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1.1

Definition

The subject Machine Design is the creation of new
and better machines and improving the existing ones. A
new or better machineis one whichismore economical in
the overall cost of production and operation. The process
of designisalong and time consuming one. From the study
of existing ideas, anew ideahasto be conceived. Theidea
isthen studied keeping in mind its commercial successand
given shape and form in the form of drawings. In the
preparation of these drawings, care must be taken of the
availability of resourcesin money, in menandin materials
required for the successful completion of the new ideainto
an actual reality. In designing a machine component, it is
necessary to have agood knowledge of many subjects such
as Mathematics, Engineering Mechanics, Strength of
Materials, Theory of Machines, Workshop Processes and
Engineering Drawing.
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2 ® A Textbook of Machine Design

1.2 Classifications of Machine Design

The machine design may be classified asfollows :

1. Adaptivedesign. In most cases, the designer’swork is concerned with adaptation of existing
designs. Thistype of design needs no special knowledge or skill and can be attempted by designers of
ordinary technical training. The designer only makes minor alternation or modification intheexisting
designs of the product.

2. Development design. Thistype of design needs considerable scientific training and design
ability in order to modify the existing designsinto anew ideaby adopting anew material or different
method of manufacture. In this case, though the designer startsfrom the existing design, but the final
product may differ quite markedly from the original product.

3. New design. Thistype of design needs ot of research, technical ability and creative think-
ing. Only those designers who have personal qualities of a sufficiently high order can take up the
work of anew design.

The designs, depending upon the methods used, may be classified asfollows:

(@) Rational design. Thistypeof design depends upon mathematical formulae of principle of
mechanics.

(b) Empirical design. Thistype of design dependsupon empirical formulae based on the practice
and past experience.

() Industrial design. Thistype of design depends upon the production aspectsto manufacture

any machine component in theindustry.
(d) Optimum design. It isthe best design for the given objective function under the specified
constraints. It may be achieved by minimising the undesirable effects.

(e) System design. It isthe design of any complex mechanical system like a motor car.

(f) Element design. It is the design of any element of the mechanical system like piston,

crankshaft, connecting rod, etc.
(g) Computer aided design. Thistype of design depends upon the use of computer systemsto
assist in the creation, modification, analysis and optimisation of a design.

1.3 General Considerations in Machine Design
Following are the general considerationsin designing a machine component :

1. Type of load and stresses caused by the load. The load, on a machine component, may act
inseveral waysduetowhichtheinternal stressesare set up. Thevarioustypes of load and stressesare
discussed in chapters 4 and 5.

2. Mation of the parts or kinematics of the machine. The successful operation of any ma-
chinedependslargely upon the simplest arrangement of the partswhich will givethe motion required.
The motion of the parts may be:

(a) Rectilinear motion which includes unidirectional and reciprocating motions.

(b) Curvilinear motion which includes rotary, oscillatory and simple harmonic.

(c) Constant velocity.

(d) Constant or variable acceleration.

3. Selection of materials. It is essential that a designer should have a thorough knowledge of
the properties of the materials and their behaviour under working conditions. Some of the important
characteristics of materials are: strength, durability, flexibility, weight, resistance to heat and corro-
sion, ability to cast, welded or hardened, machinability, electrical conductivity, etc. The varioustypes
of engineering materials and their properties are discussed in chapter 2.
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Introduction = 3

4. Form and size of the parts. The form and size are based on judgement. The smallest prac-
ticable cross-section may be used, but it may be checked that the stresses induced in the designed
cross-section are reasonably safe. In order to design any machine part for form and size, it is neces-
sary to know the forces which the part must sustain. It is also important to anticipate any suddenly
applied or impact load which may cause failure.

5. Frictional resistance and lubrication. There is always a loss of power due to frictional
resistance and it should be noted that the friction of starting is higher than that of running friction. It
is, therefore, essential that acareful attention must be given to the matter of lubrication of all surfaces
which move in contact with others, whether in rotating, sliding, or rolling bearings.

6. Convenient and economical features. In designing, the operating features of the machine
should be carefully studied. The starting, controlling and stopping levers should be located on the
basisof convenient handling. The adjustment for wear must be provided employing the varioustake-
up devices and arranging them so that the alignment of partsis preserved. If parts are to be changed
for different products or replaced on account of wear or breakage, easy access should be provided
and the necessity of removing other parts to accomplish this should be avoided if possible.

The economical operation of amachinewhichisto be used for production, or for the processing
of material should be studied, in order to learn whether it has the maximum capacity consistent with
the production of good work.

7. Use of standard parts. The
useof standard partsisclosely related
to cost, because the cost of standard
or stock partsisonly afraction of the
cost of similar parts made to order.

The standard or stock parts
should be used whenever possible ;
parts for which patterns are already
inexistence such asgears, pulleysand
bearings and parts which may be
selected from regular shop stock such
as screws, nuts and pins. Bolts and
siugs should be asfew as possibleto Design cnsidefns pla ipon‘anf rl in the successful
avoid the delay caused by changing production of machines.
drills, reamers and taps and also to
decrease the number of wrenchesrequired.

8. Safety of operation. Some machines are dangerous to operate, especially those which are
speeded up to insure production at a maximum rate. Therefore, any moving part of amachine which
iswithin the zone of aworker is considered an accident hazard and may be the cause of an injury. It
is, therefore, necessary that a designer should always provide safety devices for the safety of the
operator. The safety appliances should in no way interfere with operation of the machine.

9. Workshop facilities. A design engineer should be familiar with the limitations of his
employer’sworkshop, in order to avoid the necessity of having work done in some other workshop.
It is sometimes necessary to plan and supervise the workshop operations and to draft methods for
casting, handling and machining special parts.

10. Number of machinesto be manufactured. The number of articles or machinesto be manu-
factured affects the design in a number of ways. The engineering and shop costs which are called
fixed charges or overhead expenses are distributed over the number of articlesto be manufactured. If
only afew articles are to be made, extra expenses are not justified unless the machineis large or of
some special design. An order calling for small number of the product will not permit any undue
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expense in the workshop processes, so that the designer should restrict his specification to standard

parts as much as possible.

11. Cost of construction. The cost of construction of an articleisthe most important consideration
involved in design. In some cases, it isquite possible that the high cost of an article may immediately
bar it from further considerations. If an article has been invented and tests of hand made sampleshave
shown that it hascommercial value, it isthen possibleto justify the expenditure of aconsiderable sum
of money in the design and devel opment of automatic machl nesto producethearticle, espeu ial Iy ifit

canbesoldinlargenumbers. Theaim
of design engineer under all
conditions, should be to reduce the
manufacturing cost to the minimum.

12. Assembling. Every
machine or structure must be
assembled as a unit before it can
function. Large units must often be
assembled in the shop, tested and
then taken to be transported to their
place of service. The final location
of any machine isimportant and the
design engineer must anticipate the
exact location and thelocal facilities
for erection.

1.4 General Procedure in Machine Design

In designing a machine component, thereisno rigid rule. The
problem may be attempted in several ways. However, the general
procedure to solve adesign problemisasfollows:

1. Recognition of need. First of al, make acomplete statement
of the problem, indicating the need, aim or purpose for which the
machineisto be designed.

2. Synthesis(Mechanisms). Select the possible mechanism or
group of mechanismswhich will give the desired motion.

3. Analysis of forces. Find the forces acting on each member
of the machine and the energy transmitted by each member.

4. Material selection. Select the material best suited for each
member of the machine.

5. Design of elements (Size and Stresses). Find the size of
each member of the machine by considering the force acting on the
member and the permissible stresses for the material used. It should
be kept in mind that each member should not deflect or deform than
the permissible limit.

6. Modification. Modify the size of the member to agree with
the past experience and judgment to facilitate manufacture. The
modification may also be necessary by considerati on of manufacturing
to reduce overall cost.

Car assembly line.

| Synthesis (Mechanisms) |

| Analysis of forces |

| Material selection |

Design of elements
(Size and stresses)

Modification

| Detailed drawing |

Fig. 1.1. General procedurein

Machine Design.

7. Detailed drawing. Draw the detailed drawing of each component and the assembly of the
machine with complete specification for the manufacturing processes suggested.

8. Production. The component, as per the drawing, is manufactured in the workshop.
Theflow chart for the general procedurein machine designisshownin Fig. 1.1.
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Note : When there are number of components in the market having the same qualities of efficiency, durability
and cost, then the customer will naturally attract towards the most appealing product. The aesthetic and
ergonomics are very important features which gives grace and lustre to product and dominates the market.

1.5 Fundamental Units

The measurement of physical quantitiesisone of the most important operationsin engineering.
Every quantity is measured in terms of some arbitrary, but internationally accepted units, called
fundamental units.

1.6 Derived Units

Some unitsare expressed in terms of other units, which are derived from fundamental units, are
known as derived units e.g. the unit of area, velocity, acceleration, pressure, etc.

1.7 System of Units

There are only four systems of units, which are commonly used and universally recognised.
These areknown as:

1. C.GS. units, 2. ERS. units, 3. M.K.S. units, and 4. S.I. units.

Since the present course of studies are conducted in S.I. system of units, therefore, we shall
discussthis system of unit only.

1.8 S.I. Units (International System of Units)

The 11th General Conference* of Weights and Measures have recommended a unified and
systematically constituted system of fundamental and derived unitsfor international use. Thissystem
isnow being used in many countries. In India, the standards of Weightsand MeasuresAct 1956 (vide
which we switched over to M.K.S. units) has been revised to recognise all the S.I. unitsin industry
and commerce.

In this system of units, there are seven fundamental units and two supplementary units, which
cover the entire field of science and engineering. These units are shown in Table 1.1

Table 1.1. Fundamental and supplementary units.

SNo. Physical quantity Unit

Fundamental units

1. Length (1) Metre (m)

2. Mass (m) Kilogram (kg)

& Time (t) Second ()

4. Temperature (T) Kelvin (K)

5 Electric current (1) Ampere (A)

6. Luminousintensity(Iv) Candela (cd)

7. Amount of substance (n) Mole (mal)
Supplementary units

1. Plane angle (o, 3, 0, ¢ ) Radian (rad)

2. Solid angle (Q2) Steradian (sr)

* It is known as General Conference of Weights and Measures (G.C.W.M). It is an international
organisation of which most of the advanced and devel oping countries (including India) are members.
The conference has been entrusted with the task of prescribing definitions for various units of weights
and measures, which are the very basics of science and technology today.
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6 ® A Textbook of Machine Design

The derived units, which will be commonly used in this book, are given in Table 1.2.

Table 1.2. Derived units.

SNo. Quantity Symbol Units
1. Linear velocity \% m/s
2. Linear acceleration a m/s?
3. Angular velocity [0} rad/s
4, Angular acceleration o rad/s?
5. Mass density p kg/m?
6. Force, Weight F,W N ; 1N = 1kg-m/s?
7. Pressure P N/m?
8. Work, Energy, Enthal py W, E, H J; 1J=1N-m
9. Power P W; 1IW=1Js
10. Absolute or dynamic viscosity uw N-s/m?
11. Kinematic viscosity v m?/s
12. Frequency f Hz ; 1Hz = 1cyclels
13. Gas constant R Jkg K
14. Thermal conductance h W/m2 K
15. Thermal conductivity k W/mK
16. Specific heat c Jkg K
17. Molar mass or Molecular mass M kg/mol

1.9 Metre

Themetreisdefined asthelength equal to 1 650 763.73 wavel engthsin vacuum of theradiation
corresponding to the transition between the levels 2 p, ; and 5 d of the Krypton— 86 atom.

1.10 Kilogram

The kilogram is defined as the mass of international prototype (standard block of platinum-
iridium alloy) of the kilogram, kept at the International Bureau of Weights and Measures at Sevres
near Paris.

1.11 Second

The second is defined as the duration of 9 192 631 770 periods of the radiation corresponding
to the transition between the two hyperfine levels of the ground state of the caesium — 133 atom.

1.12 Presentation of Units and their Values

The frequent changesin the present day life are facilitated by an international body known as
International Standard Organisation (1SO) which makes recommendations regarding international
standard procedures. The implementation of SO recommendations, in a country, is assisted by its
organisation appointed for the purpose. In India, Bureau of Indian Standards (B1S), has been created
for this purpose. We have already discussed that the fundamental unitsin S.I. units for length, mass
and time is metre, kilogram and second respectively. But in actual practice, it is not necessary to
expressall lengthsin metres, all massesin kilogramsand all timesin seconds. We shall, sometimes,
use the convenient units, which are multiples or divisions of our basic unitsin tens. As a typical
example, although the metre is the unit of length, yet asmaller length of one-thousandth of a metre
provesto be more convenient unit, especially in the dimensioning of drawings. Such convenient units
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areformed by using a prefix in the basic unitsto indicate the multiplier. The full list of these prefixes
isgiveninthefollowing table:

Table 1.3. Prefixes used in basic units.

Factor by which the unit is multiplied Sandard form Prefix Abbreviation

1 000 000 000 000 10%? tera T
1 000 000 000 10° giga G

1 000 000 108 mega M
1000 103 kilo k
100 107 hecto* h

10 10t deca* da
0.1 101 deci* d
0.01 102 centi* €

0.001 103 milli m
0.000 001 106 micro u
0.000 000 001 10°° nano n
0.000 000 000 001 1012 pico p

1.13 Rules for S.l. Units

The eleventh General Conference of Weights and M easures recommended only the fundamen-
tal and derived unitsof S.I. units. But it did not elaborate the rules for the usage of the units. Later on
many scientists and engineers held anumber of meetingsfor the style and usage of S.I. units. Some of
the decisions of the meeting are:

1. For numbershaving five or moredigits, thedigits should be placed in groups of three separated
by spaces (instead of commas)** counting both to the left and right of the decimal point.

2. Inafour*** digit number, the spaceis not required unlessthe four digit number isusedina
column of numberswith five or more digits.

3. A dashisto be used to separate units that are multiplied together. For example, newton x
metre iswritten as N-m. It should not be confused with mN, which stands for milli newton.

4. Pluralsare never used with symbols. For example, metre or metres are written as m.
5. All symbols are written in small letters except the symbol derived from the proper names.
For example, N for newton and W for watt.
6. Theunitswith names of the scientists should not start with capital letter when writtenin full.
For example, 90 newton and not 90 Newton.
At the time of writing this book, the authors sought the advice of various international authori-
ties, regarding the use of units and their values. Keeping in view the international reputation of the
authors, as well asinternational popularity of their books, it was decided to present **** units and

*  Theseprefixesaregenerally becoming obsolete, probably dueto possible confusion. Moreover it isbecoming
aconventional practiceto use only those power of ten which conformto 10%, where x isapositive or negative
whole number.

