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SOLIDS ‘

The materials having a definite shape and volume
are known as solids. All solids have the property of
elasticity by virtue of which solids behave as
incompressible substances and exhibit rigidity and
the mechanical strength. Solids are classified into two
categories namely Crystalline solids and amorphous
solids (or glassy solids).
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Crystalline Solids : A solid in which atoms or
molecules are arranged in aregular three dimensional
pattern is known as crystalline solid shown in figure
(a) For example : quartz, mica, sugar, copper
sulphate, sodium chloride, potassium iodide, cesium
chloride, carbon etc.

Amorphous Solids : Asolid in which atoms or
molecules are not arranged in a regular manner is
known as amorphous solid shown in figure (b) For
example : talc powder, glass, rubber, plastics etc.

UNIT CELLAND CRYSTALLATTICE g

Unit cell is the building block of a crystal. It is defined
as the smallest pattern of atoms in a lattice, the
repetition of which in three dimensions forms a crystal
lattice.

Full atom

1/8th of an
atom

Crystal lattice : It is defined as a regular
arrangement of large number of points in space, each
point representing the position of an atom or a group
of atomsina crystal. The crystal lattice is shownina
figure.

ELASTICITYAND PLASTICITY _ gl

The property of a material body by virtue of which it
regains its original configuration (i.e. shape and size)
when the external deforming force is removed is
called elasticity. The property of the material body
by virtue of which it does not regain its original
configuration when the external force is removed is

called plasticity.
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Deforming force : Anexternal force applied to a
body which changes its size or shape or both is called
deforming force.

Perfectly Elastic body : A body is said to be
perfectly elastic if it completely regains its original
form when the deforming force is removed. Since
no material can regain completely its original form
so the concept of perfectly elastic body is only an
ideal concept. Aquartz fiber is the nearest approach
to the perfectly elastic body.

Perfectly Plastic body : A body is said to be
perfectly plastic if it does not regain its original form
even slightly when the deforming force is removed.
Since every material partially regain its original form
on the removal of deforming force, so the concept
of perfectly plastic body is only an ideal concept.
Paraffin wax, wet clay are the nearest approach to a
perfectly plastic bodies.

Cause of Elasticity : In a solid, atoms and
molecules are arranged in such a way that each
molecule is acted upon by the forces due to the
neighbouring molecules. These forces are known as
intermolecular forces. When no deforming force is
applied on the body, each molecule of the solid (i.e.
body) is in its equilibrium position and the inter
molecular forces between the molecules of the solid
are maximum.

On applying the deforming force on the body, the
molecules either come closer or go far apart from
each other. As a result of this, the molecules are
displaced from their equilibrium position. In other
words, intermolecular forces get changed and
restoring forces are developed on the molecules.
When the deforming force is removed, these
restoring forces bring the molecules of the solid to
their respective equilibrium positions and hence the
solid (or the body) regains its original form.

STRESS

P

When deforming force is applied on the body then
the equal restoring force in opposite direction is
developed inside the body. The restoring forces per
unit area of the body is called stress.

restoringforce ~ F
Area of the body A

stress =

The unit of stress is N/m? or Nm~2. There are three
types of stress

Longitudinal or Normal stress

When object is one dimensional then force acting
per unit area is called longitudinal stress.

Itis of two types : (a) compressive stress( b )
tensile stress

Tensile stress Compressive strees

F/IA FIA FIA FIA

Examples :

0)

Consider a block of solid as shown in figure. Let
a force F be applied to the face which has area A.

Resolve F into two components :
F_=Fsin 6 called normal force and F, = F cos
0 called tangential force.

F Fsino

n
A A

- Normal (tensile) stress =

Tangential or shear stress

It is defined as the restoring force acting per unit
area tangential to the surface of the body. Refer to
shown in figure above

K _ Fcoso

Tangential (shear) stress = A A

The effect of stress is to produce distortion or a
change in size, volume and shape

(i.e. configuration of the bodly).
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3. Bulk stress or All around stress or Pressure :

When force is acting all along the surface normal to Sol. p, = A

the area, then force acting per unit area is known as
pressure. The effect of pressure is to produce volume
change. The shape of the body may or may not

_ 50x10
27 5ox107*

=2 % 10%N/m?
Bulk stress = Py = 2 % 10° N/m?

_mg

+1x10°

change depending upon the homogeneity of body.

