 09]

6. The potential energy function for the force
between two atoms in a diatomic molecule is
approximately given by

a b
U(x)=—5-—,
where a and b are constants and x is the distance
between the atoms. If the dissociation energy of the
molecule is D =[U(x =w)-U ] Dis

at equilibrium

bz b2
z b) ——
(@ 6a (®) 2a
b? b?
<y d —
© 12a @ 4a [AIEEE 2010]
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Answers and Explanations

1. (1" Refer to the solution of Problem 1 on page 9.28. 6. (d) 1= ’;_2 e ”( ',
X ox
1
2 (W =;— Stretching force x increase in Iength=i Fl. . CdU _12a 6b
i dx PR
3. (/)Here F=200N, I=1mm=10"m o
\ At equilibrium,
u=Lr = Yx200x107=01]. o
2 2 F="iy 770
4. (/) Elastic P.E. stored per unit volume, ¥
1 . O 2a
n= 5 x Stress x Strain v = b
5 20\
=letressx Stress =§—. = x=(—;)
2 Y 2Y
5. () Y=—.—=— e
. R equilibrium — 2 [2a =
Y82 o FaA? (2“) [ J 4a
14 b b
- 2 _
F=B4) o D=U(x =)~ ue‘luilibriurn
F .
—=9 bZ bz
F =0 = =— |=—
[ ZaJ 4a