** |n certain countries, commais still used as the decimal mark

*** |n certain countries, a spaceis used even in afour digit number.

**%* |n some of the question papers of the universities and other examining bodies standard values are not used.
The authors have tried to avoid such questions in the text of the book. However, at certain places the
questionswith sub-standard val ues have to be included, keeping in view the merits of the question from the
reader’s angle.
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8 = A Textbook of Machine Design

their values as per recommendations of 1SO and BIS. It was decided to use :

4500 not 4500 or 4,500

75 890 000 not 75890000 or 7,58,90,000
0.012 55 not 0.01255 or .01255

30 x 106 not 3,00,00,000 or 3 x 107

The above mentioned figures are meant for numerical valuesonly. Now let us discuss about the
units. We know that the fundamental unitsin S.I. system of unitsfor length, massand time are metre,
kilogram and second respectively. While expressing these quantities, we find it time consuming to
write the units such as metres, kilograms and seconds, in full, every time we use them. Asaresult of
this, we find it quite convenient to use some standard abbreviations :

We shall use :

m for metre or metres
km for kilometre or kilometres
kg  forkilogram or kilograms
t for tonne or tonnes
s  for second or seconds
min for minute or minutes
N-m  for netwon x metres (e.g. work done)
kN-m for kilonewton x metres
rev for revolution or revolutions
rad for radian or radians

1.14 Mass and Weight

Sometimes much confusion and misunderstanding is created, while using the various systems
of unitsin the measurements of force and mass. This happens because of thelack of clear understand-
ing of the difference between the mass and weight. The following definitions of mass and weight
should be clearly understood :

Mass. It isthe amount of matter contained in agiven body and does not vary with the changein
its position on the earth’s surface. The mass of a body is measured by direct comparison with a
standard mass by using alever balance.

Weight. It isthe amount of pull, which the earth exerts upon a given body. Sincethe pull varies
with the distance of the body from the centre of the earth, therefore, the weight of the body will vary
with its position on the earth’s surface (say latitude and elevation). It isthus obvious, that the weight
isaforce.

i — -~ e —

The pointer of this spring gauge shows the tension in the hook as the brick is pulled along.
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The earth’s pull in metric units at sealevel and 45° |atitude has been adopted as one force unit
and named as onekilogram of force. Thus, it isadefinite amount of force. But, unfortunately, hasthe
same name as the unit of mass.

The weight of abody is measured by the use of a spring balance, which indicates the varying
tension in the spring as the body is moved from place to place.

Note : The confusion in the units of mass and weight is eliminated to a great extent, in S.I units . In this
system, the mass is taken in kg and the weight in newtons. The relation between mass (m) and weight (W) of
abody is

W=mg or m=W/g
where Wisin newtons, min kg and g is the acceleration due to gravity in m/s?,

1.15 Ineria

It isthat property of a matter, by virtue of which a body cannot move of itself nor change the
motion imparted to it.

1.16 Laws of Motion

Newton has formulated three laws of motion, which are the basic postulates or assumptions on
which thewhole system of dynamicsishbased. Like other scientific laws, these are also justified asthe
results, so obtained, agree with the actual observations. Following are the three laws of motion :

1. Newton’s First Law of Motion. It states, “Every body continues in its state of rest or of
uniform motion in a straight line, unless acted upon by some external force” . Thisisaso known as
Law of Inertia.

2. Newton’s Second Law of Motion. It states, “ The rate of change of momentum is directly
proportional to the impressed force and takes place in the same direction in which the force acts” .

3. Newton’s Third Law of Motion. It states, “To every action, there is always an equal and
opposite reaction” .

1.17 Force
Itisan important factor in thefield of Engineering science, which may be defined asan agent,
which produces or tendsto produce, destroy or tendsto destroy motion.
According to Newton’s Second Law of Motion, the applied force or impressed forceis directly
proportional to the rate of change of momentum. We know that
Momentum = Mass x Velocity
Let m = Mass of the body,
u = Initial velocity of the body,
v = Final velocity of the body,
a = Constant acceleration, and
t = Timerequired to change velocity fromuto v.
Change of momentum = mv—mu
and rate of change of momentum

_ ”‘V;”“:m(vt‘“):ma (._.u:a)
or Force, F «< ma or F =kma
where kis a constant of proportionality.
For the sake of convenience, the unit of force adopted is such that it producesaunit acceleration
to abody of unit mass.
g F = m.a= Mass x Acceleration
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In S.I. system of units, the unit of forceis called newton (briefly written asN). A newton may
be defined asthe force, while acting upon a mass of one kg, produces an acceleration of 1 m/s?in
thedirection in which it acts. Thus

IN = 1kg x 1 m/s? = 1kg-m/s?

Exhaust jet (backwards) Acceleration proportional to mass

Far away from Earth’s gravity and its frictional forces, a spacecraft shows Newton’s three laws of
motion at work.

1.18 Absolute and Gravitational Units of Force

We have already discussed, that when a body of mass 1 kg is moving with an accel eration of
1 m/s?, theforce acting on the body is one newton (briefly written as 1 N). Therefore, when the same
body is moving with an acceleration of 9.81 m/s?, the force acting on the body is 9.81N. But we
denote 1 kg mass, attracted towards the earth with an acceleration of 9.81 m/s? as 1 kilogram force
(briefly written as kgf) or 1 kilogram weight (briefly written as kg-wt). It isthus obvious that

1kgf =1kg x 9.81 m/s>=9.81 kg-m/=9.81 N ... ("~ IN = 1kg-m/s?)

The above unit of forcei.e. kilogram force (kgf) is called gravitational or engineer’s unit of
force, whereas netwon is the absolute or scientific or S.I. unit of force. It is thus obvious, that the
gravitational unitsare ‘g’ timesthe unit of force in the absolute or S. I. units.

It will beinteresting to know that the mass of a body in absolute unitsisnumerically equal to
the weight of the same body in gravitational units.

For example, consider a body whose mass, m = 100 kg.

. Theforce, with which it will be attracted towards the centre of the earth,

F =ma=mg=100x9.81=981N

Now, as per definition, we know that the weight of abody is the force, by which it is attracted

towards the centre of the earth.

. Weight of the body,

W =0981N = % =100 kgf .. (o T kgf =9.81N)

In brief, the weight of abody of mass mkg at aplace where gravitational accelerationis’g m/s?
ism.g newtons.

1.19 Moment of Force

Itistheturning effect produced by aforce, on the body, on which it acts. The moment of aforce
is equal to the product of the force and the perpendicular distance of the point, about which the
moment is required, and the line of action of the force. Mathematically,

Moment of aforce = F x |
where F = Force acting on the body, and

| = Perpendicular distance of the point and the line of action of
theforce (F) asshownin Fig. 1.2.
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Fig. 1.2. Moment of aforce.

1.20 Couple

Thetwo equal and opposite parallel forces, whoselines of action are different form acouple, as
showninFig. 1.3.

The perpendicular distance (X) between the lines of action of two equal and opposite parallel
forcesis known as arm of the couple. The magnitude of the couple (i.e. moment of a couple) isthe
product of one of the forces and the arm of the couple. Mathematically,

Moment of acouple = F x x

A little consideration will show, that a couple does not produce any translatory motion (i.e.

motion in astraight line). But, a couple produces amotion of rotation of the body on which it acts.

Fig. 1.3. Couple.

Anti-clockwise moment SR T
= =300N x2m

- -
- 800 N-m =200 N x3m &4

=600 N-m
Turning Point *

" il
I Moment i
L | l I'-._LMoment l

300 N 200 N

A see saw is balanced when the clockwise moment equals the anti-clockwise moment. The boy’s
weight is 300 newtons (300 N) and he stands 2 metres (2 m) from the pivot. He causes the anti-clockwise
moment of 600 newfon-metres (N-m). The girl is lighter (200 N) but she stands further from the pivot (3m).
She causes a clockwise moment of 600 N-m, so the seesaw is balanced.

1.21 Mass Density

The mass density of the material is the mass per unit volume. The following table shows the
mass densities of some common materials used in practice.

Table 1.4. Mass density of commonly used materiails.

Material Mass density (kg/md) Material Mass density (kg/md)
Cast iron 7250 Zinc 7200
Wrought iron 7780 Lead 11 400
Steel 7850 Tin 7400
Brass 8450 Aluminium 2700
Copper 8900 Nickel 8900
Cobalt 8850 Monel metal 8600
Bronze 8730 Molybdenum 10 200
Tungsten 19 300 Vanadium 6000
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1.22 Mass Moment of Inertia Rigid body

~«— Fixed line

It has been established sincelong that arigid body
is composed of small particles. If the mass of every
particle of a body is multiplied by the square of its
perpendicular distance from afixed line, then the sum
of these quantities (for the whole body) is known as
mass moment of inertia of the body. Itisdenoted by I.

Consider a body of total mass m. Let it be
composed of small particles of massesm,, m,, m;, m,,
etc. If k, k,, ks, k,, etc., arethe distancesfrom afixed
line, as shown in Fig. 1.4, then the mass moment of
inertia of the whole body is given by Fig. 1.4. Mass moment of inertia

I =m; (k)?+m, (k)% +my(ky)? +my ()% + ...

If the total mass of abody may be assumed to concentrate at one point (known as centre of mass

or centre of gravity), at adistance k from the given axis, such that
mk? = m, (k)2 +m, (k)2 + my (k)2 + m, (k) + ...
then I = mk?

Thedistancekiscalled theradiusof gyration. It may be defined asthe distance, from a given
reference, where the whole mass of body is assumed to be concentrated to give the same value of
l.

The unit of mass moment of inertiain S.I. unitsiskg-m2.
Notes: 1. If themoment of inertiaof body about an axisthrough its centre of gravity isknown, then the moment
of inertiaabout any other parallel axis may be obtained by using a parallel axis theorem i.e. moment of inertia
about aparalel axis,

lp

c = Moment of inertia of a body about an axis through its centre of
gravity, and

2
I+ mh

where |

h = Distance between two parallel axes.
2. Thefollowing are the values of | for smple cases:

(a) The moment of inertia of a thin disc of radius r, about an axis through its centre of gravity and
perpendicular to the plane of the discis,

|
and moment of inertia about a diameter,
I = mré4=0.25 mr2

(b) The moment of inertia of a thin rod of length |, about an axis through its centre of gravity and
perpendicular to its length,

mr&/2 = 0.5 mr2

lg = mi%12
and moment of inertia about a parallel axis through one end of arod,
I, = m%3

3. The moment of inertia of a solid cylinder of radius r and length I,about the longitudinal axis or
polar axis

= mr32 =05 mr?
and moment of inertia through its centre perpendicular to the longitudinal axis

r2 12
=m Z'f'ﬁ
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1.23 Angular Momentum
It is the product of the mass moment of inertia and the angular velocity of the body.
Mathematically,
Angular momentum = |.®

where | = Mass moment of inertia, and
o = Angular velocity of the body. @

1.24 Torque
It may be defined as the product of force and the
perpendicular distance of its line of action from the rT Torque
given point or axis. A little consideration will show that ot '
thetorqueisequivalent to a couple acting upon abody. Vil
The Newton’'ssecond law of motion when applied ; " td§rqu'
to rotating bodies states, the torque is directly :
proportional to the rate of change of angular
momentum. Mathematically, J
d(l ) I. "Double
Torque, T o< at | J length
Sincel is constant, therefore, || '} spanner
T=1 xd_m=|_og Same force
dt applied sy X
do . L
s Angular acceleration (o)

Same force applied at double the length,
doubles the torque.

1.25 Work

Whenever aforce acts on abody and the body undergoes a displacement in the direction of the
force, then work is said to be done. For example, if aforce F acting on abody causes a displacement
x of the body in the direction of the force, then

Work done = Force x Displacement = F x X
If the force varieslinearly from zero to amaximum value of F, then

_ o+ xx—Exx
Work done = 2 =3

When acouple or torque (T) acting on abody causesthe angular displacement (0) about an axis
perpendicular to the plane of the couple, then
Work done = Torque x Angular displacement = T.0
The unit of work depends upon the units of force and displacement. In S. I. system of units, the
practical unit of work is N-m. It is the work done by aforce of 1 newton, when it displaces a body
through 1 metre. The work of 1 N-m isknown asjoule (briefly written as J), such that 1 N-m=1J.

Note : While writing the unit of work, it isageneral practice to put the units of forcefirst followed by the units
of displacement (e.g. N-m).

1.26 Power
It may be defined as the rate of doing work or work done per unit time. Mathematically,
Work done
Power, P = Timetaken
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In S.I system of units, the unit of power iswatt (briefly written asW) whichisequal to 1 Jsor
1IN-m/s. Thus, the power devel oped by aforce of F (in newtons) moving with avelocity vm/sisF.v
watt. Generally, abigger unit of power called kilowatt (briefly written as kW) is used whichis equal
to 1000 W
Notes: 1. If T isthe torque transmitted in N-m or Jand w is angular speed in rad/s, then

Power, P = Tw=Tx 271 N/ 60 watts ... (. =21 N/60)
where N is the speed in r.p.m.

2. Theratio of the power output to power input is known as efficiency of amachine. It isalwayslessthan

unity and is represented as percentage. It is denoted by a Greek letter eta (M ). Mathematically,

. _ Power output
Efficiency, N = “Power inout. input
1.27 Energy
It may be defined as the capacity to do work.
The energy exists in many forms e.g. mechanical, Unstretched E-o
electrical, chemical, heat, light, etc. But we are spring Elastic

mainly concerned with mechanical energy. Eﬂgg)‘f'
The mechanical energy is equal to the
work done on a body in altering either its
position or itsvelocity. The following three types
of mechanical energies are important from the
subject point of view :
1. Potential energy. Itistheenergy possessed
by abody, for doing work, by virtue of its position.
For example, a body raised to some height above Stsrgtrf:g d * _4
theground level possesses potential energy, because
it can do somework by falling on earth’s surface.

Let W = Weight of the body,
m = Mass of the body, and
h = Distance through which the body falls.

-. Potential energy,
PE. =W h=m.g.h
It may be noted that
(a) When Wisin newtons and h in metres, then potential energy will bein N-m.