STRAIN

F = pAA

Solved Examples

Ex.1 Find out longitudinal stress and tangential stress on 0
a fixed block

1m

«—5m

Sol. Longitudinal or normal stress

_100sin30°

= 5.3  —oNm?

= O

(i)

. 100 cos 30°
Tangential stress = = ——————

= 2
: £ 2 5v3N/m

Ex.2 Find out Bulk stress on the spherical object of radius

10 . . .
—om if area and mass of piston is 50 cm?and 50

kg respectively for a cylinder filled with gas.(g =10

m/s?)
piston
Ve

«~}—gas

O

Pt 5

wll
T

O

— Pgas

| 28

-

The ratio of the change in configuration (i.e. shape,
length or volume) to the original configuration of the
body is called strain

change in configuration
original configuration

i.e. Strain, e =

It has no unit
Types of strain : There are three types of strain

Longitudinal strain : This type of strain is
produced when the deforming force causes a change
in length of the body. It is defined as the ratio of the
change in length to the original length of the body.

Consider a wire of length L : When the wire is
stretched by a force F, then let the change in length
of the wire is AL shown in the figure.

o ] change in length
Longitudinal strain, e, = original length

- . AL
or Longitudinal strain = T

Volume strain : This type of strain is produced
when the deforming force produces a change in
volume of the body shown in the figure. It is defined
as the ratio of the change in volume to the original
volume of the body.

If AV =changeinvolume V =original volume

. AV
e = volume strain= —
v \Y




Mechanical Properties of Solids

(iii) Shear Strain : Thistype of strain is produced when 1.
the deforming force causes a change in the shape of
the body. It is defined as the angle (6) through which
a face originally perpendicular to the fixed face is
turned as shown in the figure.
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S "‘—>¢'| T // /I
! i / i
ot 01 (1 Vi i ]
7" 7:’ i),/ gl
! " l / /
R FrrrrrrrrrrrrrrrrrrTrrTTT
Fixed Face
tan¢or¢: ?
HOOKE’S LAWAND y

MODULUS OF ELASTICITY ‘

According to this law, within the elastic limit, stress
is proportional to the strain.

i.e. stress «strain

. stress
or stress = constant x strain or ———
strain

= Modulus of Elasticity.
This constant is called modulus of elasticity.

Thus, modulus of elasticity is defined as the ratio of
the stress to the strain.

Modulus of elasticity depends on the nature of the
material of the body and is independent of its
dimensions (i.e. length, volume etc.).

Unit: The Sl unit of modulus of elasticity is Nm=
or Pascal (Pa).

TYPES OF MODULUS OF ELASTICIT“'

Corresponding to the three types of strain there are
three types of modulus of elasticity.

1. Young's modulus of elasticity (Y)
2. Bulk modulus of elasticity (K)
3. Modulus of rigidity (n).

Sol.

Young's modulus of elasticity
Itis defined as the ratio of the normal stress to the
longitudinal strain.

_ Longitudin al stress
~ Longitudin al strain

i.e. Young's modulus ()

Normal stress = F/A,
Longitudinal strain =AL/L

_FIA FL

TOAL/L  AAL

fe—r— —>

Solved Examples
Ex.3 Find out the shiftin point B, C and D

A YL

01m VYae=2.5x%10° N/m’

0.2m Ve =4x 10" N/m*
0.15m y =1 x10° N/m?

A=10"m’

10kg

_ FL MgL _ 10x10x0.1
B ALAB = Av - -7 10
AY AY 107" x2.5x10

=4 x10°m=4mm

100x0.2

AL =aAL + AL, =4x10°+ 10 x4x 100
=4 x102%+5x10° =9mm

100x0.15

- - -3 _—Ey e~
ALy = AL + AL, = 9% 10°+ 5 ——

= 9x103%+15x%x10°%=24 mm
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ELONGATION OF ROD y (L w=400 rod . -
UNDERIT’S SELFWEIGHT ‘ 1.om ] dm wx
: . . A / ////// B T+dT T
Let rod is having self weight “W’, area of cross- :
section ‘A” and length “L’. Considering on element SR U ET
at a distance “x” from bottom.
oAl
thenT:%x . mw[z }
T «— <«—
. ., , T.dx I‘T>|
elongation in ‘dx’ element = Ay -
Total el . “Tdx I"dey_& mw?/
otal elongation s = | ——= :J. LAy  2Ay this tension will be maximum at A |~ | and
0 0

minimumat ‘B’ (zero), elongation in element of width

T+dT
n Tdx

dx ‘dx’ =

[ T .