(b) When misin kg and hin metres, then the potential energy will also bein N-m as discussed
below :

We know that potential energy

m 1kg-m

2. Strain energy. It is the potential energy stored by an elastic body when deformed. A
compressed spring possesses this type of energy, because it can do some work in recovering its
original shape. Thus, if acompressed spring of stiffness (s) N per unit deformation (i.e. extension or
compression) is deformed through a distance x by aweight W, then

Strain energy = Work done = %W.x = % sx? o (P W =5X)
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In case of atorsional spring of stiffness (g) N-m per unit angular deformation when twisted
through an angle 6 radians, then

Strainenergy = Work done = % 0.6°

3. Kinetic energy. It isthe energy possessed by a body, for doing work, by virtue of its mass
and vel ocity of mation. If abody of massmattainsavelocity v fromrest intimet, under theinfluence
of aforce F and moves adistance s, then

Work done = F.s=m.a.s ..(-- F=ma)
. Kinetic energy of the body or the kinetic energy of trandlation,

2
* V 1 2
KE. =mas=mxax —==
2a 2™
It may be noted that when misin kg and v in m/s, then kinetic energy will be in N-m as

discussed below :

We know that kinetic energy,
1 m?  kg-m
KE=Zmv=kgx— = 9
2 s s
Notes : 1. When a body of mass moment of inertia | (about a given axis) is rotated about that axis, with an
angular velocity o, then it possesses some kinetic energy. In this case,
1 9
5 .o
2. When a body has both linear and angular motions, e.g. wheels of a moving car, then the total kinetic
energy of the body is equal to the sum of linear and angular kinetic energies.

1kg-

Kinetic energy of rotation =

— 1 1
Total kinetic energy = 5 mv? + 5 I’
3. The energy can neither be created nor destroyed, though it can be transformed from one form into any

of the forms, in which energy can exist. This statement is known as ‘' Law of Conservation of Energy’.

4. Theloss of energy in any one form is always accompanied by an equivalent increase in another form.
When work isdone on arigid body, thework is converted into kinetic or potential energy or isused in overcom-
ing friction. If the body is elastic, some of the work will aso be stored as strain energy.

*  Weknow that vV2—u2=2as
Since the body starts from rest (i.e. u = 0), therefore,
v2=2as or s=Vv2/2a
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2.1

Introduction

Theknowledge of materialsand their propertiesis of
great significance for a design engineer. The machine
elements should be made of such a material which has
properties suitable for the conditions of operation. In
addition to this, a design engineer must be familiar with
the effects which the manufacturing processes and heat
treatment have on the properties of the materials. In this
chapter, we shall discuss the commonly used engineering
materials and their propertiesin Machine Design.

2.2 Classification of Engineering Materials
The engineering materials are mainly classified as:
1. Metals and their alloys, such as iron, steel,
copper, aluminium, etc.
2. Non-metals, such as glass, rubber, plastic, etc.
The metals may be further classified as:
(a) Ferrousmetals, and (b) Non-ferrous metals.

16
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The*ferrous metalsarethose which havethe
iron as their main constituent, such as cast iron,
wrought iron and steel.

Thenon-ferrous metalsarethose which have
a metal other than iron as their main constituent,
such as copper, auminium, brass, tin, zinc, etc.

2.3 Selection of Materials for
Engineering Purposes
The selection of a proper material, for

engineering purposes, is one of the most difficult
problem for the designer. The best material isone

which serve the desired objective at the minimum

cost. The following factors should be considered
while selecting the material :

1. Availability of the materials,

2. Suitability of the materia sfor thework-
ing conditionsin service, and

3. Thecost of the materials.
Theimportant properties, which determinethe

which can withstand high temperatures without

undergoing deformation.

utility of the material are physical, chemical and mechanical properties. We shall now discuss the
physical and mechanical properties of the material in the following articles.

Copper

5

Lead

Valuable Metals

i

Aluminium “"ﬁw

1
r -,

Zinc

2.4 Physical Properties of Metals

The physical properties of the metalsincludeluster, colour, size and shape, density, electric and
thermal conductivity, and melting point. The following table showstheimportant physical properties

of some pure metals.

*  Theword ‘ferrous’ isderived from alatin word ‘ferrum’ which meansiron.
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Table 2.1. Physical properties of metals.

Metal Density Melting point Thermal Coefficient of
conductivity linear expansion at
(ka/md) (°C) (W/m°C) 20°C (um/m/°C)
Aluminium 2700 660 220 23.0
Brass 8450 950 130 16.7
Bronze 8730 1040 67 17.3
Cast iron 7250 1300 54.5 9.0
Copper 8900 1083 3935 16.7
Lead 11 400 327 335 29.1
Monel metal 8600 1350 25.2 14.0
Nickel 8900 1453 63.2 12.8
Silver 10 500 960 420 18.9
Steel 7850 1510 50.2 111
Tin 7400 232 67 214
Tungsten 19 300 3410 201 4.5
Zinc 7200 419 113 33.0
Cobalt 8850 1490 69.2 12.4
Molybdenum 10 200 2650 13 4.8
Vanadium 6000 1750 — 7.75

2.5 Mechanical Properties of Metals

The mechanical properties of the metals are those which are associated with the ability of the
material toresist mechanical forcesand load. These mechanical propertiesof the metal include strength,
stiffness, elasticity, plasticity, ductility, brittleness, malleability, toughness, resilience, creep and
hardness. We shall now discuss these properties as follows:

1. Strength. Itistheability of amaterial to resist the externally applied forces without breaking
or yielding. Theinternal resistance offered by a part to an externally applied forceis called * stress.

2. Siffness. Itisthe ability of amaterial to resist deformation under stress. The modulus of
elagticity isthe measure of stiffness.

3. Elasticity. Itistheproperty of amaterial to regainitsoriginal shape after deformation when
the external forces are removed. This property is desirable for materials used in tools and machines.
It may be noted that steel is more elastic than rubber.

4. Pladticity. Itisproperty of amaterial which retains the deformation produced under load
permanently. This property of the material isnecessary for forgings, in stamping imageson coinsand
in ornamental work.

5. Ductility. Itisthe property of amaterial enabling it to be drawn into wire with the applica-
tion of atensile force. A ductile material must be both strong and plastic. The ductility is usually
measured by the terms, percentage el ongation and percentage reduction in area. The ductile material
commonly used in engineering practice (in order of diminishing ductility) are mild steel, copper,
aluminium, nickel, zinc, tin and lead.

Note: The ductility of a material is commonly measured by means of percentage elongation and percentage
reduction in areain atensile test. (Refer Chapter 4, Art. 4.11).

*  For further details, refer Chapter 4 on Simple Stresses in Machine Parts.
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6. Brittleness. Itistheproperty of amaterial oppositeto ductility. It isthe property of breaking
of amaterial with little permanent distortion. Brittle materials when subjected to tensile loads, snap
off without giving any sensible elongation. Cast iron isabrittle material.

7. Malleabhility. Itisaspecial case of ductility which permitsmaterialsto berolled or hammered
into thin sheets. A malleable material should be plastic but it is not essential to be so strong. The
malleable materialscommonly used in engineering practice (in order of diminishing malleability) are
lead, soft steel, wrought iron, copper and aluminium.

8. Toughness. It is the property of a material to resist fracture due to high impact loads like
hammer blows. The toughness of the material decreases when it is heated. It is measured by the
amount of energy that a unit volume of the
material hasabsorbed after being stressed upto Sé‘;gﬁrtg zg;}’i‘g:e
thepoint of fracture. Thisproperty isdesirable '
in parts subjected to shock and impact loads.

9. Machinability. Itisthe property of a
material which refers to arelative case with
whichamaterial can becut. The machinability
of amaterial can be measured in anumber of
wayssuch ascomparing thetool lifefor cutting
different materialsor thrust required toremove
the material at some given rate or the energy
required to remove a unit volume of the
material. It may be noted that brass can be e inio
easily machined than steel. the surface of the

10. Resilience. It is the property of a ordinary steel
material to absorb energy and to resist shock
and impact loads. It is measured by theamount
of energy absorbed per unit volume within
elastic limit. This property is essential for
spring materials.

11. Creep. When a part is subjected to
aconstant stressat high temperaturefor along
period of time, it will undergo a slow and
permanent deformation called creep. This
property is considered in designing internal
combustion engines, boilers and turbines.

12. Fatigue. When a material is
subjected to repeated stresses, it fails at
stresses below the yield point stresses. Such
type of failure of a material is Known as Brinell Tester : Hardness can be defined as the resis-
*fatigue. Thefailureiscaused by meansof a fance of a mefal to attempts to deform it. This ma-
progressive crack formation which areusually chine inyem‘ed by the Swedish metallurgist Johgnn
fine and of microscobic size. This property is August Brinell (1849-1925), measure hardness precisely.

p property
considered in designing shafts, connecting rods, springs, gears, etc.

13. Hardness. It isavery important property of the metals and has awide variety of meanings.
It embraces many different properties such as resistance to wear, scratching, deformation and
machinability etc. It also means the ability of a metal to cut another metal. The hardness is usually

Screw to position
sample

*  For further details, refer Chapter 6 (Art. 6.3) on Variable Stresses in Machine Parts.
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expressed in numberswhich are dependent on the method of making thetest. The hardness of ametal
may be determined by the following tests:

(a) Brinell hardnesstest,

(b) Rockwell hardnesstest,

(c) Vickershardness (also called Diamond Pyramid) test, and
(d) Shore scleroscope.

2.6 Ferrous Metals

We have already discussed in Art. 2.2 that the ferrous metal s are those which have iron astheir
main constituent. The ferrous metals commonly used in engineering practice are cast iron, wrought
iron, steels and alloy steels. The principal raw material for all ferrous metalsis pig iron which is
obtained by smelting iron ore with coke and limestone, in the blast furnace. The principal iron ores
with their metallic contents are shown in the following table :

Table 2.2. Principal iron ores.

Iron ore Chemical formula Colour Iron content (%)
Magnetite Fe,0, Black 72
Haematite Fe,0, Red 70
Limonite FeCO, Brown 60-65
Siderite Fe,0, (H,0) Brown 48

2.7 Castlron

The cast iron is obtained by re-melting pig iron Waste gas ;
with coke and limestonein afurnace known as cupola. used as fug! 'arr‘]’g ﬁrfésigr'ﬁg
Itisprimarily an alloy of iron and carbon. The carbon s are loaded into
contentsin cast iron variesfrom 1.7 per cent to 4.5 per
cent. It also contains small amounts of silicon,
manganese, phosphorous and sulphur. The carbonina

castironispresent in either of thefollowing two forms:

1. Freecarbonor graphite, and 2. Combined car- | Coke bumns to

bon or cementite. CEGEE)
monoxide

Sincethecast ironisabrittle material, therefore, which releases
it cannot be used in those parts of machineswhich are :Ee iron from
subjected to shocks. The properties of cast iron which it

make it a valuable material for engineering purposes | Slag, or 5";=

the furnace

are its low cost, good casting characteristics, high | impurities, floats
to the top of the »

iron

. Waste gas

compressive strength, wear resistance and excellent used as fuel

machinability. The compressive strength of castironis - : :

much greater than the tensile strength. Following are ~ S™Melfing : Ores consist of non-metallic

the values of ultimate strenath of cast iron - elements like oxygen or sulphur combined
g : with the wantfed metal. Iron is separated

Tensile strength 100t0 200 MPa*  from the oxygen in its ore heating it with
carbon monoxide derived from coke (a

Compressivestrength = 400t01000MPa  form of carbon made from coal). Limestone
Shear strength = 120 MPa is added to keep impuirities liquid so that the

iron can separate from them.

*  AMPa= 1IMN/m2 =1 x 108 N/m? = 1 N/mm?
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2.8 Types of Cast Iron

The various types of cast iron in use are discussed as
follows:

1. Grey castiron. It isan ordinary commercial iron
having the following compositions::

Carbon = 310 3.5%; Silicon=1t0 2.75%; Manganese
= 0.40to 1.0%,; Phosphorous=0.15to 1% ; Sulphur = 0.02
t00.15% ; and the remaini ngisiron. Haematite is an ore of iron. It often

The grey colour is due to the fact that the carbon is ~ forms kidney-shaped lumps, These
present in the form of *free graphite. It has a low tensile ~ give the ore ifs nickname of kidney
strength, high compressive strength and no ductility. It can ore.
be easily machined. A very good property of grey castiron
isthat the free graphite in its structure acts as a lubricant. Due to this reason, it is very suitable for
those parts where sliding action is desired. The grey iron castings are widely used for machine tool
bodies, automotive cylinder blocks, heads, housings, fly-wheels, pipes and pipe fittings and agricul-
tural implements.

Table 2.3. Grey iron castings, as per 1S : 210 - 1993.

IS Designation Tensile strength (MPa or N/min) Brinell hardness number (B.H.N.)
FG 150 150 130 to 180
FG 200 200 160 to 220
FG 220 220 180 to 220
FG 260 260 180 to 230
FG 300 300 180 to 230
FG 350 350 207 to 241
FG 400 400 207 to 270

According to Indian standard specifications (IS: 210—-1993), the grey cast iron isdesignated by
the alphabets ‘' FG' followed by afigure indicating the minimum tensile strength in MPa or N/mmn?.
For example, ‘FG 150' means grey cast iron with 150 MPa or N/mm? as minimum tensile strength.
The seven recommended grades of grey cast iron with their tensile strength and Brinell hardness
number (B.H.N) are given in Table 2.3.

2. Whitecast iron. Thewhite cast iron showsawhitefracture and hasthefollowing approximate
compositions:

Carbon = 1.75 t0 2.3% ; Silicon = 0.85 to 1.2% ; Manganese = less than 0.4% ; Phosphorus
=less than 0.2% ; Sulphur = less than 0.12%, and the remaining isiron.

The white colour isdueto fact that it has no graphite and whole of the carbon isin the form of
carbide (known as cementite) which isthe hardest constituent of iron. The white cast iron hasahigh
tensile strength and alow compressive strength. Sinceitishard, therefore, it cannot be machined with
ordinary cutting tools but requires grinding as shaping process. The white cast iron may be produced
by casting against metal chillsor by regulating analysis. The chillsare used when ahard, wear resisting
surfaceisdesired for such productsasfor car wheels, rollsfor crushing grainsand jaw crusher plates.

3. Chilled castiron. Itisawhite cast iron produced by quick cooling of molteniron. The quick
coolingisgenerally called chilling and the cast iron so produced iscalled chilled cast iron. All castings

*  Whenfiling or machining cast iron makes our hands black, then it showsthat free graphiteis present in cast
iron.
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are chilled at their outer skin by contact of the molten iron with the cool sand in the mould. But on
most castings, this hardness penetratesto avery small depth (lessthan 1 mm). Sometimes, a casting
is chilled intentionally and sometimes chilled becomes accidently to a considerable depth. The
intentional chilling is carried out by putting inserts of iron or steel (chills) into the mould. When the
molten metal comesinto contact with the chill, its heat isreadily conducted away and the hard surface
isformed. Chills are used on any faces of a casting which are required to be hard to withstand wear
and friction.

4. Mottled cast iron. Itisaproduct in between grey and white cast iron in composition, colour
and general properties. It is obtained in castings where certain wearing surfaces have been chilled.

5. Malleable cast iron. The malleable iron is a cast iron-carbon aloy which solidifiesin the
as-cast condition in agraphite free structure, i.e. total carbon content is present in its combined form
as cementite (Fe,C).

It isductile and may be bent without breaking or fracturing the section. The tensile strength of
the malleable cast iron is usually higher than that of grey cast iron and has excellent machining
qualities. It is used for machine parts for which the steel forgings would be too expensive and in
which the metal should have afair degree of accuracy, e.g. hubs of wagon wheels, small fittingsfor
railway rolling stock, brake supports, parts of agricultural machinery, pipe fittings, door hinges,
locks etc.

In order to obtain amalleable iron castings, it isfirst cast into moulds of white cast iron. Then
by a suitable heat treatment (i.e. annealing), the combined carbon of the white cast iron is separated
into nodules of graphite. The following two methods are used for this purpose :

1. Whiteheart process, and 2. Blackheart process.

Inawhiteheart process, thewhiteiron castings are packed iniron or steel boxes surrounded by
amixture of new and used haematite ore. The boxes are slowly heated to a temperature of 900 to
950°C and maintained at thistemperature for several days. During this period, some of the carbonis
oxidised out of the castings and the remaining carbon is dispersed in small specks throughout the
structure. The heating processisfollowed by the cooling process which takes several moredays. The
result of thisheat treatment isa casting which istough and will stand heat treatment without fracture.

In ablackheart process, the castings used contain less carbon and sulphur. They are packed in
aneutral substance like sand and the reduction of sulphur hel psto accelerate the process. The castings
are heated to atemperature of 850 to 900°C and maintained at that temperature for 3 to 4 days. The
carbon in this processtransformsinto globules, unlike whiteheart process. The castings produced by
this process are more malleable.

Notes : (a) According to Indian standard specifications (*1S : 14329 — 1995), the malleable cast iron may be
either whiteheart, blackheart or pearlitic, according to the chemical composition, temperature and time cycle of
annealing process.

(b) The whiteheart malleable cast iron obtained after annealing in a decarburizing atmosphere have a
silvery-grey fracture with a heart dark grey to black. The microstructure developed in a section depends upon
the size of the section. In castings of small sections, it is mainly ferritic with certain amount of pearlite. Inlarge
sections, microstructure varies from the surface to the core as follows :

Core and intermediate zone : Pearlite + ferrite + temper carbon

Surface zone : Ferrite.

The microstructure shall not contain flake graphite.

*  Thisstandard (IS : 14329-1995) supersedes the previous three standards, i.e.
(@) 1S:2107-1977 for white heart malleable iron casting,
(b) 1S:2108-1977 for black heart malleableiron casting, and
(c) 1S:2640-1977 for pearlitic malleable iron casting.
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Household mixed waste, containing steel (mainly food
cans), paper, plastics aluminium and glass

Steel objects are carried away on conveyor
belt for processing

Electromagnet

._'_’ ‘;—"' removes iron and
oyl .l steel
-

Powerful fans blow paper

into wire receptacles
Second conveyor belt

made of chains

Glass falls through chains and
is sorted by hand into three
colour-brown, green and clear

. ) ) } __""_ Magnetized drum holds
Plastic waste is carried away } ] H aluminium
for processing d

In @ modern materials recovery plant, mixed waste (but no organic matter) is passed along a conveyor
belt and sorted into reusable materials-steel, aluminium, paper, glass. Such recycling plants are
expensive, but will become essential as vital resources become scarce.

Note : This picture is given as additional information and is not a direct example of the current chapter.

(c) The blackheart malleable cast iron obtained after annealing in an inert atmosphere have a black
fracture. The microstructure devel oped in the castings has amatrix essentially of ferrite with temper carbon and
shall not contain flake graphite.

(d) Thepearlitic malleable cast iron obtained after heat-treatment have ahomogeneous matrix essentially
of pearlite or other transformation products of austenite. The graphite is present in the form of temper carbon
nodules. The microstructure shall not contain flake graphite.

(e) According to IS: 14329 — 1995, the whiteheart, blackheart and pearlitic malleable cast irons are
designated by the a phabetsWM, BM and PM respectively. These designationsarefollowed by afigureindicating
the minimum tensile strength in MPaor N/mm?2. For example ‘WM 350’ denotes whiteheart malleable cast iron
with 350 M Pa as minimum tensile strength. The following are the different grades of malleable cast iron :

Whiteheart malleable cast iron — WM 350 and WM 400

Blackheart malleable cast iron — BM 300 ; BM 320 and BM 350

Pearlitic malleable cast iron — PM 450 ; PM 500 ; PM 550 ; PM 600 and PM 700

6. Nodular or spheroidal graphite cast iron. The nodular or spheroidal graphite cast iron is
also called ductile cast iron or high strength cast iron. Thistype of cast iron is obtained by adding
small amounts of magnesium (0.1 to 0.8%) to the molten grey iron. The addition of magnesium
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causes the * graphite to take form of small nodules or spheroidsinstead of the normal angular flakes.
It has high fluidity, castability, tensile strength, toughness, wear resistance, pressure tightness,
weldability and machinability. It isgenerally used for castings requiring shock and impact resistance
along with good machinability, such as hydraulic cylinders, cylinder heads, rollsfor rolling mill and
centrifugally cast products.

According to Indian standard specification (1S : 1865-1991), the nodular or spheroidal graphite
cast iron isdesignated by the alphabets‘ SG’ followed by the figures indicating the minimum tensile
strengthin MPaor N/mm? and the percentage € ongation. For example, SG 400/15 means spheroidal
graphite cast iron with 400 M Pa as minimum tensile strength and 15 percent elongation. The Indian
standard (1S : 1865 — 1991) recommends nine grades of spheroidal graphite cast iron based on
mechanical properties measured on separately-cast test samples and six grades based on mechanical
properties measured on cast-on sample as given in the Table 2.4.

Theletter A after the designation of the grade indi cates that the properties are obtained on cast-
on test samples to distinguish them from those obtained on separately-cast test samples.

Table 2.4. Recommended grades of spheroidal graphite cast iron
as perlS: 1865-1991.

Grade Minimum tensile Minimum Brinell hardness Predominant
strength (MPa) percentage number (BHN) constituent of matrix
elongation
SG 900/2 900 2 280 — 360 Bainite or tempered
martensite
SG 800/2 800 2 245 — 335 Pearlite or tempered
structure
SG 700/2 700 2 225 - 305 Pearlite
SG 600/3 600 3 190 - 270 Ferrite + Pearlite
SG 500/7 500 7 160 — 240 Ferrite + Pearlite
SG 450/10 450 10 160 — 210 Ferrite
SG 400/15 400 15 130 - 180 Ferrite
SG 400/18 400 18 130 - 180 Ferrite
SG 350/22 350 22 <150 Ferrite
SG 700/2A 700 2 220 — 320 Pearlite
SG 600/3A 600 2 180 — 270 Pearlite + Ferrite
SG 500/7A 450 7 170 - 240 Pearlite + Ferrite
SG 400/15A 390 15 130 - 180 Ferrite
SG 400/18A 390 15 130-180 Ferrite
SG 350/22A 330 18 <150 Ferrite

2.9 Alloy Cast Iron

The cast irons as discussed in Art. 2.8 contain small percentages of other constituents like
silicon, manganese, sulphur and phosphorus. These cast irons may be called asplain cast irons. The
alloy cast ironisproduced by adding alloying elements like nickel, chromium, molybdenum, copper
and manganese in sufficient quantities. These alloying elements give more strength and result in
improvement of properties. The alloy cast iron has specia properties like increased strength, high
wear resistance, corrosion resistance or heat resistance. The alloy cast irons are extensively used for

*  Thegraphiteflakesin cast iron act as discontinuitiesin the matrix and thuslower its mechanical properties.
The sharp corners of the flakes also act as stress raisers. The weakening effect of the graphite can be
reduced by changing its form from aflake to a spheroidal form.
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gears, automobile partslike cylinders, pistons, piston rings, crank cases, crankshafts, camshafts, sprock-
ets, wheels, pulleys, brake drums and shoes, parts of crushing and grinding machinery etc.

2.10 Effect of Impurities on Cast Iron

We have discussed in the previousarticlesthat the cast iron contains
small percentages of silicon, sulphur, manganese and phosphorous. The
effect of these impurities on the cast iron are as follows:

1. Silicon. It may be present in cast iron upto 4%. It providesthe
formation of free graphite which makes the iron soft and easily
machinable. It also produces sound castings free from blow-holes,
because of its high affinity for oxygen.

2. Sulphur. It makesthe cast iron hard and brittle. Sincetoo much
sulphur gives unsound casting, therefore, it should be kept well below
0.1% for most foundry purposes.

3. Manganese. It makes the cast iron white and hard. It is often
kept below 0.75%. It helps to exert a controlling influence over the
harmful effect of sulphur.

4. Phosphorus. It aids fusibility and fluidity in cast iron, but
induces brittleness. It israrely allowed to exceed 1%. Phosphoric irons
are useful for casting of intricate design and for many light engineering

Phosphorus is a non-metallic
element. It must be stored

castings when cheapnessis essential. underwater (above), since it
cafches fire when exposed fo
2.11 Wrought Iron air, forming a compound.

It isthe purest iron which contains at least 99.5% iron but may contain upto 99.9% iron. The
typical composition of awrought ironis

Carbon =0.020%, Silicon = 0.120%, Sul phur = 0.018%, Phosphorus=0.020%, Slag = 0.070%,
and theremaining isiron.

Polarized light gives
false-colour image.

-

Iron is hammered to )
remove impurities A close look at cast iron

Wrought Iron

The wrought iron is produced from pig iron by remelting it in the puddling furnace of
reverberatory type. The molten metal free from impuritiesis removed from the furnace as a pasty
mass of iron and slag. The balls of this pasty mass, each about 45 to 65 kg are formed. These balls
are then mechanically worked both to sgueeze out the slag and to form it into some commercial
shape.

Thewrought ironisatough, malleable and ductile material. It cannot stand sudden and excessive
shocks. Its ultimate tensile strength is 250 M Pato 500 M Pa and the ultimate compressive strength is
300 MPa.

It can be easily forged or welded. It is used for chains, crane hooks, railway couplings, water
and steam pipes.
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€ The ocean floor contains huge amounts of manga-
nese (a metal used in steel and industrial processes).
The manganese is in the form of round lumps called
nodules, mixed with other elements, such as iron and
nickel. The nodules are dredged up by ships fitted
with hoselines which scrape and suck at the ocean

& Nodules look rather like
hailstones. The minerals
are washed into the
sea by erosion of the
land. About one-fifth of
the nodule is manga-
nese.

Note : This picture is given as additional information and is not a direct example of the current chapter.

2.12 Steel

It isan aloy of iron and carbon, with carbon content up to a maximum of 1.5%. The carbon
occursin the form of iron carbide, because of its ability to increase the hardness and strength of the
steel. Other elements e.g. silicon, sulphur, phosphorus and manganese are also present to greater or
lesser amount to impart certain desired properties to it. Most of the steel produced now-a-days is
plain carbon steel or simply carbon steel. A carbon steel isdefined asasteel which hasits properties
mainly dueto itscarbon content and does not contain morethan 0.5% of silicon and 1.5% of manganese.
The plain carbon steels varying from 0.06% carbon to 1.5% carbon are divided into the following
types depending upon the carbon content.

1. Dead mild steel — up to 0.15% carbon

2. Lowcarbonor mildsteel  — 0.15% to 0.45% carbon
3. Medium carbon steel — 0.45% to 0.8% carbon
4. High carbon steel — 0.8% to 1.5% carbon

According to Indian standard *[IS: 1762 (Part-1)-1974], a new system of designating the
steel is recommended. According to this standard, steels are designated on the following two
basis:

(@) Onthebasisof mechanical properties, and (b) On the basis of chemical composition.
We shall now discuss, in detail, the designation of steel on the abovetwo basis, inthefollowing
pages.

2.13 Steels Designated on the Basis of Mechanical Properties

These steels are carbon and low alloy steels where the main criterion in the selection and in-
spection of steel isthetensile strength or yield stress. According to Indian standard **1S: 1570 (Part—)-
1978 (Reaffirmed 1993), these steel s are designated by asymbol ‘ Fe’ or ‘ Fe E' depending on whether

*  This standard was reaffirmed in 1993 and covers the code designation of wrought steel based on letter
symbols.

**  Thelndian standard IS : 1570-1978 (Reaffirmed 1993) on wrought steelsfor general engineering purposes
has been revised on the basis of experience gained in the production and use of steels. This standard is now
availablein seven parts.
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the steel has been specified on the basis of minimum tensile strength or yield strength, followed by the
figureindicating the minimum tensile strength or yield stressin N/mm?. For example‘ Fe 290" means
asteel having minimum tensile strength of 290 N/mm? and ‘ Fe E 220’ means a steel having yield

strength of 220 N/mm?.

Table 2.5 showsthe tensile and yield properties of standard steels with their uses according to
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IS : 1570 (Part 1)-1978 (Reaffirmed 1993).

Table 2.5. Indian standard designation of steel according to
IS : 1570 (Part 1)-1978 (Reaffirmed 1993).

Indian standard Tensile Yield stress Minimum | Usesasper IS: 1871 (Part 1)-1987
designation strength (Minimum) percentage (Reaffirmed 1993)
(Minimum) N/mn? elongation
N/mm?

Fe 290 290 170 27 Itisused for plain drawn or enamelled
parts, tubes for oil well casing, steam,

—— 20 =0 - water and air passage, cycle, motor
cycle and automobile tubes, rivet bars
and wire.