Total elengation

l

Note : One can do directly by considering total weight . Tdx _ J'mwz(f2 ~%*) 4
at C.M. and using effective length ¢/2. Ay o A
mw?| , x3 '
Solved Examples 5= 2my| T3,

Ex.4 Given y=2x 10" N/m? = p=10*kg/m?

Find out elongation in rod. mw?x20° _ mw?/? _ pArw?/?

2/Ay x 3 3A 3A
©=400rad y Y Y
W
2,3 4 3
Qo j = 20 00)05)
—— 15m —— 3y 3x2x10

=9x10°m=9mm
Sol. mass of shaded portion Ex.5 Find out the elongation in block. If mass, area of

cross-section and young modulus of block are m, A

,_m. _ _
m'=- (¢=x)  [where m=total mass=pAl] and y respectively.

, ol =X ) {+X
T:mw[ 2 +X} = T:%("X)W( 2 ] smooth L
_mw? ——F
T_—Zﬂ (©?=x?)

HTTITTHTTTTTT T




Mechanical Properties of Solids

dx

e—x—42

Sol. L F
JTTITITITITITTTITT TTTITITITIITT77
— X —
m’ —> P T+dT
f>1
dx

) F
Acceleration, a= -

m
then T=m'a where = m':7x
m F Fx
T=X5=7
Tdx

Elongation inelement ‘dx’ = Ay

] ¢ Tdx ¢ Fxdx F¢
total elongation, &= IA— = j Ay = oAU
o 7Y o MY y

Note : - Try this problem, if friction is given between
block and surface (1 = friction coefficient), and

Case: () F<pmg (11) F>pumg

) Fr
Ans. In both cases answer will be oAV Ay

Ex.6 Inaring having linear charge density “A’, made up
of wire of cross-section area ‘a’, young modulus y,
acharge Q, is placed at it’s centre. If initial radius is
‘R’, then find out change in radius

Sol. Considering an element of angular width “20” -

dg=2R'. 20 = F=2Tsine
"dq'SO = Tsing = [ORx20Q0 ze'QO =2Tsino
R’ R’

ifoissmall, thensine=6

further, ka& =T

’

_ stress . _2rR-R) _ R-R
But = “strain @ Strain = 2tR~ R
T kA Q,
Y=ar-r) = R-R=TRa
kAQq
2 ’ - = <Y
R?-RR'—=a=0 = {0‘ ay }
R = R+VR? + 4o
2

[(-) isonly when charge is of opposite nature]

R 40(,1/2
r= Ro14 1+ ==
thenR—zlJ{*Rz}]

2
= R= [1+ 1+ R—ﬂ % [neglecting higher term.]

a
1= + =
R =R R
krQ
' i —R_R=% = 0
changeinradiusAR=R’'-R = = = R
_ Mo
T 4ney ayR

Bulk modulus :

Itis defined as the ratio of the normal stress to the
volume strain

Pressure

le. K= Volume strain
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The stress being the normal force applied per unit
areaand is equal to the pressure applied (p).

__ P _ BV
K= —AV AV
Vv

Negative sign shows that increase in pressure (p)
causes decrease in volume (AV).

Compressibility : The reciprocal of bulk modulus
of elasticity is called compressibility. Unit of
compressibility in Sl is N* m? or pascal™ (Pa?).
Bulk modulus of solids is about fifty times that of
liquids, and for gases it is 10-8 times of solids.
Ksolids > Kliquids > Kgases

Isothermal modulus of elasticity of gas K = P
(pressure of gas)

Adiabatic modulus of elasticity of gas K =y x P

e G
wherey = ¢ .
Solved Examples

EX.7 Find the depth of lake at which density of water is

1% greater than at the surface. Given compressibily
k=50 x 10-¢ /atm.[assuming p = const.]

- A AV __4p m
AV v B .
\%

h
We know p=p__+hpg j
= = Ap=hpg | 1,
or m = pV = const. : I .
dp.v+dv.p=0 v
dp dv
V+dV.p= — == —
dp dv.p=0 = 5 v
ie Ap _ Ap Ap _ 1
P~ B = p T 100
_1 _ hpg 0 o=
00 - B [assuming p = const.]
_ B __1
he9=100 =100k =
hog = 1x1x10°
P9 = 100x50x10-°
h= 10°
"~ 5000x107° %1000 x10
100x10°
=== = =2km Ans.