Fe 310 310 180 26 These steels are used for locomotive

FeE 230 310 230 26 carriagesand car structures, screw stock

Fe 330 330 200 26 and other general engineering purposes.

Fe E 250 330 250 26

Fe 360 360 220 25 It isused for chemical pressure vessels

FeE 270 360 270 25 and other general engineering purposes.

Fe 410 410 250 23 It is used for bridges and building
construction, railway rolling stock,

FeE 310 e S10 23 screw spikes, oil well casing, tube piles,
and other general engineering purposes.

Fe 490 490 290 21 Itisused for mines, forgingsfor marine

Fe E 370 490 370 21 engines, sheet piling and machine
parts.

Fe 540 540 320 20 It is used for locomotive, carriage,
wagon and tramway axles, arches for

REEALY £40 w20 A mines, bolts, seamless and welded
tubes.

Fe 620 620 380 15 It is used for tramway axles and
seamless tubes.

Fe E 460 620 460 15

Fe 690 690 410 12 It is used for locomotive, carriage and
wagon wheels and tyres, arches for

FeE 520 690 520 12 mines, seamlessoil well casing and drill
tubes, and machine parts for heavy
loading.

Fe 770 770 460 10 It is used for locomotive, carriage and

Fe E 580 770 580 10 wagon wheels and tyres, and machine
parts for heavy loading.

Fe 870 870 520 8 It is used for locomotive, carriage and

Fe E 650 870 650 g |wagonwhessand tyres
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Notes: 1. The steelsfrom grades Fe 290 to Fe 490 are general structural steels and are available in the form of
bars, sections, tubes, plates, sheets and strips.

2. The steels of grades Fe 540 and Fe 620 are medium tensile structural steels.
3. The steels of grades Fe 690, Fe 770 and Fe 870 are high tensile steels.

2.14 Steels Designated on the Basis of Chemical Composition

According to Indian standard, IS : 1570 (Part 11/Sec 1)-1979 (Reaffirmed 1991), the carbon
steels are designated in the following order :

(a) Figureindicating 100 times the average percentage of carbon content,

(b) Letter‘C’, and

(c) Fgureindicating 10 timesthe average percentage of manganese content. The figure after

multiplying shall be rounded off to the nearest integer.

For example 20C8 means a carbon steel containing 0.15 to 0.25 per cent (0.2 per cent on
an average) carbon and 0.60 to 0.90 per cent (0.75 per cent rounded off to 0.8 per cent on an average)
manganese.

Table 2.6 showsthe Indian standard designation of carbon steel with composition and their uses.

Table 2.6. Indian standard designation of carbon steel according to
IS: 1570 (Part ll/Sec 1) - 1979 (Reaffirmed 1991).

Indian standard Composition in percentages Uses as per I1S: 1871 (Part 11)-1987
designation (Reaffirmed 1993)
Carbon (C) Manganese (Mn)

4c2 0.08 Max. 0.40 Max. It is a dead soft steel generally used in
electrical industry.

5C4 0.10 Max. 0.50 Max. These steels are used where cold form-

7C4 0.12 Max. 0.50 Max. ability is the primary requirement. In the

rimming quality, they are used as shest,
10c4 0.15 Max. 0.30-0.60 strip, rod and wire especially where

excellent surface finish or good drawing
qualities are required, such as automobile
body, and fender stock, hoods, lamps, ail
pans and a multiple of deep drawn and
formed products. They are also used for
cold heading wire and rivets and low
carbon wire products. The killed stedl is
used for forging and heat treating
applications.

10C4 0.15 Max. 0.30-0.60 The case hardening steels are used for
14C6 0.10-0.18 0.40 —0.70 } making camshafts, cams, light duty gears,
worms, gudgeon pins, spindles, pawls,
ratchets, chain wheels, tappets, etc.
15C4 0.20 Max. 0.30 — 0.60 It is used for lightly stressed parts. The
material, although easily machinable, isnot
designed specifically for rapid cutting, but
issuitable where cold web, such asbending
and riveting may be necessary.
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Indian standard
designation

Composition in percentages

Carbon (C)

Manganese (Mn)

Usesasper IS: 1871 (Part 11)-1987
(Reaffirmed 1993)

15C8
20C8
25C4
25C8
30C8

35C4

35C8

40C8

45C8

50C4

50C12

55C4
55C8

60C4

65C9

0.10-0.20
0.15-0.25
0.20-0.30
0.20-0.30
0.25-0.35

0.30-0.40

0.30-0.40

0.35-0.45

0.40-0.50

0.45-0.55

0.45-0.55

0.50-0.60
0.50-0.60

0.55-0.65

0.60-0.70

0.60-0.90
0.60-0.90
0.30-0.60
0.60-0.90
0.60-0.90

0.30-0.60

0.60-0.90

0.60-0.90

0.60-0.90

0.30-0.60

1.1-1.50

0.30-0.60
0.60-0.90

0.30-0.60

0.50-0.80

These steelsare general purposes steelsused
for low stressed components.

It is used for making cold formed parts such
as shift and brake levers. After suitable case
hardening or hardening and tempering, this
steel is used for making sprockets, tie rods,
shaft fork and rear hub, 2 and 3 wheeler
scooter parts such as sprocket, lever, hubsfor
forks, cams, rocket arms and bushes. Tubes
for aircraft, automobile, bicycleand furniture
are also made of this steel.

It isused for low stressed parts, automobile
tubes and fasteners.

It is used for low stressed parts in machine
structures, cycle and motor cycle tubes, fish
platesfor rails and fasteners.

Itisused for crankshafts, shafts, spindles, push
rods, automobile axle beams, connecting rods,
studs, bolts, lightly stressed gears, chain parts,
umbrellaribs, washers, etc.

Itisused for spindlesof machinetools, bigger
gears, bolts, lead screws, feed rods, shaftsand
rocks.

Itisused for keys, crankshafts, cylinders and
machine parts requiring moderate wear
resistance. In surface hardened condition, itis
also suitable for large pitch worms and gears.

Itisarail sted. It is aso used for making
spike bolts, gear shafts, rocking levers and
cylinder liners.

These steels are used for making gears, coil
springs, cylinders, cams, keys, crankshafts,
sprockets and machine parts requiring
moderatewear resistance for which toughness
isnot of primary importance. It is also used
for cycle and industrial chains, spring, can
opener, umbrella ribs, parts of camera and
typewriter.

Itisused for making clutch springs, hardened
screws and nuts, machine tool spindles,
couplings, crankshafts, axles and pinions.

It is a high tensile structural steel used for
making locomotive carriage and wagon tyres.
Itisalso used for engine valve springs, small
washers and thin stamped parts.
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Indian standard Composition in percentages Uses as per I1S: 1871 (Part 11)-1987
designation (Reaffirmed 1993)
Carbon (C) Manganese (Mn)
70C6 0.65—0.75 0.50 — 0.80 It is used for making baffle springs, shock

absorbers, springsfor seat cushionsfor road
vehicles. Itisalsoused for making rail tyres,
unhardened gears and worms, washers,
wood working saw, textile and jute
machinery parts and clutch plates, etc.

75C6 0.70-0.80 0.50-0.80 It is used for making light flat springs
formed from annealed stock. Because of
good wear properties when properly heat
treated, it is used for making shear blades,
rack teeth, scrappers and cutlivators’
shovels.

80C6 0.75-0.85 OED—OEy | ITEDEEBEOUES e M ) £
coil springs for automobile and railway
vehicles. Itisalso used for girder rails. The
valve spring wireand music wire are specia
applications of steel 85 C6. After suitable
heat treatment, these steelsare also used for
making scraper blades, discs and spring
tooth harrows. It isalso used for clutch parts,
wood working saw, band saw and textileand
jute machinery parts.

98C6 090—1.05 0.50 — 0.80 These steels in the oil hardened and
tempered condition are used for coil or spiral
springs. It is also used for pen nibs, volute
spring, spring cutlery, knitting needle and
hacksaw blades.

85C6 0.80 - 0.90 0.50-0.80

113C6 1.05-1.20 0.50-0.80

2.15 Effect of Impurities on Steel

Thefollowing are the effects of impuritieslike silicon, sul phur, manganese and phosphorus on
steel.

1. Silicon. The amount of silicon in the finished steel usually ranges from 0.05 to 0.30%.
Siliconisadded in low carbon steelsto prevent them from becoming porous. It removesthe gasesand
oxides, prevent blow holes and thereby makes the steel tougher and harder.

2. Sulphur. It occurs in steel either as iron sulphide or manganese sulphide. Iron sulphide
because of itslow melting point produces red shortness, whereas manganese sul phide does not effect
so much. Therefore, manganese sulphideis|ess objectionablein steel than iron sulphide.

3. Manganese. It serves as a valuable deoxidising and purifying agent in steel. Manganese
also combineswith sulphur and thereby decreases the harmful effect of thiselement remaining inthe
steel. When used in ordinary low carbon steels, manganese makes the metal ductile and of good
bending qualities. In high speed steels, it is used to toughen the metal and to increase its critical
temperature.

4. Phosphorus. It makesthe stedl brittle. It also produces cold shortnessin steel. In low carbon
steels, it raises the yield point and improves the resistance to atmospheric corrosion. The sum of
carbon and phosphorus usually does not exceed 0.25%.
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2.16 Free Cutting Steels

Thefree cutting steel s contain sul phur and phosphorus. These steel shave higher sul phur content
than other carbon steels. In general, the carbon content of such steels vary from 0.1 to 0.45 per cent
and sulphur from 0.08 to 0.3 per cent. These steels are used where rapid machining is the prime
requirement. It may be noted that the presence of sul phur and phosphorus causeslong chipsin machining
to be easily broken and thus prevent clogging of machines. Now adays, lead isused from 0.05t0 0.2
per cent instead of sulphur, because |ead also greatly improves the machinability of steel without the
loss of toughness.

According to Indian standard, IS : 1570 (Part 111)-1979 (Reaffirmed 1993), carbon and carbon
manganese free cutting steels are designated in the following order :

1. Figureindicating 100 times the average percentage of carbon,

2. Letter‘C,

3. Figureindicating 10 times the average percentage of manganese, and

4. Symbol ‘S followed by thefigureindicating the 100 timesthe average content of sulphur.
If instead of sulphur, lead (Pb) is added to make the steel free cutting, then symbol ‘P’
may be used.

Table 2.7 shows the composition and uses of carbon and carbon-manganese free cutting steels,
asper I1S: 1570 (Part 111)-1979 (Reaffirmed 1993).

2.17 Alloy Steel

An dloy steel may be defined as a steel to which elements other than carbon are added in
sufficient amount to produce animprovement in properties. Thealloying is donefor specific purposes
toincrease wearing resistance, corrosion resistance and to improve el ectrical and magnetic properties,
which cannot be obtained in plain carbon steels. The chief aloying elementsused in steel are nickel,
chromium, molybdenum, cobalt, vanadium, manganese, silicon and tungsten. Each of these elements
confer certain qualities upon the steel to which it is added. These elements may be used separately or
in combination to produce the desired characteristic in steel. Following are the effects of alloying
elements on steel:

1. Nickel. It increases the strength and toughness of the steel. These steels contain 2 to 5%
nickel and from 0.1 to 0.5% carbon. In thisrange, nickel contributes great strength and hardnesswith
high elastic limit, good ductility and good resistance to corrosion. An aloy containing 25% nickel
possesses maximum toughness and offers the greatest resi stance to rusting, corrosion and burning at
high temperature. It has proved to be of advantage in the manufacture of boiler tubes, valvesfor use
with superheated steam, valves for 1.C. engines and spark plugs for petrol engines. A nickel steel
alloy containing 36% of nickel isknown asinvar. It has nearly zero coefficient of expansion. Soitis
in great demand for measuring instruments and standards of lengths for everyday use.

2. Chromium. Itisusedin steelsasan alloying element to combine hardness with high strength
and high elastic limit. It also imparts corrosion-resisting propertiesto steel. Themost common chrome
steels contains from 0.5 to 2% chromium and 0.1 to 1.5% carbon. The chrome steel is used for balls,
rollers and races for bearings. A nickel chrome steel containing 3.25% nickel, 1.5% chromium and
0.25% carbon is much used for armour plates. Chrome nickel steel is extensively used for motor car
crankshafts, axles and gearsrequiring great strength and hardness.

3. Tungsten. It prohibits grain growth, increases the depth of hardening of quenched steel and
confersthe property of remaining hard even when heated to red colour. It isusually usedin conjuction
with other elements. Steel containing 3 to 18% tungsten and 0.2 to 1.5% carbon is used for cutting
tools. The principal uses of tungsten steels are for cutting tools, dies, valves, taps and permanent
magnets.
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4. Vanadium. It aids in obtaining a fine
grain structureintool steel. The addition of avery
small amount of vanadium (less than 0.2%)
produces amarked increasein tensile strength and
elastic limit in low and medium carbon steels
without alossof ductility. The chrome-vanadium
steel containing about 0.5 to 1.5% chromium, 0.15
t0 0.3% vanadium and 0.13 to 1.1% carbon have
extremely good tensile strength, elastic limit,
endurance limit and ductility. These steels are
frequently used for parts such as springs, shafts,
gears, pins and many drop forged parts.

This is a fan blade from a jumbo jet engine. On
take-off, the stress on the metal is immense, so to
prevent the fan from flying apart, the blades must
be both light and very strong. Titanium, though
expensive, is the only suitable metal.

5. Manganese. It improves the strength of
the steel in both the hot rolled and heat treated condition. The manganese alloy steels containing over
1.5% manganese with acarbon range of 0.40to0 0.55% are used extensively in gears, axles, shaftsand
other partswhere high strength combined with fair ductility isrequired. The principal usesof manganese
steel isin machinery parts subjected to severe wear. These steels are all cast and ground to finish.

6. Silicon. Thesilicon steelsbehave like nickel steels. These steelshave ahigh elastic limit as
compared to ordinary carbon steel. Silicon steels containing from 1 to 2% silicon and 0.1 to 0.4%
carbon and other alloying elements are used for electrical machinery, valvesin I.C. engines, springs
and corrosion resisting materials.

7. Cobalt. It givesred hardness by retention of hard carbides at high temperatures. It tends to
decarburise steel during heat-treatment. It increases hardness and strength and also residual magnetism
and coercive magnetic force in steel for magnets.

8. Moalybdenum. A very small quantity (0.15to 0.30%) of molybdenum isgenerally used with
chromium and manganese (0.5 to 0.8%) to make molybdenum steel. These steels possess extratensile
strength and are used for air-plane fuselage and automobile parts. It can replace tungsten in high
speed steels.

2.18 Indian Standard Designation of Low and Medium Alloy Steels

According to Indian standard, 1S : 1762 (Part 1)-1974 (Reaffirmed 1993), low and medium
alloy steels shall be designated in the following order :

1. Figureindicating 100 times the average percentage carbon.

2. Chemical symbal for alloying elements each followed by the figure for its average
percentage content multiplied by afactor as given below :

Element Multiplying factor
Cr, Co, Ni, Mn, Si and W 4
Al, Be, V, Pb, Cu, Nb, Ti, Ta, Zr and Mo 10
P Sand N 100

For example 40 Cr 4 Mo 2 means alloy steel having average 0.4% carbon, 1% chromium

and 0.25% molybdenum.
Notes: 1. The figure after multiplying shall be rounded off to the nearest integer.

2. Symbol ‘Mn’ for manganese shall be included in case manganese content is equal to or greater than
1 per cent.

3. The chemical symbols and their figures shall be listed in the designation in the order of decreasing
content.

Table 2.8 shows the composition and uses of some low and medium alloy steels according to
Indian standard 1S : 1570-1961 (Reaffirmed 1993).
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2.19 Stainless Steel

Itisdefined asthat steel which when correctly
heat treated and finished, resists oxidation and
corrosive attack from most corrosive media. The
different types of stainless steels are discussed
below :

1. Martensitic stainless steel. The chromium
steelscontaining 12 to 14 per cent chromium and 0.12
to 0.35 per cent carbon are the first stainless steels
developed. Since these steels possess martensitic
structure, therefore, they are called martensitic
stainless steels. These steels are magnetic and may
be hardened by suitable heat treatment and the
hardness obtai nable depends upon the carbon content.
These steels can be easily welded and machined. When
formability, softness, etc. are required in fabrication,
steel having 0.12 per cent maximum carbon is often
used in soft condition. With increasing carbon, it is
possible by hardening and tempering to obtain tensile
strength in the range of 600 to 900 N/mm?, combined
with reasonable toughness and ductility. In this
condition, these steels find many useful general
applications where mild corrosion resistance is
required. Also, with the higher carbon range in the
hardened and lightly tempered condition, tensile  stainless steel was invented in 1913 by British

strength of about 1600 N/mm? may bedevelopedwith ~ metallurgist Harry Brearley (1871-1948). He
lowered ductility. made a steel containing 13 per cent
chromium. The new alloy proved fo be highly

These steels may be used where the corrosion  resistant to corrosion: chromium reacts with

conditions are not too severe, such as for hydraulic, ~ ©xygen in the air fo form a fough, protective
steam and oil pumps, valves and other engineering ;’gfgé‘/:e’gh renews ifself if the metal is
components. However, these steels are not suitable

for shaftsand partsworking in contact with non-ferrous metals(i.e. brass, bronze or gun metal bearings)
and with graphite packings, because electrolytic corrosion is likely to occur. After hardening and
light tempering, these steels develop good cutting properties. Therefore, they are used for cutlery,
springs, surgical and dental instruments.

Note: The presence of chromium provides good resistance to scaling upto atemperature of about 750°C, but it
is not suitable where mechanical strength in the temperature range of 600 to 750°C is required. In fact, creep
resistance of these steelsat thistemperatureis not superior to that of mild steel. But at temperature below 600°C,
the strength of these steelsisbetter than that of carbon steelsand upto 480°C iseven better than that of austenitic
steels.

2. Ferritic stainless steel. The steels containing greater amount of chromium (from 16 to 18
per cent) and about 0.12 per cent carbon are called ferritic stainless steels. These steels have better
corrosion resistant property than martensitic stainless steels. But, such steels have little capacity for
hardening by heat treatment. However, in the softened condition, they possess good ductility and are
mainly used as sheet or strip for cold forming and pressing operations for purposes where moderate
corrosion resistance is required. They may be cold worked or hot worked. They are ferro-magnetic,
usually undergo excessive grain growth during prolonged exposure to elevated temperatures, and
may develop brittleness after electric arc resistance or gaswelding. These steels have lower strength
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at elevated temperatures than martensitic steels. However, resistance to scaling and corrosion at
elevated temperatures are usually better. The machinability is good and they show no tendency to
intercrystalline corrosion.

Note: When nickel from 1.5t0 2.5 per cent isadded to 16 to 18 per cent chromium steel, it not only makes more
resistant to corrosion than martensitic steel but also makesit hardenable by heat treatment. Such asteel hasgood
resistance to electrolytic corrosion when in contact with non-ferrous metals and graphite packings. Thusit is
widely used for pump shafts, spindlesand valves aswell asfor many other fittings where agood combination of
mechanical and corrosion properties are required.

3. Austenitic stainless steel. The steel containing high content of both chromium and nickel
are called austenitic stainless steels. There are many variations in chemical composition of these
steels, but the most widely used steel contain 18 per cent chromium and 8 per cent nickel with carbon
content as low as possible. Such a steel is commonly known as 18/8 steel. These steels cannot be
hardened by quenching, in fact they are softened by rapid cooling from about 1000°C. They are non-
magnetic and possess greatest resistance to corrosion and good mechanical properties at elevated
temperature.

These steelsare very tough and can be forged and rolled but offer great difficulty in machining.
They can be easily welded, but after welding, it is susceptible to corrosive attack in an area adjacent
to the weld. This susceptibility to corrosion (called intercrystalline corrosion or weld decay) may be
removed by softening after welding by heating to about 1100°C and cooling rapidly. These steelsare
used in the manufacture of pump shafts, rail road car frames and sheathing, screws, nutsand boltsand
small springs. Since 18/8 steel provide excellent resistanceto attack by many chemicals, therefore, it
isextensively used in chemical, food, paper making and dyeing industries.

Note : When increased corrosion resistance properties are required, for some purposes, then molybdenum from
210 3 per cent may be added.

2.20 Heat Resisting Steels

The steelswhich can resist creep and oxidation at high temperatures and retain sufficient strength
are called heat resisting steels. A number of heat resisting steels have been devel oped as discussed
below :

1. Low alloy steels. These steels contain 0.5 per cent molybdenum. The main application of
these steelsarefor superheater tubes and pipesin steam plants, where servicetemperaturesarein the
range of 400°C to 500°C.

2. Valve steels. The chromium-silicon steels such as silchrome (0.4% C, 8% Cr, 3.5% Si) and
Volmax (0.5% C, 8% Cr, 3.5% Si, 0.5% Mo) are used for automobile valves. They possess good
resistanceto scaling at dull red heat, although their strength at elevated temperaturesisrelatively low.
For aeroplane engines and marine diesel engine valves, 13/13/3 nickel-chromium-tungsten valve
steel isusually used.

3. Plain chromium steel. The plain chromium steel consists of

(@) Martensitic chromium steel with 12—13% Cr, and
(b) Ferritic chromium steels with 18-30% Cr.

These steels are very good for oxidation resistance at high temperatures as compared to their
strength which is not high at such conditions. The maximum operating temperature for martensitic
steelsis about 750°C, whereas for ferritic steelsit is about 1000 — 1150°C.

4. Austenitic chromium-nickel steels. These steels have good mechanical properties at high
temperatures with good scaling resistance. These alloys contain aminimum of 18 per cent chromium
and 8 per cent nickel stabilised with titanium or niobium. Other carbide forming elements such as
molybdenum or tungsten may also be added in order to improve creep strength. Such alloys are
suitable for use upto 1100°C and are used for gas turbine discs and blades.
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2.21 Indian Standard Designation of High Alloy Steels (Stainless Steel and
Heat Resisting Steel)

According to Indian standard, 1S : 1762 (Part )-1974 (Reaffirmed 1993), the high alloy steels
(i.e. stainless steel and heat resisting steel) are designated in the following order:

1. Letter'X’.
2. Figureindicating 100 times the percentage of carbon content.

3. Chemica symbol for alloying elementseach followed by afigurefor itsaverage percentage
content rounded off to the nearest integer.

4. Chemical symbol to indicate specially added element to allow the desired properties.

For example, X 10 Cr 18 Ni 9 means alloy steel with average carbon 0.10 per cent, chromium
18 per cent and nickel 9 per cent.

Table 2.9 showsthe composition and uses of sometypes of the stainless steelsand heat resisting
steels according to Indian standard IS : 1570 (Part VV)-1985 (Reaffirmed 1991).

2.22 High Speed Tool Steels

These steelsare used for cutting metalsat amuch higher cutting speed than ordinary carbon
tool steels. The carbon steel cutting tools do not retain their sharp cutting edges under heavier loads
and higher speeds. Thisisdueto .
the fact that at high speeds,
sufficient heat may be devel oped
during the cutting operation and
causes the temperature of the
cutting edge of the tool to reach
a red heat. This temperature
would soften the carbon tool stee!
and thus the tool will not work
efficiently for a longer period. =
The high speed steels have the

valuable property of retaining . ! : -y ;
their hardness even when heated Gold is found mixed with quariz rock, deep underground. Most met-
to red heat. Most of the high als occur in their ores as compounds. Gold is so unreactive that it

. occurs naturally as pure metal.
speed steels contain tungsten as yasp

the chief alloying element, but other elements like cobalt, chromium, vanadium, etc. may be present
in some proportion. Following are the different types of high speed steels:

1. 18-4-1 High speed steel. Thissteel, on an average, contains 18 per cent tungsten, 4 per cent
chromium and 1 per cent vanadium. It is considered to be one of the best of all purposetool steels. It
iswidely used for drills, lathe, planer and shaper tools, milling cutters, reamers, broaches, threading
dies, punches, etc.

2. Molybdenum high speed steel. Thissteel, on an average, contains 6 per cent tungsten, 6 per
cent molybdenum, 4 per cent chromium and 2 per cent vanadium. It has excellent toughness and
cutting ability. The molybdenum high speed steel s are better and cheaper than other types of steels. It
isparticularly used for drilling and tapping operations.

3. Super high speed steel. This steel is also called cobalt high speed steel because cobalt is
added from 2 to 15 per cent, in order to increase the cutting efficiency especially at high temperatures.
This steel, on an average, contains 20 per cent tungsten, 4 per cent chromium, 2 per cent vanadium
and 12 per cent cobalt. Since the cost of this steel is more, therefore, it is principally used for heavy
cutting operations which impose high pressure and temperatures on the tool.
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2.23 Indian Standard Designation of High Speed Tool Steel

According to Indian standard, 1S : 1762 (Part 1)-1974 (Reaffirmed 1993), the high speed tool
steels are designated in the following order :

1. Letter ‘XT.
2. Figureindicating 100 times the percentage of carbon content.

3. Chemical symbol for alloying elements each followed by the figure for its average
percentage content rounded off to the nearest integer, and

4. Chemical symbol to indicate specially added element to attain the desired properties.

For example, XT 75 W 18 Cr 4 V 1 means atool steel with average carbon content 0.75 per
cent, tungsten 18 per cent, chromium 4 per cent and vanadium 1 per cent.

Table 2.10 shows the composition of high speed tool steels as per Indian standard, 1S : 7291-
1981 (Reaffirmed 1993).

2.24 Spring Steels

The most suitable material for springs are those which can store up the maximum amount of
work or energy in a given weight or volume of spring material, without permanent deformation.
These steels should have a high elastic limit as well as high deflection value. The spring steel, for
aircraft and automobile purposes should possess maxi mum strength agai nst fatigue effects and shocks.
The steels most commonly used for making springs are asfollows:

1. High carbon steels. These steels contain 0.6 to 1.1 per cent carbon, 0.2 to 0.5 per cent
silicon and 0.6 to 1 per cent manganese. These steels are heated to 780 — 850°C according to the
composition and quenched in oil or water. It is then tempered at 200 — 500°C to suit the particular
application. These steels are used for laminated springs for locomotives, carriages, wagons, and for
heavy road vehicles. The higher carbon content oil hardening steels are used for volute, spiral and
conical springs and for certain types of petrol engineinlet valve springs.

2. Chrome-vanadium steels. These are high quality spring steels and contain 0.45 to 0.55
per cent carbon, 0.9 to 1.2 per cent
chromium, 0.15 to 0.20 per cent
vanadium, 0.3 to 0.5 per cent silicon
and 0.5 to 0.8 per cent manganese.
These steels have high elastic limit,
resistanceto fatigue and impact stresses.
Moreover, these steel s can be machined
without difficulty and can be given a
smooth surface free from tool marks.
These are hardened by oil quenching at
850 — 870°C and tempered at 470 —
510°C for vehicle and other spring
purposes. These steels are used for
motor car laminated and coil springsfor  Sodium is in Group 1. Aithough it is a metal, it is so soft that

suspension purposes, automobile and a knife can cut easily through a piece. Sodium is stored
aircraft engine valve springs. in oil to stop air or moisture reacting with if.

3. Silicon-manganese steels. These steels contain 1.8 to 2.0 per cent silicon, 0.5 to 0.6 per
cent carbon and 0.8 to 1 per cent manganese. These steels have high fatigue strength, resistance and
toughness. These are hardened by quenching in oil at 850 — 900°C and tempered at 475 — 525°C.
Thesearethe usual standard quality modern spring materialsand are much used for many engineering
purposes.
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2.25 Heat Treatment of Steels

Theterm heat treatment may be defined as an operation or acombination of operations, involving
the heating and cooling of ametal or an alloy in the solid state for the purpose of obtaining certain
desirable conditions or propertieswithout changein chemical composition. Theaim of heat treatment
isto achieve one or more of the following objects :

1. Toincreasethe hardness of metals.
To relieve the stresses set up in the material after hot or cold working.
To improve machinability.
To soften the metal.
To modify the structure of the material to improve its electrical and magnetic properties.
To change the grain size.
To increase the qualities of a metal to provide better resistance to heat, corrosion and
wear.
Following are the various heat treatment processes commonly employed in engineering practice:
1. Normalising. The main objects of normalising are:
1. Torefinethegrain structure of the steel toimprove machinability, tensile strength and
structure of weld.
2. Toremovestrainscaused by cold working processeslike hammering, rolling, bending,
etc., which makes the metal brittle and unreliable.
3. Toremovedislocationscaused intheinternal structure of the steel dueto hot working.
4. Toimprove certain mechanical and electrical properties.