50

3. Modulus of Rigidity :
Itis defined as the ratio of the tangential stress to the
shear strain. Let us consider a cube whose lower
face is fixed and a tangential force F acts on the
upper face whose area is A.
-. Tangential stress = F/A.
Let the vertical sides of the cube shifts through an
angle o, called shear strain
. Modulus of rigidity is given by
_ Tangential stress ,’f —>F
N~ Shear strain ¢,<j: ¢'%’
’; / ’; 1
FIA F / |
orm=—"— =" , ;
¢ A K
Fixed Face
Solved Examples

Ex.8 Arubber cube of side 5 cm has one side fixed while

Sol.

a tangential force equal to 1800 N is applied to
opposite face find the shearing strain and the lateral
displacement of the strained face. Modulus of rigidity
for rubber is 2.4 x 106 N/m?2.

F X
=5 x 102 —=n=
L=5x10?m = N
. F 1800
straino= — = ) 5
An  25x10 *x2.4x10
180 3 .
—25X24—E—O.3radlan
L o
! /
X _ _ o0 le/ o/
L—O.3:>x—0.3><5><10 |_7 7/

HTTHTTTTTT

=15%x10?m=15mm Ans.

VARIATION OF 4
STRAIN WITH STRESS ‘

When a wire is stretched by a load, it is seen that for
small value of load, the extension produced in the
wire is proportional to the load. On removing the
load, the wire returns to its original length. The wire
regains its original dimensions only when load applied
is less or equal to a certain limit. This limitis called
elastic limit. Thus, elastic limit is the maximum stress
on whose removal, the bodies regain their original
dimensions. Inshown figure, this type of behavior is
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represented by OB portion of the graph. Till Athe  Elastic after effect

stress is proportional to strain and from Ato B if
deforming forces are removed then the wire comes
toits original length but here stress is not proportional
to strain.

OA - Limit of Proportionality
OB — Elastic limit
C— Yield Point
CD - Plastic behaviour
[ D — Ultimate point
DE - Fracture

Strees ——»
0o
O
O
m

0] Strain —»

As we go beyond the point B, then even for a very
small increase in stress, the strain produced is very
large. This type of behaviour is observed around
point C and at this stage the wire begins to flow like
aviscous fluid. The point C is called yield point. If
the stress is further increased, then the wire breaks
offata point D called the breaking point. The stress
corresponding to this point is called breaking stress
or tensile strength of the material of the wire. A
material for which the plastic range CD is relatively
high is called ductile material. These materials get
permanently deformed before breaking. The
materials for which plastic range is relatively small
are called brittle materials. These materials break as
soon as elastic limit is crossed.

Important points

® Breaking stress = Breaking force/area of cross
section.
® Breaking stress is constant for a material
® Breaking force depends upon the area of the
section of the wire of a given material.
® The working stress is always kept lower than that
of a breaking stress so that safety factor =
breaking stress/working stress may have a large
value.
@ Breaking strain = elongation or compression /
original dimension.
® Breaking strain is constant for material.

We know that some material bodies take some time
to regain their original configuration when the
deforming force is removed. The delay in regaining
the original configuration by the bodies on the removal
of deforming force is called elastic after effect. The
elastic after effect is negligibly small for quartz fibre
and phosphor bronze. For this reason, the
suspensions made from quartz and phosphor-bronze
are used in galvanometers and electrometers.

For glass fibre elastic after effect is very large. It

takes hours for glass fibre to return to its original
state on removal of deforming force.

Elastic Fatigue

The, the loss of strength of the material due to
repeated strains on the material is called elastic
fatigue. That is why bridges are declared unsafe after
alongtime of their use.

Analogy of Rod as a spring

_ Stress _ K
Y= “sran T YT aa
A
o F="a

|
T

TE58808
=~

=
>

M«

A .
—, = constant, depends on type of material and

geometry of rod. F = kar

Ay . .
where k = - = equivalent spring constant.

- k1k2
< Kok,

(©)
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for the system of rods shown in figure (a), the
replaced spring system is shown in figure (b) two
spring in series]. Figure (c) represents equivalent
spring system.

Figure (d) represents another combination of rods
and their replaced spring system.