The process of normalising consists of heating the steel from 30 to 50°C aboveits upper critical
temperature (for hypoeutectoid steels) or Acm line (for hypereutectoid steels). It is held at this
temperature for about fifteen minutes and then allowed to cool down in still air.

Thisprocess providesahomogeneous structure consisting of ferriteand pearlitefor hypoeutectoid
steels, and pearlite and cementite for hypereutectoid steels. The homogeneous structure provides a
higher yield point, ultimate tensile strength and impact strength with lower ductility to steels. The
process of normalising isfrequently applied to castings and forgings, etc. Thealloy steelsmay also be

normalised but they should be held for two hours at a specified temperature and then cooling in the
furnace.

NOo o wN

Notes: (a) The upper critical temperature for asteel depends upon its carbon content. It is 900°C for pureiron,
860°C for steels with 2.2% carbon, 723°C for steel with 0.8% carbon and 1130°C for steel with 1.8% carbon.

(b) Steel containing 0.8% carbon is known as eutectoid steel, steel containing less than 0.8% carbon is
called hypoeutectoid steel and steel containing above 0.8% carbon is called hypereutectoid steel.

2. Annealing. The main objects of annealing are :
1. To soften the steel so that it may be easily machined or cold worked.

2. Torefine the grain size and structure to improve mechanical properties like strength
and ductility.

3. Torelieveinternal stresses which may have been caused by hot or cold working or by
unegual contraction in casting.

4. To alter electrical, magnetic or other physical properties.
5. Toremove gasestrapped in the metal during initial casting.
The annealing processis of the following two types:

(a) Full annealing. The purpose of full annealing is to soften the metal to refine the grain
structure, to relieve the stresses and to remove trapped gases in the metal. The process consists of

Contents

Top



Engineering Materials and their Properties = 43

(i) heating the steel from 30 to 50°C above the upper critical temperature for hypoeutectoid
steel and by the same temperature above the lower critical temperature i.e. 723°C for
hypereutectoid steels.

(i) holding it at this temperature for sometime to enable the internal changes to take place.
Thetime alowed is approximately 3 to 4 minutes for each millimetre of thickness of the
largest section, and

(iif) cooling slowly in the furnace. The rate of cooling varies from 30 to 200°C per hour

depending upon the composition of steel.

In order to avoid decarburisation of the steel during annealing, the steel ispacked in acast iron
box containing a mixture of cast iron borings, charcoal, lime, sand or ground mica. The box along
with its contentsis allowed to cool slowly in the furnace after proper heating has been compl eted.

The following table shows the approximate temperatures for annealing depending upon the
carbon contentsin steel.

Table 2.11. Annealing temperatures.

SNo. Carbon content, per cent Annealing temperature, °C
1. Lessthan 0.12 (Dead mild steel) 875 -925
2. 0.12 to 0.45 (Mild steel) 840 — 970
& 0.45 to 0.50 (Medium carbon steel) 815 — 840
4. 0.50 to 0.80 (Medium carbon steel) 780 — 810
58 0.80 to 1.50 (High carbon or tool steel) 760 — 780

(b) Processannealing. The processannealingisused for relieving theinternal stressespreviously
set up inthe metal and for increasing the machinability of the steel. In this process, steel is heated to
atemperature below or closeto the lower critical temperature, held at this temperature for sometime
and then cooled slowly. This causes complete recrystallisation in steels which have been severely
cold worked and a new grain structure is formed. The process annealing is commonly used in the
sheet and wireindustries.

3. Spheroidising. It is another form of annealing in
which cementite in the granular form is produced in the
structure of steel. Thisisusually applied to high carbon tool
steelswhich are difficult to machine. The operation consists
of heating the steel to atemperature slightly abovethelower
critical temperature (730 to 770°C). It is held at this
temperature for some time and then cooled slowly to a
temperature of 600°C. Therate of coolingisfrom25t0 30°C
per hour.

The spheroidisingimprovesthe machinability of steels,
but lowers the hardness and tensile strength. These steels
have better el ongation propertiesthan the normally annealed
steel.

4. Hardening. The main objects of hardening are:
1. To increase the hardness of the metal so that it
can resist wear.

2. To enable it to cut other metals i.e. to make it Clay can be hardened by heat.
. . Bricks and ceramic items are made
suitable for cutting tools.

by firing soft clay objectsin a kiln.
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The process of hardening consists of

(a) heating the metal to a temperature from 30 to 50°C above the upper critical point for
hypoeutectoid steels and by the same temperature above the lower critical point for
hypereutectoid steels.

(b) keepingthemetal at thistemperaturefor aconsiderabletime, depending upon itsthickness.

(c) quenching (cooling suddenly) in a suitable cooling medium like water, oil or brine.

It may be noted that the low carbon steels cannot be hardened appreciably, because of the
presence of ferrite which is soft and is not changed by the treatment. As the carbon content goes on
increasing, the possible obtainable hardness also increases.

Notes: 1. The greater the rate of quenching, the harder is the resulting structure of steel.

2. For hardening aloy steels and high speed steels, they are heated from 1100°C to 1300°C followed by
cooling in acurrent of air.

5. Tempering. The steel hardened by rapid quenching isvery hard and brittle. It also contains
internal stresseswhich are severe and unequally distributed to cause cracks or even rupture of hardened
steel. The tempering (also known as drawing) is, therefore, done for the following reasons :

1. Toreduce brittleness of the hardened steel and thusto increase ductility.
2. Toremovetheinternal stresses caused by rapid cooling of steel.
3. Tomake steel tough to resist shock and fatigue.

The tempering process consists of reheating the hardened steel to some temperature below the
lower critical temperature, followed by any desired rate of cooling. The exact tempering temperature
depends upon the purpose for which the article or tool is to be used.

6. Surfacehardeningor case hardening. In many engineering applications, it isdesirablethat
asteel being used should have a hardened surface to resist wear and tear. At the same time, it should
have soft and tough interior or core so that it is able to absorb any shocks, etc. Thisis achieved by
hardening the surface layers of the article while therest of it isleft as such. Thistype of treatment is
applied to gears, ball bearings, railway wheels, etc.

Following are the various * surface or case hardening processes by means of which the surface
layer is hardened:

1. Carburising, 2. Cyaniding, 3. Nitriding, 4. Induction hardening, and 5. Flame hardening.

2.26 Non-ferrous Metals
We have already discussed that the non-ferrous metals are those which contain a metal other
than iron astheir chief constituent. The non-ferrous metals are usually employed in industry due to
the following characteristics:
1. Easeof fabrication (casting, rolling, forging, welding and machining),
2. Resistanceto corrosion,
3. Electrical and thermal conductivity, and
4. Weight.
The various non-ferrous metals used in engineering practice are aluminium, copper, lead, tin,
zinc, nickel, etc. and their aloys. We shall now discuss these non-ferrous metals and their alloysin
detail, in the following pages.

2.27 Aluminium

It iswhite metal produced by electrical processes from its oxide (alumina), which is prepared
from aclayey mineral called bauxite. It isalight metal having specific gravity 2.7 and melting point
658°C. Thetensile strength of the metal varies from 90 MPato 150 M Pa.

*  For complete details, please refer authors' popular book ‘A Text Book of Workshop Technology'.
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In its pure state, the metal would be weak and soft for most purposes, but when mixed with
small amounts of other aloys, it becomes hard and rigid. So, it may be blanked, formed, drawn,
turned, cast, forged and die cast. Its good electrical conductivity is an important property and is
widely used for overhead cables. The high resistance to corrosion and its non-toxicity makes it a
useful metal for cooking utensils under ordinary condition and thin foils are used for wrapping food
items. It is extensively used in aircraft and automobile components where saving of weight is an
advantage.

2.28 Aluminium Alloys

The aluminium may be alloyed with one or more other elements like copper, magnesium,
manganese, silicon and nickel. The addition of small quantities of aloying elements convertsthe soft
and weak metal into hard and strong metal, while still retaining itslight weight. The main aluminium
alloys are discussed below:

1. Duralumin. Itisan important and interesting wrought alloy. Its composition isasfollows:

Copper = 3.5—4.5%; Manganese = 0.4 — 0.7%; Magnesium = 0.4 — 0.7%, and the remainder is
aluminium.

This alloy possesses maximum tensile strength (upto 400 MPa) after heat treatment and age
hardening. After working, if the metal is allowed to age for 3 or 4 days, it will be hardened. This
phenomenon is known as age hardening.

It iswidely used in wrought conditions for forging, stamping, bars, sheets, tubes and rivets. It
can be worked in hot condition at atemperature of 500°C. However, after forging and annealing, it
can also be cold worked. Duetoits high strength and light weight, thisalloy may be used in automobile
and aircraft components. It is also used in manufacturing connecting rods, bars, rivets, pulleys, etc.

2. Y-alloy. Itisalso called copper-aluminium aloy. The addition of copper to pure aluminium
increases its strength and machinability. The composition of thisalloy isasfollows:

Copper = 3.5—4.5%; Manganese = 1.2 —1.7%; Nickel = 1.8 —2.3%; Silicon, Magnesium, Iron
= 0.6% each; and the remainder is aluminium.

Thisalloy isheat treated and age hardened like duralumin. The ageing processis carried out at
room temperature for about five days.

Itismainly used for cast purposes, but it can also be used for forged componentslike duralumin.
Since Y-aloy has better strength (than duralumin) at high temperature, therefore, itismuch used in
aircraft enginesfor cylinder heads and pistons.

3. Magnalium. It is made by melting the aluminium with 2 to 10% magnesium in a vacuum
and then cooling it in avacuum or under a pressure of 100 to 200 atmospheres. It a so contains about
1.75% copper. Due to its light weight and good mechanical properties, it is mainly used for aircraft
and automobile components.

4. Hindalium. Itisan alloy of auminium and magnesium with asmall quantity of chromium.
It isthetrade name of aluminium alloy produced by Hindustan Aluminium Corporation Ltd, Renukoot
(U.P). Itisproduced as arolled product in 16 gauge, mainly for anodized utensil manufacture.

2.29 Copper

It is one of the most widely used non-ferrous metals in industry. It is a soft, malleable and
ductile material with a reddish-brown appearance. Its specific gravity is 8.9 and melting point is
1083°C. Thetensile strength variesfrom 150 M Pato 400 M Paunder different conditions. Itisagood
conductor of electricity. It islargely used in making electric cables and wires for electric machinery
and appliances, in electrotyping and electroplating, in making coins and household utensils.
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It may be cast, forged, rolled and drawn into wires.
It is non-corrosive under ordinary conditions and resists
weather very effectively. Copper in the form of tubesis
used widely in mechanical engineering. Itisalso used for
making ammunitions. It isused for making useful aloys
with tin, zinc, nickel and aluminium.

2.30 Copper Alloys

The copper aloys are broadly classified into the
following two groups :

1. Copper-zinc alloys (Brass). The most widely
used copper-zinc aloy is brass. There are various types
of brasses, depending upon the proportions of copper and
zinc. Thisisfundamentally abinary alloy of copper with
zinc each 50%. By adding small quantities of other
elements, the properties of brassmay be greatly changed.
For example, the addition of lead (1 to 2%) improvesthe
machining quality of brass. It has agreater strength than
that of copper, but have a lower thermal and electrical
conductivity. Brasses are very resistant to atmospheric
corrosion and can be easily soldered. They can be easily
fabricated by processes like spinning and can also be
electroplated with metalslike nickel and chromium. The
following table shows the composition of various types
of brasses according to Indian standards.

Laminated windscreen made from

layers of glass and plastic

Engine block built
from a metal alloy

Lacquered foam bumper
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Malachite is an ore of copper. Its dramatic
bands of dark green make it popular in
jewellery.

Electrical cables often consist of fine
strands of copper wire woven together
and encased in a plastic sleeve.

Shell made from steel
and coated with zinc
and layers of paint to

prevent rust

Seats covered
with leather

Materials are used to build a modern car.
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Table 2.12. Composition and uses of brasses.

Indian standard designation Composition in percentages Uses
Cartridge brass Copper =70 It isacold working brass used for
Zinc —30 cold rolled sheets, wire drawing,
: - deep drawing, pressing and tube
manufacture.
Yellow brass (Muntz metal) Copper — 60 It is suitable for hot working by
Zinc rolling, extrusion and stamping.
Leaded brass Copper = 62 5
Zinc =36
Lead =15
Admiralty brass Copper =70 Theseareused for plates, tubes, etc.
Zinc = 29
Tin
Naval brass Copper = 59 It is used for marine castings.
Zinc = 40 }
Tin
Nickel brass Copper =60-45 It is used for valves, plumbing
(German silver or Zinc =35-20 fittings, automobile fitting, type
Nickel silver) Nickel -5_35 writer parts and musical
instruments.

2. Copper-tin alloys (Bronze). Thealloys of copper and tin are usually termed as bronzes. The
useful range of composition is 75 to 95% copper and 5 to 25% tin. The metal is comparatively hard,
resists surface wear and can be shaped or rolled into wires, rods and sheets very easily. In corrosion
resistant properties, bronzes are superior to brasses. Some of the common types of bronzes are as

follows:

(@)

(b)

(©

Phosphor bronze. When bronze contains phosphorus, it is called phosphor bronze.
Phosphorusincreasesthe strength, ductility and soundness of castings. Thetensile strength
of this alloy when cast varies from 215 MPa to 280 MPa but increases upto 2300 MPa
whenrolled or drawn. Thisalloy possesses good wearing qualitiesand high elasticity. The
metal isresistant to salt water corrosion. The composition of the metal variesaccording to
whether it is to be forged, wrought or made into castings. A common type of phosphor
bronze has the following composition according to Indian standards:

Copper = 87-90%, Tin = 9-10%, and Phosphorus = 0.1-3%.

It is used for bearings, worm wheels, gears, nuts for machine lead screws, pump parts,
linings and for many other purposes. It is also suitable for making springs.

Silicon bronze. It contains 96% copper, 3% silicon and 1% manganese or zinc. It has
good general corrosion resistance of copper combined with higher strength. It can be cast,
rolled, stamped, forged and pressed either hot or cold and it can be welded by all the usual
methods.

It is widely used for boilers, tanks, stoves or where high strength and good corrosion
resistanceisrequired.

Beryllium bronze. It is a copper base aloy containing about 97.75% copper and 2.25%
beryllium. It has high yield point, high fatigue limit and excellent cold and hot corrosion
resistance. It is particularly suitable material for springs, heavy duty electrical switches,
cams and bushings. Since the wear resistance of beryllium copper is five times that of
phosphor bronze, therefore, it may be used asabearing metal in place of phosphor bronze.
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It has afilm forming and a soft lubricating property, which makes it more suitable as a
bearing metal.

(d) Manganesebronze. Itisan alloy of copper, zinc and little percentage of manganese. The
usual composition of thisbronzeisasfollows:

Copper = 60%, Zinc = 35%, and Manganese = 5%

Thismetal ishighly resistant to corrosion. It isharder and stronger than phosphor bronze.
Itisgenerally used for bushes, plungers, feed pumps, rods etc. Worm gears are frequently
made from this bronze.

(e) Aluminium bronze. It isan alloy of copper and auminium. The aluminium bronze with

6-8% al uminium has valuable cold working properties. The maximum tensile strength of
this alloy is 450 MPa with 11% of aluminium. They are most suitable for making
components exposed to severe corrosion conditions. When iron isadded to these bronzes,
the mechanical properties are improved by refining the grain size and improving the
ductility.
Aluminium bronzes are widely used for making gears, propellers, condenser bolts, pump
components, tubes, air pumps, slide valves and bushings, etc. Cams and rollers are also
made from this alloy. The 6% auminium alloy has afine gold colour which is used for
imitation jewellery and decorative purposes.

2.31 Gun Metal

Itisan alloy of copper, tin and zinc. It usually contains 88% copper, 10% tin and 2% zinc. This
metal isaso known as Admiralty gun metal. The zinc is added to clean the metal and to increaseits
fluidity.

Itisnot suitablefor being worked in the cold state but may be forged when at about 600°C. The
metal isvery strong and resistant to corrosion by water and atmosphere. Originally, it was made for
casting guns. It is extensively used for casting boiler fittings, bushes, bearings, glands, etc.

2.32 Lead

Itisabluish grey metal having specific gravity 11.36 and melting point 326°C. It is so soft that
it can be cut with aknife. It has no tenacity. It is extensively used for making solders, asalining for
acid tanks, cisterns, water pipes, and as coating for electrical cables.

The lead base alloys are employed where a cheap and corrosion resistant material is required.
An aloy containing 83% lead, 15% antimony, 1.5% tin and 0.5% copper is used for large bearings
subjected to light service.

2.33 Tin

It isbrightly shining white metal. It is soft, malleable and ductile. It can berolled into very thin
sheets. It is used for making important alloys, fine solder, as a protective coating for iron and steel
sheets and for making tin foil used as moisture proof packing.

A tin base alloy containing 88% tin, 8% antimony and 4% copper is called babbit metal. Itisa
soft material with alow coefficient of friction and has little strength. It isthe most common bearing
metal used with cast iron boxes where the bearings are subjected to high pressure and load.

Note: Those aloysinwhichlead and tin are predominating are designated as white metal bearing alloys. This
alloy is used for lining bearings subjected to high speeds like the bearings of aero-engines.

2.34 Bearing Metals
Thefollowing are the widely used bearing metals:
1. Copper-base alloys, 2. Lead-base alloys, 3. Tin-base alloys, and 4. Cadmium-base alloys
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The copper base alloys are the most important bearing aloys. These alloys are harder and
stronger than the white metals (Ilead base and tin base alloys) and are used for bearings subjected to
heavy pressures. These include brasses and bronzes which are discussed in Art 2.30. Thelead base
and tin base alloys are discussed in Art. 2.32 and 2.33. The cadmium base alloys contain 95%
cadmium and 5% silver. It is used for medium loaded bearings subjected to high temperature.

The selection of aparticular type of bearing metal depends upon the conditions under which it
istobeused. Itinvolvesfactorsrel ating to bearing pressures, rubbing speeds, temperatures, lubrication,
etc. A bearing material should have the following properties:

1. It should have low coefficient of friction.
It should have good wearing qualities.
It should have ability to withstand bearing pressures.
It should have ability to operate satisfactorily with suitable lubrication means at the maxi-
mum rubbing speeds.
It should have a sufficient melting point.
It should have high thermal conductivity.
It should have good casting qualities.
It should have minimum shrinkage after casting.
It should have non-corrosive properties.

10. It should be economical in cost.

2.35 Zinc Base Alloys

The most of the die castings are produced from zinc base alloys. These aloys can be casted
easily withagood finish at fairly low temperatures. They have also considerable strength and arelow
in cost. The usual aloying elementsfor zinc are aluminium, copper and magnesium and they are all
held in closelimits.

The composition of two standard die casting zinc alloys are asfollows :

1. Aluminium 4.1%, copper 0.1%, magnesium 0.04% and the remainder is zinc.
2. Aluminium 4.1%, copper 1%, magnesium 0.04% and the remainder is zinc.

Aluminiumimprovesthe mechanical propertiesand also reducesthetendency of zincto dissolve
iron. Copper increases the tensile strength, hardness and ductility.
Magnesium hasthe beneficial effect of making the castings permanently
stable. These alloys are widely used in the automotive industry and for
other high production markets such as washing machines, oil burners,
refrigerators, radios, photographs, television, business machines, etc.

2.36 Nickel Base Alloys

The nickel base aloys are widely used in engineering industry on
account of their high mechanical strength properties, corrosion resistance,
etc. The most important nickel base alloys are discussed below:

1. Monel metal. It isan important alloy of nickel and copper. It
contains 68% nickel, 29% copper and 3% other constituents like iron,
manganese, silicon and carbon. Its specific gravity is 8.87 and melting
point 1360"_C. It has atensile strenth from 390 MPa to 460 MPa. _It This copper statue, believed
resembles nickel in appearance and is strong, ductile and tough. 1t is 1o pe the world’s oldest metal
superior to brass and bronzein corrosion resisting properties. Itisused sculpture, is an image of
for making propellers, pump fittings, condenser tubes, steam turbine Egypfian pharaoh Pepi |. This
blades, seawater exposed parts, tanks and chemical and food handlin old kingdom ' pharaoh
p P g reigned from 2289 to 2244 BC.
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2. Inconel. It consists of 80% nickel, 14% chromium, and 6% iron. Its specific gravity is8.55
and melting point 1395°C. This alloy has excellent mechanical properties at ordinary and elevated
temperatures. It can be cast, rolled and cold drawn. It is used for making springs which have to
withstand high temperatures and are exposed to corrosive action. It isalso used for exhaust manifolds
of aircraft engines.

3. Nichrome. It consists of 65% nickel, 15% chromium and 20% iron. It has high heat and
oxidation resistance. It is used in making electrical resistance wire for electric furnaces and heating
elements.

4. Nimonic. It consists of 80% nickel and 20% chromium. It has high strength and ability to
operate under intermittent heating and cooling conditions. It iswidely used in gas turbine engines.

2.37 Non-metallic Materials

The non-metallic materials are used in engineering practice due to their low density, low cost,
flexibility, resistant to heat and electricity. Though there are many non-metallic materials, yet the
following are important from the subject point of view.

1. Plastics. The plastics are synthetic materials
which are moulded into shape under pressure with or
without the application of heat. These can also be cast,
rolled, extruded, laminated and machined. Following are
the two types of plastics:

(a) Thermosetting plastics, and
(b) Thermoplastic.

The thermosetting plastics are those which are
formed into shape under heat and pressure and resultsin
a permanently hard product. The heat first softens the
material, but asadditional heat and pressureisapplied, it
becomes hard by a chemical change known as phenol-
formaldehyde (Bakelite), phenol-furfural (Durite), urea-
formaldehyde (Plaskon), etc.

Thethermoplastic materiasdo not becomehardwith Reinforced  plastic with fibreglass
the application of heat and pressureand no chemical change 7'9kes The mater ’O// fo ‘;”fh?,m’;d high
occurs. They remain soft at elevated temperatures until COMPIEssIVe as WEl s Tensie SHesses.
they are hardened by cooling. These can beremelted repeatedly by successive application of heat. Some
of the common thermopl astics are cellulose nitrate (Celluloid), polythene, polyvinyl acetate, polyvinyl
chloride (RV.C.), etc.

Theplasticsare extremely resistant to corrosion and have ahigh dimensional stability. They are
mostly used in the manufacture of aeroplane and automobile parts. They are also used for making
safety glasses, laminated gears, pulleys, self-lubricating bearing, etc. dueto their resilience and strength.

2. Rubber. It is one of the most important natural plastics. It resists abrasion, heat, strong
alkalis and fairly strong acids. Soft rubber isused for electrical insulations. It isalso used for power
transmission belting, being applied to woven cotton or cotton cordsasabase. The hard rubber isused
for piping and aslining for pickling tanks.

3. Leather. Itisvery flexibleand can withstand considerable wear under suitable conditions. It
isextensively used for power transmission belting and as a packing or as washers.

4. Ferrodo. It isatrade name given to asbestos lined with lead oxide. It isgenerally used asa
friction lining for clutches and brakes.
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QUESTIONS

How do you classify materials for engineering use?

What arethefactorsto be considered for the sel ection of materialsfor the design of machine elements?
Discuss.

Enumerate the most commonly used engineering materials and state at |east one important property
and one application of each.

Why are metalsin their pure form unsuitable for industrial use?

Define ‘mechanical property’ of an engineering material. State any six mechanical properties, give
their definitions and one example of the material possessing the properties.

Define the following properties of amaterial :

(i) Ductility, (ii) Toughness, (iii) Hardness, and (iv) Creep.

Distinguish clearly amongst cast iron, wrought iron and steel regarding their constituents and properties.
How cast iron is obtained? Classify and explain different types of cast irons.

How is grey cast iron designated in Indian standards?

Discuss the effect of silicon, manganese, sulphur and phosphorus on cast iron.

Define plain carbon steel. How it is designated according to Indian standards?

Define aloy steel. Discuss the effects of nickel, chromium and manganese on steel.

What are the common materials used in Mechanical Engineering Design? How can the properties of
steel be improved?

State the alloying elements added to steel to get aloy steels and the effect they produce. Give at |east
one example of each.

Give the composition of 35 Mn 2 Mo 45 steel. List its main uses.

Write short notes on free cutting steel, and stainless steel.

Select suitable material for the following cases, indicating the reason;

1. A shaft subjected to variable torsional and bending load ; 2. Spring used in a spring loaded safety
valve; 3. Nut of aheavy duty screw jack; and 4. Low speed line-shaft coupling.

Select suitable materials for the following parts stating the special property which makes it most
suitable for use in manufacturing:

1. Turbine blade, 2. Bush bearing, 3. Dies, 4. Carburetor body, 5. Keys (used for fastening), 6. Cams,
7. Heavy duty machine tool beds, 8. Ball bearing, 9. Automobile cylinder block, 10. Helical springs.
Suggest suitable materials for the following parts stating the special property which makes it more
suitable for use in manufacturing:

1. Diesdl engine crankshaft ; 2. Automobiletyres; 3. Roller bearings ; 4. High pressure steam pipes;;
5. Stay bar of boilers ; 6. Worm and worm gear ; 7. Dies; 8. Tramway axle ; 9. Cam follower ;
10. Hydraulic brake piston.

Write short notes on high speed tool steel and spring steel.

Explain the following heat treatment processes:

1. Normalising; 2. Hardening; and 3. Tempering.

Write short note on the type of bearing metals.

Discuss the important non-metallic materials of construction used in engineering practice.

OBJECTIVE TYPE QUESTIONS

Which of the following material has the maximum ductility?

(@) Mild steel (b) Copper

(c) Zinc (d) Aluminium

According to Indian standard specifications, agrey cast iron designated by ‘FG 200" means that the
(a) carbon content is 2%

(b) maximum compressive strength is 200 N/mm?

(c) minimum tensile strength is 200 N/mm?

(d) maximum shear strength is 200 N/mm?
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3.

10.

11.

12.

13.

14.

15.

Steel containing upto 0.15% carbon is known as

(@ mild steel (b) dead mild steel

(¢) medium carbon steel (d) high carbon steel

According to Indian standard specifications, aplain carbon steel designated by 40C8 means that
(a) carbon content is 0.04 per cent and manganese is 0.08 per cent

(b) carbon content is 0.4 per cent and manganese is 0.8 per cent

(c) carbon content is 0.35 to 0.45 per cent and manganese is 0.60 to 0.90 per cent

(d) carbon content is 0.60 to 0.80 per cent and manganeseis 0.8 to 1.2 per cent

The material commonly used for machine tool bodiesis

(@) mild steel (b) auminium

(c) brass (d) castiron

The material commonly used for crane hooksis

(@) castiron (b) wrought iron

(c) mild steel (d) auminium

Shock resistance of steel isincreased by adding

(@) nickel (b) chromium

(¢) nickel and chromium (d) sulphur, lead and phosphorus
The steel widely used for motor car crankshaftsis

(@) nickel steel (b) chrome steel

(c) nickel-chrome steel (d) silicon stedl

A steel with 0.8 per cent carbon is known as

(a) eutectoid steel (b) hypereutectoid steel
(c) hypoeutectoid steel (d) none of these

18/8 steel contains

(a) 18 per cent nickel and 8 per cent chromium

(b) 18 per cent chromium and 8 per cent nickel

(c) 18 per cent nickel and 8 per cent vanadium

(d) 18 per cent vanadium and 8 per cent nickel

Ball bearing are usually made from

(@) low carbon steel (b) high carbon steel

(c) medium carbon steel (d) high speed steel

The process which improves the machinability of steels, but lower the hardness and tensile strength
is

(@) normalising (b) full annealing
(c) processannealing (d) spheroidising
The metal suitable for bearings subjected to heavy loadsis

(a) silicon bronze (b) whitemetal

(c) monel metal (d) phosphor bronze
The metal suitable for bearings subjected to light loadsis

(a) silicon bronze (b) whitemetal

(c) monel metal (d) phosphor bronze

Thermoplastic materials are those materials which

(@) areformed into shape under heat and pressure and results in a permanently hard product
(b) do not become hard with the application of heat and pressure and no chemical change occurs
(c) areflexible and can withstand considerable wear under suitable conditions

(d) areusedasafriction lining for clutches and brakes

ANSWERS
1. (a) 2. (0 3. (b) 4. (o) 5. (d)
6. (b) 7. (© 8. (b) 9. (a) 10. (b)
1. (0 12. (d) 13. (b) 14. (d) 15. (b)
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