A1Y y1V(1 A3| y37(3 k1=A2_1y'
k= A;:”
Aerzr @2 k2= %
F
(@ 4
Solved Examples

Ex.9 Amass ‘m’is attached with rods as shown in figure.
This mass is slightly stretched and released whether
the motion of massis S.H.M., if yes then find out the
time period.

ks B m m(k, +k,)
SOI keq - kl + kz T - 2TC keq - 27'[ klkz
_ Ay Ay,
where k, = ’ and Kk, = 0
ELASTICPOTENTIAL ENERGY y

STORED INASTRETCHED
WIRE OR INAROD
Strain energy stored in equivalent spring

=12
U—zkx

F/
where x=—, k=—
Ay

F

1 F2 (A
= X —
2 A? y
[¢A =volume of rod, F/A =stress]

(stress)?
x volume

_1
U_z

F
X Ay XA/

N |~
>| M

again, U =
1 - i
[Strain = Ay ]

1 .
U= > stress x strain x volume

2

again, U = % Ay

A2y2
1 .
U= Ey(stram) x volume

strainenergy

strain energy density = —_

1 (stress)®> 1 . 1 )
= Eu =Zy(strain)® = = stress x strain
y 2 2

Ex.10 Hanger is mass-less A ball of mass ‘m’ drops from
a height *h’, which sticks to hanger after striking.
Neglect over turning, find out the maximum extension
inrod. Asumming rod is massless.
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Sol. Applying energy conservation

1 kiky
- = —< X
mg (h+X)= 2 i i,
_ A _Agy,
where k, = 0 k, = 0
AALY Y
& Keq_ 17\2Y1Y2

- Ayils +Azyily

keqx2 —2mgx —2mgh =0

2mg+ \/4ng2 +8mghk,,

X

2Keq

2.2
Xmax=m+ ng +2mgh
keq keq keq

OTHERWAY BY S.H.M"

Ke

mq V=0 .a%-y?

W =

— /ke > 5 2mgh m?g?
29 = _q a2 - y2 = k + k2 =a
m eq 2,
; mg m?g?  2mgh
max™extension =a+y= K + k—+ "
€d €q eq
Keq
@
y= mg v \/29h
e equilibrium
a Position
THERMAL STRESS : "
A
/ Py LaAT

{ —
P —
| >

LU

If temp of rod is increased by AT, then change in

length

) Al
A =10 o AT straln:7=aAT

But due to rigid support, there is no strain. Supports
provide force on stresses to keep the length of rod
same

_ stress
~ strain

If AT = (+) tive
thermal stress =y strain=y a AT
If AT =(-) tive

%=yaATF:AyaAT

FF FF
%4—— —-»%
-« —>
-« >

Solved Examples

Ex.11 When composite rod is free, then composite length
increases to 2.002 m for temp 20°C to 120°C. When
composite rod is fixed between the support, there is
no change in component length find y and . of steel,
ify =15x10%N/m?qa  =1.6 x 10°/°C.

teel copper
l/>5 Iee ,/>

f—0.5m —
2m

Vg

Sol. Ar= loa AT + (0 o AT

002 =[15a +0.5 x 1.6 x10°] x 100

_ 1.2x107°

a= ~ o =8x10%C

there is no change in component length

Fls g
For steel X =7, a AT - AY,
F
AYS =0 AT (A)
for copper
Fl.
X = Ay, -l a, AT=0
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Ay, =aAT ..(B)
y a
B/A = v T
c S
_. %c _ 1.5x10"x16x10"° _ 15 N o2
Yo=Y o, T 8% 100 =3x10" N/m

Final position of junction Initial position of junction

v

E Steel . Copper E
B e B
(AAT
- —
= | e—
Sy  Steel ¢ le——F
= ) —
[e—
F
Ay
(A AT,
—> -
—_— . : =
F — : Copper 3
>,
F/,
AY.

APPLICATIONS OFELASTICITY

Some of the important applications of the elasticity
of the materials are discussed as follows :

The material used in bridges lose its elastic strength
with time bridges are declared unsafe after long use.
To estimate the maximum height of amountain :
The pressure at the base of the mountain = hpg =
stress. The elastic limit of a typical rock is
3x10%8 Nm=

The stress must be less than the elastic limits,
otherwise the rock begins to flow.

3x108 3x108
< <
pg 3x10°%x10
kgm=3;g=10ms?) or h=10km
It may be noted that the height of Mount Everest is
nearly 9 km.

h

<10°m (- p =3 x 108

TORSION CONSTANT OFAWIR“

4
C= m;; Where v ismodulus of rigidity rand ¢ is
radius and length of wire respectively.

(@) Toque required for twisting by angle o, = =Ce.

(b) Work done in twisting by angle 6, W = % Co2




